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Developing a thorough mechanistic understanding of photoexcited charge transfer and
proton transfer reactions at the molecular-level requires a deep knowledge of coupled
electronic and nuclear motion. Two-Dimensional Electronic-Vibrational (2D EV)
spectroscopy and Two-Dimensional Vibrational-Electronic (2D VE) spectroscopy are
recently developed techniques that are directly sensitive to molecular vibronic couplings.
This dissertation advances 2D EV spectroscopy by implementing new broadband
femtosecond light sources in the UV (370 nm — 440 nm) and the mid-IR (1600 cm™-3200
cmt) frequency domains. A theoretical interpretation of 2D EV and 2D VE spectral signals
is constructed using a vibronic Hamiltonian to systematically simulate spectra of a single

anharmonic vibration with linear (equilibrium displacement) and quadratic (frequency



shifting) vibronic coupling in the first excited electronic state. Selection rules are established
from this analysis which demonstrate these techniques’ sensitivities to vibronic couplings,
non-Condon effects, and electronic-state-dependent vibrational dephasing. This treatment is
extended to a system of two coupled anharmonic vibrations with consideration of the
orientational response. These simulations show that excited state vibrational (Duschinsky)
mixing and non-Condon effects may be directly measured through polarization-dependent
2D EV spectroscopy. Finally, three photochemical reactions are studied using 2D EV
spectroscopy: the ligand-to-metal charge transfer (LMCT) of ferricyanide ([Fe(CN)s]*), the
metal-to-ligand charge transfer (MLCT) of the solar cell dye molecule [Ru(dcbpy)2(NCS).]*
(dcbpy = 4,4’ -dicarboxy-2,2’-bipyridine) known as N3%, and the excited state intramolecular
proton transfer (ESIPT) of 10-hydroxy[h]benzoquinoline (HBQ).

Notably, specific MLCT excited states in N3* are revealed to vibronically couple the
intramolecular charge donor and acceptor during the MLCT reaction. Their electronic
distributions suggest that excited states with electron density in the charge donating
molecular plane aid efficient charge transfer through these vibronically coupled motions.
Three-dimensional (3D) EV spectroscopy is then demonstrated for the first time in a time-
dependent study of N3*. This 3D EV experiment directly monitors the temporal evolution of
vibrational and vibronic coherences involving two MLCT states, high frequency vibrations,
and different low frequency vibrations. These coupled motions appear to facilitate the charge
transfer and electronic delocalization in photoexcited N3* through an initial electronically-
localized wavepacket and a consequent vibronic coherence participating in non-adiabatic

internal conversion lasting for 1 picosecond.



Analysis of the LMCT dynamics in ferricyanide combines 2D EV spectra and 2D VE
spectra on the same system for the first time and iteratively fits the spectra using the one
mode vibronic Hamiltonian. The LMCT in ferricyanide may be loosely approximated by this
one mode picture; however, more subtle structural details become apparent from considering
2D EV and 2D VE spectra simultaneously.

Early results toward a new direction for 2D EV spectroscopy concludes this dissertation:
the study of coupled vibronic motions in the case of ESIPT on the benchmark system HBQ.
Anisotropic analysis of the transient-IR spectroscopy on HBQ and its deuterated analogue,
DBQ, suggest that non-Born-Oppenheimer dynamics play a role in the ESIPT mechanism of
HBQ. Polarization-selective 2D EV spectra report a constant electronic excitation dependent
anisotropy, indicating that the equilibration of the excited state keto structure does not

involve a ~350 fs internal conversion process.
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LIST OF FIGURES

Figure 1.1. Positional Distributions of Liverpool Players and the Football During Liverpool’s
Game Winning Goal over Manchester United. (a, top) Liverpool players A (red, solid) and
B (red, dashed) at their positions at the start of the match [(xa(0),ya(0)) and (x&(0),ys(0))]
and their field position distributions (contours) for the duration of the match (t minutes) in
which they scored their goal. (a, bottom), the lateral position distributions are shown for

player A (green, solid) and B (black, dashed) about their average position (X, or X, ) with
their lateral range (Ax, or Ax, ). (b, top) Positional distribution of the ball (blue) for the

same duration; (b, bottom) the lateral spectrum of the ball’s motion. (c) Duration of the
match, T minutes, in which the goal was scored; the goal marks the end of the play (after t
minutes). The play can be broken up into shorter time intervals: an earlier interval t° and a
later time interval °°. As shown in (c), the first interval begins at the beginning of the play
(t minutes before the goal is scored); the second interval begins after the first interval ends
(t-1° minutes prior to the GOal). ... 3

Figure 1.2. Understanding Players’ Motion with Two-Dimensional (2D) Positional Resolution.
(a) Player A’s distribution during the full play’s duration (t) is shown as the sum of many
localized distributions (varied by line thickness) during various shorter time intervals, T’ or
1”’, during the play. (b) Player B’s positional distribution is more delocalized, sampling the
full range of lateral positions during all shorter time intervals. (c) The 2D lateral positional
spectrum representing the movement of the two players during t. The solid green elongated
peak at (X,(z"),X,(z") ) shows that player A moves more slowly between periods t° and t”’,
or that at later times there is “memory” of his position at earlier times. The dashed black
symmetric peak at (X, (z'), X, (z") ) shows that player B moves very fast by comparison to
the shorter time intervals t° and t°’; there is no relation between his positional distribution
during t’ and t’°. Both of these peaks are referred to as “diagonal” peaks as they describe
the lateral motion of the same player during the two intervals. The purple peaks at

coordinates (X, (z), X, (z") and X, (z'),X,(z") ) are referred to as “cross” peaks as they

iX



describe the coupled motion between player A and player B during the play. They are the
result of the mixing between the two players’ motions and are depicted with both dashed
and solid line contours. Finally, they are positively elongated reflecting that player A’s
motion in one direction during t’ drives player B to move in the same direction during t°’. 6
Figure 1.3. Understanding the Football’s Motion with Two-Dimensional Positional Resolution.
In the same way that the players’ motion was resolved into two positional dimensions, the
football’s positional distribution is plotted during t’ and t”’. This distribution is much
broader than the players’ distributions for the same duration because the ball moves much
faster than the players do during this period, giving rise to the largely symmetric feature.
The presence of elongation reflects that ball also moves more slowly during some periods of
the overall play leading up to Liverpool’s g0al. .........ccceieiieiiniiiniiiniseeeee s 7
Figure 1.4. A 2D Positional Spectrum Correlating the Motions of the Ball and Liverpool Player

Figure 1.5. Molecular Spectroscopy Overview. (a) a typical vibronic energy potential scheme of
the ground (g) and first excited (e) electronic states with their respective vibrational states
labeled by the quanta of vibrational energy: v = 0,1,2 in the ground state and v’ =0°,1°,2’
for the excited state. The molecular coordinate is defined by the abscissa which
characterizes the electronic potential energy surfaces and the vibrational level progressions
in each electronic state; Qo and Q are the equilibrium positions of this molecular coordinate
in the ground and excited states, respectively. The energy gaps between states are given for
the electronic and vibrational transitions depicted. (b) The various frequency dimensions
and spectra are depicted for a general molecular system. Linear (1D) spectroscopy, such as
UV-vis (electronic) or FTIR (vibrational) absorption, is shown on the top panel. The
traditional “pump-probe” or transient-absorption spectrum is shown on the side panel as a
differential absorption where only the probed frequencies are spectrally resolved. The two-
dimensional (2D) spectrum is shown in the center with contours depicting the 2D peaks of
different signs corresponding to those measured in the pump-probe spectrum as a
differential signal. The additional frequency resolution obtained in the 2D spectrum is the
excitation frequency dependence of the spectrally detected signals from the pump-probe

experiment, resulting in a 2D frequency spectrum. As the color scheme between (a) and (b)



suggest, the spectra in (b) represent the linear electronic absorption (top panel), the
transient-IR spectrum (side panel) and the 2D Electronic-Vibrational (EV) spectrum
(T Lo (o] (ool ] 01 (01U £ TR SR P PR 12
Figure 1.6. Coherent Multidimensional Fourier Transform (FT) Spectroscopy Pulse Sequence. 14
Figure 1.7. Spectral Landscape of Femtosecond 2D FT Spectroscopy. All blocks represent
published experiments in the various 2D spectral areas. This plot is not meant to include all
published experiments; it is just meant to give a sampling of the experimental spectral
coverage. Figure is adapted from reference [31]; see this paper for citations of the
experiments represented by the DIOCKS. ........c.coveiiiii i 16
Figure 2.1. 2D EV and 2D VE Spectroscopy Pulse Sequences. Three input pulses (E1, E2, and
Es; blue or green) are controllably delayed to sequentially interact with a sample and
generate the third order nonlinear polarization containing the 2D signal (Esig, purple). The
experimental delay times, T, relate the time delay between pulse envelope maxima, tn. The
delays between successive field-matter interactions are specified by ©’n=t’n+1-t’n. (a) 2D
Electronic-Vibrational: E1 and E> are electronically-resonant (blue) excitation interactions,
and Es is a vibrationally-resonant (green) probe interaction. (b) 2D Vibrational-Electronic:
E1 and E; are vibrationally-resonant (green) excitation interactions and Es is an
electronically-resonant (blue) probe interaction. A coherence is induced by E; at time t; that
exists for a coherence period 11, at time t2 the field E: interacts with the system and
collapses the coherence into population states that relax during the population time T2, then
Es probes the molecular response to the initial perturbation at ts...........ccccooveveiiieiicieinennn. 38
Figure 2.2. An illustration of the potential energy surfaces represented by Hyibronic With linear and
quadratic vibronic coupling. The states |g,v) and |e,v’) are the vibronic states in either the
electronic ground, g, or excited, e, manifold with vibrational state v, or v’, respectively. This
model reflects a system of displaced, frequency shifted, anharmonic oscillators. The blue
(green) arrows indicate transitions between electronic (vibrational) states. The frequencies
eg, Mgy, and me> correspond to the energy separation between the electronic manifolds, the
vibrational levels in |g), and the vibrational levels in |e), respectively..........cccccooiniinnnnne 41
Figure 2.3. 2D EV Vibronic Signals Overview. All the accessible Liouville transition pathways

(a-c) are given for the case that the excitation fields (k1 and k2) span frequencies weg=+ ®g,1

Xi



(where weg = (Ec,0'— Eg0)/ h and wgy = (Eg,wv+1) - Egv)/t), and the probe field (ks) has
bandwidth sufficient to resonantly excite single quantum vibrational transitions only. The
2D EV non-rephasing (NR) and rephasing (R) signal pathways represented by the double-
sided Feynman diagrams DNREV and DREV in (a) and (b), respectively, represent the
contributing 2D EV signal pathways when k2 and ks are beyond temporal overlap (i.e.

7'2 = tpwhere tp is the longer pulse FWHM duration) such that field-matter interaction
time ordering is unambiguous. Additional pathways in (c) contribute only during the k2 and
ks temporal overlap (]t'2| < Tp). The diagrams have peak labels (I-V) denoting the signal
to which that pathway contributes; the R and NR diagrams for a given peak sum to yield the
absorptive 2D EV signal. The diagrams are also specified by transition type: ground state
bleach (GSB, positive, solid line), excited state absorption (ESA, negative, dashed line), and

excited state stimulated emission (ESE, positive, solid line). The illustrated absorptive 2D

EV spectrum shown (d) for a system where V{V#0 and V;{®@#0 gives peaks I-V at the

coordinates ®1= Meg, Wegt®e, 1> and M3 = Wg,1, O¢,1°, and w2’ (Where we,y' = (Ee v+1) -
E..v)/ h); thus, the frequency difference of the vibration in |g) and |e), Aeg= ®c,1’ — wg,1, and

the anharmonicity in |e), A>1> = ®e,1° — e, Can be read off of the 2D EV spectrum directly.

Figure 2.4. 2D VE Vibronic Signals Overview. The relevant Liouville pathways that contribute
to the 2D VE signal when the excitation fields (ki and kz) have sufficient bandwidth for
resonant single quantum vibrational transitions and the probe field (ks) spans frequencies
eg £ mg,1. The non-rephasing (NR) and rephasing (R) signal pathways represented by the
double-sided Feynman diagrams DNRVE and DRVE in (a) and (b), respectively, are the
only contributing 2D VE signal pathways when k2 and ks are beyond temporal overlap (i.e.,
7'2 = Tp where 1p is the longer pulse FWHM duration) such that field-matter interaction
time ordering is well defined. Additional pathways in (c) contribute only during the k2 and
ks temporal overlap (|7'2| < Tp). The peak labels (I-V) specify the signal to which that
pathway contributes; the R and NR diagrams for a given peak sum to yield the absorptive
2D VE signal. The diagrams are also categorized by signal type: ground state bleach (GSB,
positive, solid line) and excited state absorption (ESA, negative, dashed line). The fully
absorptive 2D VE spectrum is depicted (d) for a system where VV£0 and Vjj@#0; peaks I-
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V share the excitation frequency coordinate w1=wg,1 and they are distinguished by the
probed electronic transition frequencies m3= Meg, Weg+ Aeg, Weg T We,1°, Meg + We,1° + Aeg —
A21°, and weg — g1 Where the frequencies are defined weg = (Ec,0°— Eg0)/ i, ®gv= (Eg,w+1) -
Egv) 1, ®cv = (Ecv+1y - Eev)l R, the frequency difference of the vibration in |g) and |e), Aeg
= Me,1’— Mg,1, and the anharmonicity in [€), A2'1" = e, 1> — Me2. +erververerierieieiieiese e 54
Figure 2.5. 2D EV and 2D VE Spectral Simulations, Case 1: The Undisplaced Anharmonic
Oscillator. The 2D EV (a-c) and 2D VE (d-f) simulations above reflect a system with 30 cm’
! anharmonicity and a 2073 cm™ fundamental vibrational frequency in both electronic
states. Contour plots (a) and (d) show that there is no signal present in the absence of
vibronic coupling (peg®=0, A=1). Weak or distorted signal from a case 1 system may be
observed if non-Condon effects are present (b and e; peg™=0.15, A=1) or if the system
displays electronic-state-dependent vibrational dephasing (c and f; peg®™=0, A=1.5). The grey
plots (top and side panels) are simulated linear spectra (i.e., UV-Vis or FTIR) for the
corresponding frequency axis and the black plot (side panels) is an integrated projection
onto @3 obtained by summing over w1. Contours are normalized to the absolute maximum
of Figure 2.6(a) for 2D EV and Figure 2.8(f) for 2D VE; the contours span -1 to 1 with 5%
intervals, bleach and emission signals (positive) are yellow and absorptions (negative) are
blue. The framed 2D regions have been scaled by the factors indicated for emphasis. For
relative INteNSItIES, SEE TaADIE 2.1, ...ooiiieiiieeeeeee et e e e e et ae e e s sbaee e e e 63
Figure 2.6. 2D EV and 2D VE Spectral Simulations, Case 2: The Undisplaced, Frequency-
Shifted, Anharmonic Oscillator. The 2D EV (a-c) and 2D VE (d-f) simulations above reflect
a system with 30 cm™ anharmonicity and a 40 cm™ red-shifted excited state vibration (wg1=
2073 cm* and we1- = 2033 cm™). Contour plots (a) and (d) show that signal is observed
when only quadratic vibronic coupling is present (peg™=0, A=1). Non-Condon effects are
evidenced by small intensity contributions from peaks 111-V (b and e; peg®™=0.15, A=1), and
electronic-state-dependent vibrational dephasing effects are observed in the peak Il
broadening (c and f; peg™=0, A=1.5). The simulated linear spectra (grey plots, top and side
panels) are shown for reference. The w3 projections (black plots, side panels) are analogous
to the pump-probe (or “1D”) equivalent signal, and provide comparison between the 2D and

pump-probe signals. Contours are normalized to the absolute maximum of Figure 2.6(a) for
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2D EV and Figure 2.8(f) for 2D VE; the contours span -1 to 1 with 5% intervals, bleach and
emission signals (positive) are yellow and absorptions (negative) are blue. The framed 2D
regions have been scaled by the factors indicated for emphasis. For relative intensities, see
JLIE: 0] L0 USRS PRSI 66
Figure 2.7. 2D EV and 2D VE Spectral Simulations, Case 3: The Displaced Anharmonic
Oscillator. The 2D EV (a-c) and 2D VE (d-f) simulations above reflect a system with 30 cm”
1 anharmonicity, an excited state geometry displacement equal to the ground state
equilibrium distance, and a 2073 cm™ fundamental vibrational frequency in both electronic
states. Contour plots (a) and (d) show that signal is observed when only linear vibronic
coupling is present (peg™=0, A=1). Non-Condon effects are evidenced by small intensity
contributions to peaks 111-V (b and e; peg™=0.15, A=1), and electronic-state-dependent
vibrational dephasing effects are observed in broadened 2D EV peaks 11,1V, and V, and
broadened 2D VE peaks Il and IV (c and f; peg®™=0, A=1.5). The simulated linear spectra
(grey plots, top and side panels) are shown for reference. The ws projections (black plots,
side panels) provide comparison between the 2D and pump-probe signals for the respective
techniques. Contours are normalized to the absolute maximum of Figure 2.6(a) for 2D EV
and Figure 2.8(f) for 2D VE; the contours span -1 to 1 with 5% intervals, bleach and
emission signals (positive) are yellow and absorptions (negative) are blue. The framed 2D
regions have been scaled by the factors indicated for emphasis. For relative intensities, see
1= 0] 00 PSSO 70
Figure 2.8. 2D EV and 2D VE Spectral Simulations, Case 4: The Displaced, Frequency-Shifted,
Anharmonic Oscillator. The 2D EV (a-c) and 2D VE (d-f) simulations above reflect a
system with 30 cm* anharmonicity, an excited state geometry displacement equal to the
ground state equilibrium distance, and a 40 cm™ red-shifted excited state vibrational
frequency (mg,1= 2073 cm™ and w.,;- = 2033 cm™). Contour plots (a) and (d) show that
signal is observed when both linear and quadratic vibronic coupling are present (peg™=0
and A=1). Non-Condon effects are evidenced by small intensity contributions to all peaks in
varying proportion (b and e; peg®=0.15, A=1), and electronic-state-dependent vibrational
dephasing effects are observed in broadened 2D EV peaks 11,1V, and V, and broadened 2D
VE peaks I and IV (c and f; peg™=0, A=1.5). The simulated linear spectra (grey plots, top
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and side panels) are shown for reference. The 2D EV w3 projections (black plots, side
panels) in this case highlight the convoluted nature of the 1D (“transient-IR”) signal by
comparison with the 2D EV signal. Contours are normalized to the absolute maximum of
Figure 2.6(a) for 2D EV and Figure 2.8(f) for 2D VE; the contours span -1 to 1 with 5%
intervals, bleach and emission signals (positive) are yellow and absorptions (negative) are
blue. For relative intensities, See Table 2.1. ... 74
Figure 2.9. Third Order Liouville Pathways depicting the time evolution of the system density
matrix. The system eigenstates are given by a, b, ¢, and d. .......ccocoeviiiiiiiiiice e 86
Figure 3.1. The Two-Dimensional Electronic-Vibrational (2D EV) Pulse Sequence................ 103
Figure 3.2. The 2D EV Experimental Schematic. The Ti:Sapphire output is split into the
broadband mid-IR (BBIR) probe pulse (solid green), an alternate mid-IR probe option (solid
green, lower), an 800 nm reference pulse for characterization (dashed red), and the pump
pulse (solid blue). The BBIR is generated via filamentation of the 800 nm fundamental and
its harmonics in gaseous media and compressed with material compensation (2mm Ge) and
a deformable mirror compressor (DMC). Tunable, narrower-band mid-IR results from
difference frequency generation (DFG) of the collinear near-IR output (magenta and
orange) from a double-pass optical parametric amplifier (OPA). The pump pulse is chopped
(500 Hz) and shaped in an acousto-optic programmable dispersive filter (AOPDF). The
orientation of all beams at off axis parabolic mirror 1 (OAP 1) before focusing to the sample
area (S) is shown in lower right, filled spots indicate the beams that generate the 2D EV
signal using either mid-IR probe source. The signal (Sig, purple) and reference (Ref, dashed
green) are both dispersed in a spectrometer (Spec) and detected in a 2 x 64 HgCdTe-pixel
array (MCT) detector. A/2, half wave plate; Pol, polarizer; 2:1, down-collimating telescope.
Spectral and temporal characterization of the reference fundamental have been achieved
using the Frequency Resolved Optical Gating (FROG) and Spectral phase Interferometry
for Direct Electric-field Reconstruction (SPIDER) techniques. See paragraphs below for full
eXPEriMENtal AESCIIPTION. ....iiuiiiiiiiee et bbb 106
Figure 3.3. Schematic Illustration of the Acousto-Optic Programmable Dispersive Filter
Operation for Generating Pulse Pairs. An incident optical pulse (Ein(®), blue) with center

frequency, wo, and a bandwidth containing the frequencies wa and p is aligned through a
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nonlinear medium supporting the acousto-optic interaction (gray outlined box). A tailored
waveform in the radio frequency regime is generated and sent to a transducer interfaced
with the nonlinear crystal which propagates the acoustic wave (Ac(®)) in the crystal. The
index of refraction in the nonlinear medium varies as a function of crystal length (Az) in the
presence of the acoustic wave to tailor the pulse shaping of the incident pulse with arbitrary
control of phase and ampPlitUdE. ........ccocveiiiiicc s 110
Figure 3.4. Interpulse Phase Difference in Pulse Pair Generation using the AOPDF. (a) The

effect of incrementing the interpulse phase difference, Ag,... , with the pulse envelope to

generate electric field interference. The spectral intensities have been scaled for comparison
(b) The effect of using the interpulse phase difference to also introduce phase differences
FOr USE 1N PRASE CYCHING. ...viiiitiiiieii e 112
Figure 3.5. Demonstration of a t1 Scan Spectral Interferogram. (top) a cosine function with the
periodicity of a 400 nm wavelength (continuous wave, in this case) is shown. The blue
cosine is Ez held at time zero and the dashed red cosine is E that is varied by 1. (bottom)
the incident pulse spectrum (dashed black) and the shaped electric field spectrum of the
pulse pair delayed at t1 = 0 fs, 50 S, @aNd 100 FS. .....oiviiiiiiiie i 113
Figure 3.6. Pump Phase Stability. The upper left contour shows the interferogram collected
during 12 minutes of laboratory time. The spectral amplitude is normalized and the contours
are plotted in 10% levels; the projection of the contour is shown in blue in the upper right.
The fringe spacing reflects the 200 fs delay held constant during this measurement. The
incident pulse spectrum is overlaid (black dashed, upper right) for reference. FT spectral

interferometry quantifies o,, for every spectral interferogram collected over time and is

#
plotted as black circles in the bottom left for mo= 400 nm. The averaged phase stability,

G,,, isspectrally represented by averaging o,, over the 12 minute collection window for

each pixel of the spectrometer and plotted as a function of wavelength in red (bottom,

right); spectrum shown in black dashed for reference. The connected axes between different

panels are used to connect the axes between plots...........ccccooeeiiiiiic i, 114
Figure 3.7. BBIR Generation and Temporal Compression. (a) the BBIR generation schematic as

described in section 3.3.2. (b) The deformable mirror grating compressor (DMC) arranged

in a typical 4f geometry where the DM sits in the Fourier plane.............cccoeeviiincnnne. 116
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Figure 3.8. Mid-IR Pulse Characterization Generated from the OPA/DFG Process. The reference
fundamental beam is characterized using SHG FROG technique and used in assessing the
mid-IR pulse duration from the sum frequency generation (SFG) FROG technique. (a) The
experimentally measured SHG FROG spectrum (contours), the sum over the wavelength
axis (top panel) is the auto-correlation and the sum over the delay time axis (right panel) is
the upconverted spectrum of the reference beam. The retrieved SHG FROG spectrum using
the FROG algorithm is shown on the right indicating very good agreement [256x256 pixel
grid used, time-bandwidth product: 0.47614. Contours span 1 (red) to 0.1 at 10% intervals,
with 2% intervals from 0.1 to 0 (green). (b) The retrieved spectral and temporal intensities
and phases of the reference electric field. (c) the SFG FROG spectrum (contours span 1 to
0.2 in 10% intervals). The cross-correlation FWHM = 123 fs; the deconvolved mid-IR pulse
duration is 115 fs. A 2 mm CaF, window is placed in the beam path to account for
additional dispersion during an experiment due to the sample windows. ............cccccceveee.. 119

Figure 3.9. The 2D EV spectrum of Si; 12=200 fs. The real part of the FT is plotted as —AT with
red=positive (green=0, blue=negative) contours plotted from -1 to 1 every 10%; Savitzky-
Golay filtering is used to remove the effect of atmospheric water absorption in the BBIR
spectra. The top and side panels show pump and probe spectra, respectively. .................. 127

Figure 3.10. The 2D EV spectrum of Ks[Fe(CN)g] in FA. The spectrum is normalized to the

absolute maximum value in the 2D plot and plotted from -1 to 1, contour separation = 10%.

Figure 3.11. Spectral Effects of Improper Dazzler Alignment. (left) A spectral hole has been
programmed for 0.5 nm width, 1.0 depth and to be centered at 400 nm. The solid black line
is the incident spectrum, the blue is the correctly aligned spectrum with the hole burnt, and
the red line is an improperly aligned Dazzler crystal module (principally due to incorrect
rotational setting). (right) the spectra for hole burning widths of 0.5 nm (dashed) and 1.0 nm
CT0 o I {01 ) TSRS PSO 132

Figure 4.1. General Spectral Coverage of Femtosecond Pulsed Light Sources Demonstrated in
Nonlinear Spectroscopic Experiments. The solid outlined boxes represent traditional

sources derived from parametric amplification to span from the near-IR to the UV ranges.
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The dashed outlined boxes represent more recently developed methods employed in
nonlinear spectroscopies based on references given in section 4.1. ........ccccccvvevevicieennns 138

Figure 4.2. Self-Phase Modulation (SPM) induced Spectral Broadening in the UV Using
Nonlinear Media of Differing Thickness. (a) An incident 400 nm pulse (1 pJ, gray
spectrum) is focused by a f=100 mm lens into a 1 mm thick CaF plate that is placed 0.25
cm after the beam focus; resulting broadened UV spectrum is shown in blue. (b) BBBUV
spectra from using the multiplate continuum method with 4 BK7 plates (0.14 mm thick) is
shown (blue and purple). The plates are set for optimal SPM in the purple spectrum as
evidenced by the spectral intensity modulation. The inter-plate separation can be adjusted to
minimize the destructive interference from the accumulated nonlinear phase at various
points in the temporal propagation of the broadening UV pulse to obtain a less modulated
spectral intensity without sacrificing bandwidth. ... 144

Figure 4.3. Broadband UV Pulse Generation using the Multiplate Continuum Method Schematic.
(top) The beam propagation schematic is laid out; SM (1,2) = concave spherical mirrors,
M1 =800 nm HR-coated mirror, M2 = protected Ag-coated mirror, CM(1,2) = dispersion
compensating chirped mirrors, BBO = 0.1 mm BBO type 1 crystal, DM =400 nm HR
dichroic mirror, WP = UV A/2 waveplate, P(1,2) UV fused silica Brewster’s angle prisms,
UV(1-3) = low-GDD 355-445 HR-coated mirrors, PM = UV-enhanced Al pick-off mirror,
L(1,2) =100 mm UV AR-coated UV fused silica lenses. (bottom) schematic depiction of
the broadening fundamental beam propagation through the multiplate continuum

generation; here the self-focusing induced by each plate is exaggerated for demonstration.

Figure 4.4. BBUV Spectra From Multiplate Continuum Generation. (left) The BBUV generation
showing the effect of number of BK7 plates used on the spectral broadening; the FWHM
increases from ~8 nm to ~25 nm. (right) BBUV generation using 5 fused silica plates and
the spectral tunability by adjusting the tuning angle of the BBO crystal. The nodes
appearing on the tails of the spectra reflect phase-mismatch between the bandwidth of the
broadened fundamental and the bandwidth of the upconverted BBUV spectra. Note the

differences in wavelength axes of the two plots. ..., 147
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Figure 4.5. Temporal Compression of the BBUV Pulse. The uncompressed pulse (left) displays
primarily positive linear chirp resulting from BBUV generation and inadequate temporal
dispersion compensation; FWHM pulse duration is ~350 fs. The compressed pulse (right)
results from the BBUV generation including all of the temporal dispersion compensation

shown in Figure 4.3. Higher order dispersion limits this FWHM pulse duration to ~30 fs.

Figure 5.1. Linear Absorption Spectra of Ferricyanide in Formamide. (left) Vibrational and
electronic absorption spectra shown with formamide solvent subtracted, (right) ferricyanide
MOIECUIAT STIUCTUIE. ...ttt bbb reens 158

Figure 5.2. Transient-IR Absorption Spectra of Ferricyanide in Formamide. The contours are
plotted in AT/T and shown at 10% intervals; red = positive (bleach) signal and blue =
negative (absorption) signal. The schematic on the right depicts the generalized
photophysics of Ferricyanide as described by Ojeda et al.*. The blue LMCT excitation
occurs instantaneously, leading to the decay of the excited state in less than 1 ps via back
electron transfer. The system then equilibrates from vibrationally hot states in the ground
electronic state on the several picosecond timesCales...........cccvvveriiieriiein e 161

Figure 5.3. Fitting the 2D EV and 2D VE Spectra of Ferricyanide Iteratively with a Vibronic
Hamiltonian. The 2D EV spectra (left) and 2D VE spectra (right) as obtained
experimentally (top row) and simulated using the single mode vibronic Hamiltonian
described in chapter 2. The experimental spectra are collected at 2 = 400 fs. The fitting
procedure was optimized with residuals < 0.1. Fits to data were optimized by floating the

linear vibronic coupling parameter (V) with all other parameters fixed in a nonlinear least

squares algorithm for the VE spectrum; then fitting the 2D EV spectra using the quadratic

vibronic coupling parameter (1)) and the excited state vibrational dephasing parameter (A
) while fixing 1 to the value obtained from previous the VE spectral fit. The

anharmonicities were given initial values to reflect the vibrational level separation observed
in the tIR measurements; non-Condon effects were not considered; the homogeneous

broadening was assumed. Six iterations yielded convergence. Optimized values are V=

0.99, V' =20.038, A =1.62. ..ot 164
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Figure 5.4. Time-Dependent Relaxation Dynamics of Ferricyanide in Formamide Measured by
2D EV Spectroscopy of the Cyanide Stretches. Ferricyanide (top row) and formamide-only
(bottom row) 2D EV spectra are presented at various points throughout the first 5 ps in t2.
The contour maps are globally normalized to the ferricyanide spectrum at 500 fs; the red
contours are positive (bleach) signals and the blue contours are negative (absorption) signals
and are given at 10% INTEIVAIS. .......c.coviieiiee et 168

Figure 5.5. Time-Dependent Shifts in 2D EV Peak Maxima in Electronic and Vibrational
Dimensions. The t2-dependence of the peak maxima in the (left) electronic excitation
dimension (w1) and the (right) vibrational probe dimension (®3) are shown for both the
ground state bleach (red) and the excited state absorption (blue) as data points. The lines are
not analytical fits but only serve as guides t0 the EYe. ........cccooeeiiiiiiniece 169

Figure 5.6. Center Line Slopes of the Ferricyanide 2D EV Spectra of the CN Stretches. (top row)
The ground state bleach features are shown and the (bottom row) excited state absorption
features are shown for 12 = 300, 400, and 500 TS, ....eeeeeeeeieee e 171

Figure 6.1. Polarization-Selective Multimode 2D EV Spectroscopy Overview. (a) The 2D EV
experimental pulse sequence includes the first electronically resonant pump pulse, E1 (wave
vector ki, blue), incident on a sample at time t; triggers an electronic coherence oscillating
at an electronic transition frequency. After a coherence time, t1, the second pump pulse, E2
(k2, blue) is incident at time t> which collapses the electronic coherence into populated
states that evolve during the pump-probe delay time, t2. The vibrationally resonant probe
pulse, Es (ks, green), interacts with the sample and emits the third order signal field, Esig
(ksig, purple), from which the changes in the vibrational spectrum due to the electronic
perturbation are extracted. The two linear polarization combinations considered here are the
“parallel” polarization with all fields parallel in polarization, and the “crossed” polarization
in which the probe field is perpendicularly polarized to the pump fields. (b) The dipole
orientation within the molecular frame, and its relative orientation within the laboratory
frame. Each dipole moment is defined in the main text and illustrated in Figure 6.2.
Integrating over Euler angles (a, B, y) transforms the molecular frame motion into the

1ADOTALONY TTAME. ... e e e et e e e e be e s reeara e 184
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Figure 6.2. Two-Mode Vibronically Coupled Eigenstate Basis and Dipole Moments. (a) The
vibronic energy levels for the two coupled, displaced, frequency-shifted anharmonic
oscillators system described by Huvibronic. The ket notation describes the vibronic eigenstates;
ground electronic state = g, excited electronic state = e, vibrational quanta of oscillator i in g
(e) =m (m”), vibrational quanta of oscillator j in g (¢) =n (n’); weg = electronic energy gap;
oi (0j) = fundamental ground state vibrational transition frequencies; wi’ (0j’) = fundamental
excited state vibrational transition frequencies; Ai(Aj) = ground state anharmonicities; Ajj=
ground state mixed anharmonicity; Aeg,i (Aegj) = €Xcited state vibrational frequency shifts;
Ai (Ay) = excited state anharmonicities; and Ayj> = shifting due to Duschinsky mixing. (b)
The transition dipole moments are defined for both electronic and vibrational transitions
considered in this trEAIMENT. .........cciviiiie et 187

Figure 6.3. Multimode 2D EV Signals Schematic. (a) A schematic illustration of the dipole
allowed 2D EV signals appearing for a two-mode vibronically coupled system described by
Hvibronic and the energy level schematic given in Figure 6.2(c). The absorptive peaks are
symmetric and result from equally weighted rephasing (R) and non-rephasing (NR) signals
at the same (w1, ®3) coordinates; phase twisted peaks result from unequally weighted R and
NR signals; red = positive signal [ground state bleaches (GSB) and excited state stimulated
emissions (ESE)], blue = negative signal [excited state absorptions (ESA)]. The peak
numbering scheme is described in the main text and Table 6.2. (b) Double-sided Feynman
diagrams of rephasing pathways for selected 2D EV peaks. Electronic excitations (ki and
k2, blue); vibrational interactions (ks, green); emitted signal (Ksig, purple)...........cccccevnene 189

Figure 6.4. Duschinsky mixing effects in nonlinear vibronic response of single vibrational
quantum manifold. (a) Both ground state (bilinear) and excited state (Duschinsky) mixing of
vibrational modes resulting in vibronic eigenstate energy splitting within each manifold. 2D

EV simulated spectral slices at @, = e, for positive (b) and negative (c) vibrational mixing

parameters. These simulations do not include orientational response; the following

simulation parameters were used: w7 = 25500 cm™; @, =1650 cm™; @,°=2150 cm™;
WO =yP =0, ¥? =V =-60; | B ; |4 V"7 |= 60. Bilinear and Duschinsky mixing were

introduced separately with the other set to zero to clarify effects. .........ccocevviniiiiniins 199
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Figure 6.5. Polarization-Selective Multimode 2D EV Spectral Simulations. The parallel
polarized 2D EV spectrum (left) and the perpendicularly polarized 2D EV spectrum (right).
The spectra are globally normalized to the ZZZZ spectrum; the color map spans +0.2 in
order to view the features from the hot vibrational manifold in the excited state more
clearly. The contour lines are at 2% intervals spanning [-0.2:0.2]; dashed = negative, solid =
POSITIVE. ..ttt ettt et e et e et e e re e s ae e teese e be et e e Rt e s be et e eReeeReenteaneenreeneeneeareentens 207

Figure 6.6. Comparison of tIR and 2D EV Anisotropies. (a) Transient-IR anisotropy calculated
from summing over the parallel and crossed 2D EV spectra. The 2D EV anisotropies for (a)

(1 excitation at , = w,, (25180 cm™), (b) 4 excitation at e, = @, + o, (26740 cm™),
and (¢) 4 at o, = o, + o, (27260 cm™). In all plots, the blue solid (dashed) lines are the

Z777 (ZZYY) signal intensities obtained from simulated 2D EV spectra in Figure 6.5, the
red lines are the anisotropies where the spectral regions of tIR and 2D EV signal have been
emphasized and the regions where the anisotropy is ill-defined have been suppressed..... 209
Figure 6.7. Non-Condon effects viewed through excitation dependent 2D EV anisotropies. All
spectra result from 2D EV slices at w3 = 1627 cm™ (ground state vibration of mode i). Four
different simulations are shown for (a) ZZZZ (b) ZZY'Y and (c) the anisotropy: gray = [ 6%
=0% 67°=0° uJ)=0];red=[67=10°% 6;°=0° p =0]; blue (dashed) =[6°=0° 6=
10° )= 0]; and black = [67° = 0°, #;*=0° . ’=0.15]. Note the difference in signal
intensity axes iN (2) aNd (10)......covoiiiieiiee e 213
Figure 7.1. Linear absorption of N3* and laser pulse spectra. A) Electronic absorption spectrum
of N3* (black, solvent-subtracted) in basic, aqueous solution (pH~13) with the spectrally
broadened UV pump spectrum (shaded blue) used in the tIR and 2D EV experiments
overlaid to highlight the excitation region. The time-dependent (TD)-B3LYP/def2-SVP
calculated electronic absorption spectrum (red, a Gaussian broadening has been applied
with a FWHM = 0.18 eV, intensities are normalized for comparison to the experiment; see
Appendices for further details) for the optimized N3* minimum geometry is reported along

with 5, — . predicted oscillator strengths (red sticks). The transitions associated with the

observed MLCT states are denoted by *, see discussion. The computed spectrum is within

~0.1 eV accuracy with respect to the experimental spectrum; N3* structure is inset. B) The
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solvent-subtracted FTIR spectra for both vibrational regions probed in the experiments;
mid-IR probe spectra used in the experiments are overlaid (green). ........ccocceveveveviveseenns 230

Figure 7.2. Transient-IR (tIR) spectroscopy of N3*. A) Full tIR spectra of the charge donor
region (top) and acceptor region (bottom). B) Time traces reflecting the charge donor
(green) and charge acceptor dynamics (purple); raw data shown as circles, fits are solid
lines, + 1 standard deviation shown by shaded region. (C) tIR spectra at t2 = -1 ps (black), 2
ps (red), and 100 ps (yellow). The excited state absorption (ESA) peaks of interest for the

polarization-dependent 2D EV analysis are highlighted by green dashed arrows: o, = 1271
cm, bpy ring mode with CH wag (v, ) o, =1328 cm, COO symmetric stretch (V. )i
and @, = 2050 cm™ and 2070 cm™, asymmetric and symmetric CN stretches, respectively
(collectively v, ). The ground state bleach (GSB) features are: o, = 1375 cm?, COO
symmetric stretch; @, = 1405 cm™, 1435 cm™, and 1545 cm™, bpy ring modes; @, = 1596

cm®, COO asymmetric stretch; o, = 2120 cmt, CN symmetric and asymmetric stretches.

See text for discussion of tIR spectral shifts. D) Calculated difference IR spectrum between

the ground state, .S, and the lowest energy triplet state, 7" . Note: the calculated lowest

energy triplet state is referred to as “7 ” and the experimental measurements refer to the
lowest energy triplet state as “CMLCT”. ......ccccoeeuerirerriereseee e, 232
Figure 7.3. Polarization-selective 2D EV spectra. a) 2D EV spectra collected with pump and

probe pulses with parallel (5, ) and crossed (.5, ) relative polarization; the color maps
for spectra with the same «, region are comparable using the corresponding color bar. b)

The isotropic 2D EV spectrum (S =5, +25 ) with white boxes highlighting signals

2777

used in the dipole angle analysis described in the text (v, =1; v,

o= 23and v, =4).
Box 1 corresponds to *MLCTc, box 2 to *MLCTa, and boxes 3 and 4 correspond to
IMLCTs; see text for full discussion of these *MLCT states. Excited state absorptions are
negative (dashed contours) and ground state bleaches are positive (solid contours) in all

spectra; note the difference between color maps for the lower and upper panels. The color

gradient changes every 5% of the max absolute value signal (of both §

7777

and 5 inA)
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within the o, region indicated; the contour lines begin at = 10% for clarity and are plotted
at 5% INtervals therafter. .........coiii s 235
Figure 7.4. Visualizing electron density trends for vibronically coupled *MLCT states in N3*.

Slices from the isotropic 2D EV spectrum at the v, and v, vibrational frequencies from
Figure 7.3 show the @, dependence of these vibronically coupled modes more clearly. The
IMLCTa and 'MLCTg states described in the text are shown for the corresponding o,

peaks, and the calculated natural transition orbitals (NTOs) for the 5 — .S transitions that

are associated with these states through the dipole angle analysis are indicated by the dashed

gray arrows (top left= 5 —.5  andtop right= 5 — 5, _ , seeall calculated NTOs in S.1.).

For the calculated states, the isodensity (0.03) contour plots of the electron NTOs for the
analyzed electronic transitions (the corresponding hole NTOs all have a similar spatial
distribution localized on the Ru-(NCS)2 region are also reported in the S.I) and dipole

moments are shown to emphasize the asymmetric electronic distribution on the charge

accepting region. The calculated transition dipole moments yjo“ (or yjﬂ” ) M, and g

are overlaid on the 7 optimized geometry; the dipole magnitudes are not to scale. Cartesian
axes are specified for the NTOs and for the dipole angle plots in the top left; the electron

donor plane formed by the Ru-(NCS): is in the plane of the page for the dipole angle plots.

Figure 7.5. FTIR spectra of N3* without solvent subtraction. A) Charge acceptor region; the
solvent is 300 mM NaOH dissolved in D2O. B) Charge donor region; the solvent is 300 mM
NaOH dissolved in H20. The N3* solution are the solid lines, the solvents are the dashed
lines, and the probe spectra are SHOWN iN green........cccooeiiiiie i 242

Figure 7.6. Transient-IR of Solvent Only. A) DO used for charge acceptor tIR and 2D EV
measurements. B) H2O used for charge donor tIR and 2D EV measurements. The color
maps are the same as the tIR contour plot in Figure 7.2(a) for comparison. Note the different

time scale plotted for solvent only runs versus the N3* tIR data shown in the N3* tIR data.

Figure 7.7. B3LYP/def2-SVP IR spectrum for the ground state singlet So Ru(dchpy)2(NCS)2* in

water using implicit solvent (full line) and explicit water molecules (Ru(dcbpy)2(NCS)2~
XXiV



(H20)s, dotted lines) in the region from 1000-1550 (upper panel), 1550-2100 (middle
panel), and 2100-2450 cm™. The higher energy region is not showed for simplicity. A
Gaussian broadening has been applied with a full width half maximum value of 4 cm™. . 247
Figure 7.8. B3LYP/def2-SVP IR spectrum for the lowest lying triplet (T) Ru(dcbpy)2(NCS)2* in
water using implicit solvent (full line) and explicit water molecules (Ru(dcbpy)2(NCS),~
(H20)s, dotted lines) in the region from 1000-1550 (upper panel), 1550-2100 (middle
panel), and 2100-2450 cm™. The higher energy region is not showed for simplicity. A
Gaussian broadening has been applied with a full width half maximum value of 4 cm™. . 248
Figure 7.9. Ball and stick representation of the So optimized geometry for the
Ru(dcbpy)2(NCS)2*-(H20)s cluster at B3LYP/def2-SVP level. Ruthenium in turquoise,
carbon in dark grey, oxygen in red, nitrogen in blue, sulfur in orange, and hydrogen in light
0] /PSP PR OPR PR 249
Figure 7.10. Overlap of Optimized So and T Geometries with Same Cartesian Orientation
Enforced. The two optimized geometries (So and T) are overlapped to show minimal
deviations; these structures were used for dipole angle comparison. ..........c.cccccoeenirvnenne. 249
Figure 7.11. Displacement vectors of the analyzed normal modes for the lowest lying triplet for
the Ru(dcbpy)2(NCS)2* at B3LYP/def2-SVP level. Ruthenium in turquoise, carbon in dark
grey, oxygen in red, nitrogen in blue, sulfur in orange, and hydrogen in light gray. ......... 250
Figure 7.12. Natural Transition Orbitals (NTOs) hole-electron pairs relative to the optimized So
geometry along with the calculated dipole angles overlaid on T optimized geometry. The

columns are grouped by the hole NTOs, electron NTOs, and Dipole Angles; and the rows

are grouped by the corresponding arriving S, states for each 5 — .S transition. yjn" dipoles

are the blue arrows and 4, arrows are green. The Cartesian orientation are the same for all

hole and electron NTOs, and the dipole angle figures all have the same Cartesian orientation
and have been set with the Ru-(NCS). plane to be in the plane (YZ) of the page. ............ 251
Figure 8.1. Multidimensional Electronic-Vibrational (EV) Spectroscopy. In each technique, the
pulse sequence (a) induces an electronic excitation (pumps: k1, k2) and measures a high
frequency vibrational response (probe: ks) in a sample. Consider a system where one high
frequency vibration (H) vibronically couples to two electronic excited states (A, B) and to

two low frequency vibrations (Li, L2) in A and/or B. (b) The pump-probe experiment (1D
XXV



EV) measures the H vibrational spectrum (ws) and kinetics during its relaxation times (z2).
At a given 7> delay, (c) the 2D EV experiment resolves the electronic excitation spectrum
(w1) for H, defining the excited vibronic eigenstates (y(t)) by the couplings between H, the
ground electronic state and either A or B. Collecting 2D EV spectra over a 7, range
measures population relaxation and coherent superpositions of eigenstates. The latter
manifest as peak amplitude modulations; a FT over 7 yields a (d) 3D EV spectrum where
coherences (rainbow-colored spheres) separate in w2 from population decays (black
spheres) according to their beat frequency. The w2 frequencies can indicate low frequency
vibrations (L1, L2) coupled with vibronic eigenstates. Time-dependent 3D EV features, such
as frequency shifts of low frequency modes as generally indicated by L1 moving to L1’ in
the w. frequency space, report on the temporal evolution and non-equilibrium relaxation of
the vibronic eigenstates during photoexcited processes (depicted by the sphere coloration
0110 [T 01 TSSO 265
Figure 8.2. Low frequency amplitude modulations in two-dimensional electronic-vibrational (2D

EV) spectra. (a) r2-dependent 2D EV spectra show oscillatory amplitude; notably, the v,

(ws = 1,328 cm™) excited state vibration characterized by MLCTg (w1 = 25,200 cm™)
excitation. Contour lines: solid (dashed) = positive (negative) signal, 5% intervals beginning

at £10%. Residual intensity of the integrated (w1, @3) 2D peak area for the v, coupled to

the (b) MLCTa (w1 = 24,700 cm™) and (e) MLCTg electronic excited states (gray, circles).
Temporal filtering (dashed) isolates early relaxation times (0 < 7 < 600 fs, red) or later
relaxation times (400 < 72 < 1,500 fs, blue) to identify transient, low frequency amplitude
modulations in either time range. Fourier transformed (FT) spectra of the temporally-
filtered [(c) early = red; (d) later = blue] 2D residuals of MLCT a excitation show principal

low frequency components (i.e., v,,_, and/or v, ) responsible for the 2D EV peak

Ru-b
amplitude modulation. Corresponding FT spectra for MLCTg excitation are shown in (f)
and (g). In all FT spectra, the gray spectra are the background (no EV signal); the shaded
regions represent = 1 standard deviation from the average data (shown by circles). See
sections 8.12.3-8.12.4 for discussion of data processing. Number of (w1, ws) points: MLCTa
= 45; MLCTg = 24; Background (signal < 5% max) =3295........ccccceiriiiiniiniciiciiieen, 270
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Figure 8.3. Vibronic eigenstate basis and energy level diagram. The measured eigenstate basis of

N3* is cast in terms of ‘elec;v v ,vm> where elec = A (MLCTax, purple) or B

Ru-N’" Ru-bpy
(MLCTg, blue) and the three following quantum numbers relate the quanta in each of the
vibrational modes listed in increasing transition energy. The relative energies are derived

from the multidimensional EV measurements: AEeiec = 500 cm™ from w1; v, ., =340 cm™

Ru—N

and v, =742 cm™ from w2; and v, = 1,328 cm™ from ws. The eigenstates are

Ru—bpy
numbered in increasing energy for reference throughout the discussion. The N3* structure
(top) schematically depicts the electronic excitation (light blue) and the vibrational motions
involved with photoexcited charge transfer. The vibrational mode arrow colors correspond
to the respective transitions given in the energy level diagram below. .............cccccoceneee. 271

Figure 8.4. Early MLCT relaxation dynamics: electronically-localized excited state vibrational
wavepacket. The w2 spectral amplitude (black; FWHM = gray arrows) of the MLCTg

excited state vibrational wavepacket arises due to coherence between the v, and one
guantum of a Ru-N stretching mode (v,, ,, = 340 cm™) within the excited state manifold.

The zg-dependence of the w. frequencies composing the wavepacket (green) indicate blue-

shifting as the wavepacket propagates. Although the analytical form of 7 (@,) depends

heavily on the polynomial function used to fit ¢(cw,), the blue-shifting behavior of the

wavepacket is consistent across many functions. See section 8.12.6, Figure 8.14 and Table
8.4 for spectral Phase fitS. ..o 273
Figure 8.5. Later MLCT relaxation dynamics: nonadiabatic internal conversion through vibronic
coherence. (a) Residual intensity (gray) of the integrated (w1, w3) 2D peak areas for the vcoo
vibration with MLCTa (top) and MLCTg (bottom) character; data is offset for plotting.
Examples of the temporal filters (purple/blue, dashed) used in short time FT analysis
(FWHM = 120 fs, centered at zcenter (top axis)) of the z>-dependent residual intensity. The
purple window (zeenter = 710 f5) highlights the Vru-bpy (742 cm™) coherent beating with vcoo
having exclusively MLCTa character while at a later delay (zcenter = 850 fs) the blue window
shows the vru-bpy COherence having exclusively MLCTg character. (b) Short time FT results
reveal the oscillatory electronic character of the vru-bpy COherence signature between MLCTa

and MLCTg with 340 + 40 fs periodicity. (c) Simulation of the coherence block in the
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Redfield relaxation tensor for p, (purple) and p, (blue) during z> with an 800 fs coherence

decay time where w14 = wss = 742 cm™ and a 50 cm™ nonadiabatic coupling reproduces
electronic oscillatory behavior for the vibronic coherence involving vry-bpy With MLCTa and
MLCTg (data offset). See section 8.12.9 for discussion of Redfield relaxation dynamics and
section 8.12.8 for simulation details. ..........ccoceiieiiiiiie 275
Figure 8.6. Full 3D EV Spectrum of Aqueous N3*. (a) The complete third order vibronic
molecular response is plotted in its three frequency dimensions. (b) Slices at the vru-n (red)
and vru-bpy (Dlue and purple) of the 3D EV spectrum. The time-dependent 3D frequency
correlation between MLCTa, MLCTg, vcoo, VrRu-N, and vru-bpy are described by the peaks at
w3 ~1328 cm™. Evidence for the other carboxylate modes is present in the 1350 cm™ < 3 <
1400 cm® range. The coloration depicts the time dependence, as schematically illustrated in
Figure 8.1. On this scale, 0 <red < blue < purple in 12 according to the timescales discussed
in the chapter. Note: the dimensionality of this plot does not allow for representing the
nonadiabatic internal conversion between MLCTa and MLCTzg during the later t2 period,
WHICh IS SHOWN IN FIQUIE 8.5. ..ot 278
Figure 8.7. Exemplary Nonsecular 3D EV Relaxation Pathways in N3*. (a) A representative
Feynman Diagram of the excited state vibrational wavepacket present during early time
relaxation dynamics which requires a coherence-to-population transition for detection. (b)
Two representative Feynman Diagrams depicting the later time relaxation dynamics
resulting in the oscillatory electronic character discussed in the manuscript, which still
requires a coherence-to-population pathway for detection. The dashed lines connecting
different states in the Feynman Diagrams represent transitions undergone without external
perturbation from a laSer PUISE.........cc.eiie e 280
Figure 8.8. Coherence evolution during the relaxation of photoexcited N3*. A schematic
representation of the first two picoseconds of photoexcited relaxation progresses from left to
right (a-c). Initial MLCT electronic excitation (a) with MLCT states coupling the donor-
acceptor vibrations shown (MLCTa = light gray well; MLCTg = dark gray well) and the
initial wavepacket passing through ultrafast ISC. The ~600 fs propagation of the initial

excited state vibrational coherence p,_ (b) involving v, of MLCTg (red wells); a

Ru-N

coherence transfer to v, of MLCTg (blue wells) is merely suggested with sufficient

Ru—bpy
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wavefunction overlap involving the v lowest energy vibration. The ~1 ps propagation

Ru—bpy

of the excited state vibronic coherences p, and p,, involving v, (c) depicts the

nonadiabatic internal conversion between MLCTa (purple) and MLCTg (blue) through the
50 cm™* nonadiabatic COUPIiNG SEIENGLN. ......c.vvvieeeiecece e 282
Figure 8.9. Instrument Characterization. (a) Broadband UV pump pulse spectrum and mid-IR
probe pulse spectrum. (b) The instrument response function is assessed using the non-
resonant tIR signal of a 250 pm Si wafer (black). The N3* molecular response is observed
outside of pulse overlap for z> > 200 fs from the transient-IR trace for the vcoo excited state
absorption (w3=1328 cm™, red ). The signals are normalized by the absolute value of the
greatest magnitude signal and overlaid for comparison. The non-resonant solvent-only tIR
signal (blue; circles are data and line is three-point moving average) is scaled and offset
such that zero signal is AT/T = -1 for comparison; the solvent response diminishes for 7, >

200 fs, consistent with the decay of the Si signal and the onset of the N3* molecular signal.

Figure 8.10. Solvent Background and Signal Pump Power Dependence. (a) 2D EV spectra of the
solvent (D20 in 300 mM NaOH) collected in the same sample configuration as the N3*; no
significant solvent contributions are present. (b) The magnitude of the vcoo ESA (w3=1328
cm™) plotted at different pump pulse energies shows the data measured are linearly
dependent on pump energy. Blue squares are average of five difference spectra with the
error bars reflecting +/- 1 standard deviation from the mean; the black line is a linear fit
with the fit parameters Shown on the Fght...........coo i 289

Figure 8.11. Pre-FT Data Processing of z>-dependent 2D EV Data. (top, left) The cubic spline
interpolated tIR spectrum collected independently, (top, center) the raw 2D EV spectra with
71 = 0 for all 7> delays, and (top, right) the 2D EV (71 = 0) data corrected for instrumental
noise by normalization to the tIR data set. (bottom) The time traces of the carboxylate GSB
and ESA for the data sets show the improvement in signal quality after removing further
instrumental noise due to fewer 2D EV scans averaged than in the tIR data set. The blue
traces = 2D EV (z1=0) data set without normalization, red traces = with normalization, and

black traces = interpolated tIR data (see discussion for detailS). .........ccccoovevvviiiiiieiieennn. 292
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Figure 8.12. Assessing Signal-to-Noise in w2 Spectra. (a) Averaged 2D EV spectrum over all 7
surfaces; gray shows background signal and red boxes highlight 2D EV regions of interest
for vibronic couplings between vcoo and both MLCTa and MLCTg. Spectra from FT
analysis on 0 <72 < 600 fs data (b, red) and on 400 < 72 < 1500 fs data (c, blue) for MLCTa
excitation. Spectra from FT analysis on 0 < 72 < 600 fs data (d, red) and on 400 < 7> <1500
fs data (e, blue) for MLCTg excitation. Gray spectra in (b-e) are from FT analysis of the
background signal shown in (a). The circles represent the average w- spectrum and the
shaded areas represent £ 1 standard deviation from the mean. Number of (w1, @3) points:
MLCTa = 45; MLCTg = 24; Background (signal < 5% max) = 3295. .......ccccvviriviiinnns 294

Figure 8.13. Transient-IR Spectroscopy of N3*. (a) tIR time traces of the CN stretch region
reports on the Ru-(NCS)2 charge donor dynamics; ground state bleach (GSB) = 2116 cm
(gray circles), excited state absorption (ESA) = 2070 cm™ (purple circles), time trace fits
shown by solid black lines. (b) tIR time traces of the dcbpy ligand stretching region reports
on the charge acceptor dynamics; carboxylate symmetric stretch GSB = 1375 cm™ (red
circles) and ESA = 1328 cm™ (blue circles), bipyridine stretching mode ESA = 1271 cm?
(green circles). (c) tIR line shapes identify which charge acceptor vibrations are sensitive to
excited state relaxation, as shown by the z>-dependent full-width-at-half-max for all three
peaks; the carboxylate symmetric stretch ESA is most sensitive to excited state charge
transfer dynamics in the first few picoseconds of relaxation...........c.cccocvvvvviiiniicnennn 297

Figure 8.14. Characterizing the Initially Excited Vibrational Wavepacket. The blue lines in all
figures are the same wz spectra for the vru-n Wavepacket (w2 = 340 cm™) present during
0<7,<600 fs. The figures in the left column (a,c,e) plot the spectral phase, ¢(w,), in red;

experimental data is shown by the open circles and the solid lines are fits. The figures in the

right column (b,d,f) plot the group delay, 7 (w,), in red, obtained by numerical
differentiation of ¢(w,) as explained in equation 5. The different rows denote a different

order of polynomial used to fit ¢(w,) during the analysis. ..........c.c.cocooviiiiiiiinn, 301

Figure 8.15. Short Time Fourier Transform Analysis of Initial Wavepacket. Analysis performed
using the same windowing function used in the later time STFT analysis (double-sided
tanh) discussed in more detail in section 8.12.7, but with a window FWHM of 500 fs that

has zcenter delays varied through the corresponding earlier delay times 0< 72 < 600 fs. The
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thick solid black line is a guide to the eye to highlight the blue-shifting of the vry-n CENter
frequency. Measured in this way, the w- vibrational frequencies blue-shift by ~60 cm™ over
the interval 250 <tcenter < 570 fs, consistent with the blue-shift measured by the spectral
phase / group delay analysis in FIQUIe 8.14. ...........ccooiiiiiiiiiic s 302
Figure 8.16. Temporal Windowing Function Effects on Time-Frequency Analysis. The left
column (a, c, €) show the 2D EV residual data (gray) for the signal regions of the vcoo
vibronically coupled with the MLCTa (red) and MLCTg (blue); the dashed lines show the
temporal windowing functions used in the three time-frequency analyses for comparison.
The right column (b, d, f) are the time-frequency analyses results from a short time Fourier
transform (details in the section 8.12.7 discussion) for MLCTAa (red) and MLCTg (blue) at
w3 = 742 cm™. A double-sided hyperbolic tangent window (a,b), Hanning window (c,d),
and a Gaussian window (e,f) are COMPAred. .........cooveiverererereresee s 305
Figure 8.17. Effect of Temporal Filter Width on Time-Frequency Analysis. The time-frequency
analyses for varying filter widths (FWHM) are shown for the double-sided tanh window:
(a,b) 500 fs, (c,d) 350 fs, (e,f) 200 fs, (g,h) 120 fs. The 2D EV residual time-domain data
and temporal filtering is shown in the left column and the short time Fourier transformed

data is plotted in the right column. The same coloration as Figure 8.16 is used in this figure.

Figure 8.18. Carboxylate w1 Peak Positions During 7. The ground state bleach (top) and excited
state absorption (below, vcoo) peak positions in w1 show negligible peak shifting over the
range 190 < 72 < 2000 TS, ..uiiiiiiiiiii et 309

Figure 8.19. (a) Calculated IR spectrum of the lowest energy triplet of N3* with implicit solvent;
inset shows a zoom-in of dashed gray spectral region. (b) Example normal modes from
calculations displaying vibrational character of the vru-n and vru-bpy modes. Mode 39 (303
cm™) shown for vry-n and mode 67 (710 cmM™) Shown fOr VRu-bpy- cevevveeeeerereriecceeierennens 310

Figure 9.1. Molecular structure of 10-Hydroxybenzo-[h]-quinoline (HBQ)......c..ccccevveiieennns 317

Figure 9.2. Schematic photophysical picture of ESIPT in HBQ. The colored arrows represent the
excitation of the ground state enol to the excited state enol (blue), the ultrafast proton
transfer and consequent relaxation in the excited state (green, curved on S;), the

fluorescence of the equilibrated keto form in the excited state (orange, wavy), and the
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relaxation of the hot ground state keto form as it reverts back to the enol form (green,
curved on So). The gray dashed and solid lines, as well as the S, excited state (~1860 cm™
lower than the Franck-Condon excitation point) indicate photophysical dynamics that are
debated iN the HEEIAtUE. .........coi e 319
Figure 9.3. Electronic and Vibrational Linear Absorption Spectra of HBQ and DBQ. (top row)
The electronic absorption of HBQ (left) and DBQ (right) is shown (gray) and the vibronic
progression is fit for the S; (red) and S> (blue) absorptions to a displaced, anharmonic
vibrational mode model (vibronic fits = dashed, sum = solid). The sum of the fits to both
absorptions is shown in dashed black, and the residual (gray — dashed black) are in teal
below the absorption spectra. (bottom) The solvent subtracted vibrational spectra of the
ground electronic state HBQ (purple, solid) and DBQ (green, solid) are shown the
fingerprint region and the OH and OD stretching region in the middle and bottom rows. Due
to significant spectral overlap in the OH stretch region, the spectrum without solvent
subtraction (purple dashed) and the solvent-only spectrum (gray solid) are also shown. .. 325
Figure 9.4. Line Broadening Comparison Between HBQ and DBQ. The ratio of the bandwidths
were obtained from the vibronic progression fitted parameters in Table 1. ..........c............ 329
Figure 9.5. Transient-IR Spectra of HBQ and DBQ in the Fingerprint Region. The difference
spectra are normalized to the greatest magnitude signal found at 1446 cm™. .................... 334
Figure 9.6. Gas Phase TDDFT Calculation of HBQ in the S; Keto (K*) State. The vibrational
mode was calculated to be at 1457 cm* and appears to involve the proton participating in
ESIPT as an N-H wagging motion with other hydrocarbon backbone motions. (dark gray =
carbon, light gray = hydrogen, blue = nitrogen, red = OXYgen) .......cccceevveveeveseeseeie e 335
Figure 9.7. Polarization-Selective Transient-IR Spectra for HBQ and DBQ. Spectra are locally
normalized for comparison of spectral SNaPes. ..........ccviiiiiiii 336
Figure 9.8. Transient-IR Anisotropy of HBQ and DBQ. (top) the parallel (dark blue) and
perpendicular (light blue) time traces for HBQ (left) and DBQ (right) are shown for the first
50 ps of 12 and vibrational frequency of 1450 cm™. (bottom) The tIR anisotropy, r(t), is
calculated (black) and fits to the anisotropy (red) are shown for both molecules of the first 2
ps on data collected outside of the instrument response function (IRF, teal). The insets

SNOWS the 50 PS @NISOLIOPY. ....veeiiiiiiieiiie sttt re e eaee s 338
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Figure 9.9. Polarization-Selective 2D EV Spectra of HBQ at 12 = 150 fs. The spectra are globally
normalized to show the relative signal amplitudes between the two polarized experiments.

Dashed contours are negative and spaced at 10% intervals of the maximum 2D EV signal.
Figure 9.10. Electronic Excitation Dependent Anisotropy From Polarization-Selective 2D EV of

HBQ. The parallel (perpendicular) traces of w1 chosen for the 2D EV peak maximum at
©3=1446 cm™ is shown in solid (dashed) blue, the anisotropy is shown as red open circles.
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“There are cathedrals which, apart from their consecrated purpose, inspire solemnity and awe.
Even the curious visitor speaks of serious things, with hushed voice, and as each whisper
reverberates through the vaulted nave, the returning echo seems to bear a message of mystery. The
labor of generations of architects and artisans has been forgotten, the scaffolding erected for their
toil has long since been removed, their mistakes have been erased, or have become hidden by the
dust of centuries. Seeing only the perfection of the completed whole, we are impressed as by some
superhuman agency. But sometimes we enter such an edifice that is still partly under construction;
then the sound of hammers, the reek of tobacco, the trivial jests bandied from workman to
workman, enable us to realize that these great structures are but the result of giving to ordinary
human effort a direction and purpose.”

(Excerpt from “Thermodynamics and the Free Energy of Chemical Substances” by Gilbert
Newton Lewis and Merle Randall, McGraw-Hill, 1% Edition, 1923)
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Chapter 1. PROLOGUE

“Life is itself a game of football.”
— Sir Walter Scott, Scottish Novelist, Historian, and Poet

’

“In a football match, everything is complicated by the presence of the other team.’
— Jean-Paul Sartre, French Philosopher and Novelist

1.1  WHAT MOTIONS ARE AT PLAY?

Often times, one can productively describe a chemical reaction based upon the energies of
the stable species, such as the reactants and the products, and some knowledge of the energy
barriers separating these equilibrium chemical species. A more accurate — and rich —
description may be obtained by also understanding the nature of any meta-stable intermediate
species between the equilibrated structures. Together, these pieces of information allow us to
understand the rate of a chemical reaction. However, extending our description of chemical
reactivity beyond measuring kinetics to include how the choreography of different molecular
degrees of freedom plays out during a chemical reaction is a far more demanding endeavor.
This would be true even for studying a single molecule isolated in vacuum; for example, during
a photoinduced intramolecular charge transfer chemical reaction. While the assumption that
the motions of the electrons and the nuclei within a molecule can be separable has enabled our
intuition and understanding of molecular physics,® their motions may not be completely
independent from each other in some cases. Indeed, the motion of an excited electron may alter
the nuclear structure enough to change the relative movement of the nuclei (i.e., the vibrational
modes). Likewise, an excited vibrational mode may alter the potential energy landscape
sufficiently that the instantaneous definition of the molecule’s electronic state is much more

ambiguous. Since the chemistry supporting life, and life itself, does not occur in vacuum but
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in the presence of other molecules and compounds of widely varied complexity, a truly
complete description of a condensed phase chemical reaction is anything but straight-forward.
However, a good place to start is by measuring the interplay between the electronic and
vibrational motions in condensed phase molecules with the aim of describing the correlations
between these different degrees of freedom. This dissertation has exactly this aim.

What are the relevant motions at play and who are the players — both major and minor? If
we cannot characterize all of them simultaneously, which can we — or should we? At this point,
an analogy will prove useful to discuss these questions and to introduce a conceptual approach
for answering them. Consider the analogy of a football (i.e., soccer) match between two teams
— let’s say Liverpool F.C. versus Manchester United F.C. — where Liverpool has just scored a
goal to win the match. Figure 1.1(a) depicts two Liverpool players, A and B, who were
involved in the game-winning goal. Their positions on the field are shown at the start of the
game (x(0),y(0)) and their movement on the field for the duration of the play (t minutes)
leading to the game-winning goal is shown as distributions in their lateral (x coordinates) and
vertical (y coordinates) positions. A tractable starting point for analyzing how Liverpool scored
their goal would be separating their positional distributions shown in Figure 1.1(a) into the
ranges of lateral and vertical positions they occupied and consider just one direction; let’s focus
on their lateral positions. Shown below the field schematic in Figure 1.1(a) is the distribution
of lateral positions — or the lateral position “spectrum” — for both players during 1. Each
players’ average position is reflected by the x-coordinate of the maximum in their positional
spectrum (the “center of the peak’) and the range of their positions is reflected by the width of
their positional spectrum. This spectrum can only communicate that, on average, the two

players occupied different lateral positions during the play and that player B moved further



(a) (b)
Liverpool Players’ (A and B) Motion Soccer Ball's Motion

(Manchester United) /’(J\e"!_anchester United) \
M A /~ \

* €

-
—

Yy
T—”‘ (Liverpool) (Liverpool)
X% %0

lateral field position (x) for duration of play ()

(c)
Duration of Play (1)

—_— Liverpool
¥ Ir

T T scores

Figure 1.1. Positional Distributions of Liverpool Players and the Football During Liverpool’s Game
Winning Goal over Manchester United. (a, top) Liverpool players A (red, solid) and B (red, dashed) at
their positions at the start of the match [(xa(0),ya(0)) and (xs(0),ys(0))] and their field position
distributions (contours) for the duration of the match (t minutes) in which they scored their goal. (a,
bottom), the lateral position distributions are shown for player A (green, solid) and B (black, dashed)
about their average position (X, or X, ) with their lateral range (AX, or AX;). (b, top) Positional

distribution of the ball (blue) for the same duration; (b, bottom) the lateral spectrum of the ball’s motion.
(¢) Duration of the match, T minutes, in which the goal was scored; the goal marks the end of the play
(after T minutes). The play can be broken up into shorter time intervals: an earlier interval t° and a later
time interval T°’. As shown in (¢), the first interval begins at the beginning of the play (t minutes before
the goal is scored); the second interval begins after the first interval ends (t-t” minutes prior to the goal).
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than player A. While this is descriptive, there is important information hidden in that spectrum,
such as how quickly the players move throughout their lateral ranges during the play and how
one player’s motion is related to the other player’s motion. Arguably, these pieces of
information are more important for understanding how the goal was scored.

To extract this information, one could separate the play’s duration into finer increments of
time. As shown in Figure 1.1(c), the durations 1’ and 1’ are two shorter time intervals which
begin t minutes and t-t” minutes prior to the goal being scored, respectively. By comparing
the players’ lateral position distributions during t’ and t°’, we can extract information related
to how quickly they change positions (i.e., their movement) during this time. For example, if
player A is moving slowly relative to the chosen intervals, then his position will not have
changed much between 1’ and t°’. Conversely, if player B is moving very quickly then during
each of these intervals he could occupy the full range of lateral positions which he occupies
over the course of the whole play. In these scenarios, the two peaks for the two players’ lateral
positions during T would actually describe very different player movement without appearing
terribly different from one another. The slow moving player A’s distribution would actually
be the sum of many smaller positional distributions (Figure 1.2(a)) and the fast moving player
B’s distribution would be composed of many distributions having the same full width of his
lateral position spectrum for all of © (Figure 1.2(b)). However, the one-dimensional (i.e., only
one axis encoding lateral position) spectrum alone is insufficient to obtain this information.
Extracting this information requires a two-dimensional positional spectrum in which the
players’ positions during t’” are shown as a function of their positions during t’. Such a 2D
spectrum directly relates the players’ lateral positions during the two intervals and is depicted

in Figure 1.2(c). The positions, amplitudes, and line shapes of the 2D peaks appearing for
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players A and B will directly convey this information whereas it was hidden in the one-
dimensional plot in Figure 1.1(a, bottom). That is, player A’s 2D positional spectrum (Figure
1.2(c), green) shows a strong linear correlation in his lateral position between the two intervals
through the positively elongated peak along the diagonal line (X(z") = X(z") ) while player B’s
2D positional spectrum (black dashed) shows no correlation in his lateral position between the
intervals by the broad, symmetric 2D peak. Only by viewing the players’ motion in this way
could this information be accessed.

Furthermore, this 2D plot could also determine if player A’s motion is coupled to player
B’s motion. For example, if player A’s lateral movement during t” induces player B to move
during 1’ rather than each player moving at random unrelated times during t, then player B’s
position during v’ will have a defined relationship with player A’s position during t’. This
correlated motion between the players will manifest in the 2D spectrum as “cross” peaks placed
at the intersections of the positions of the different players (i.e., “cross” peaks located at either
(X, (z), X, (z")) or (X,(z"),X,(z")) in the 2D spectrum shown in purple in Figure 1.2(c)).
Moreover, their motion could be positively or negatively correlated which would appear
through the slopes of the cross peaks in the 2D spectrum. These positively or negatively sloped
peak shapes would reflect that the players moved in the same direction or in opposite
directions, respectively, in a correlated fashion during t. All of this information is contained in
the 1D position spectrum of Figure 1.1(a, bottom), it is just presented differently — more
directly — in the 2D positional spectrum of Figure 1.2(c). The integration of the 2D spectrum
onto the abscissa would result in the 1D spectrum. Thus, a deeper understanding of how players
A and B interacted during this pivotal moment in the game is obtained by measuring the 2D

positional spectrum.
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Figure 1.2. Understanding Players’ Motion with Two-Dimensional (2D) Positional Resolution. (a)
Player A’s distribution during the full play’s duration (1) is shown as the sum of many localized
distributions (varied by line thickness) during various shorter time intervals, t° or t°’, during the play.
(b) Player B’s positional distribution is more delocalized, sampling the full range of lateral positions
during all shorter time intervals. (c) The 2D lateral positional spectrum representing the movement of

the two players during t. The solid green elongated peak at ( X, (z"), X, (") ) shows that player A moves

more slowly between periods ©” and T°’, or that at later times there is “memory” of his position at earlier
times. The dashed black symmetric peak at (X, (z"), X;(z") ) shows that player B moves very fast by

comparison to the shorter time intervals t° and t’’; there is no relation between his positional
distribution during t” and 1°’. Both of these peaks are referred to as “diagonal” peaks as they describe
the lateral motion of the same player during the two intervals. The purple peaks at coordinates (

X,(7"), X, (z") and X, ("), X,(z") ) are referred to as “cross” peaks as they describe the coupled motion
between player A and player B during the play. They are the result of the mixing between the two

players’ motions and are depicted with both dashed and solid line contours. Finally, they are positively
elongated reflecting that player A’s motion in one direction during 1’ drives player B to move in the
same direction during t”’.

Of course, one crucial part of Liverpool’s goal has been left out so far — the motion of the
ball! One could ask: How did the ball move when Liverpool scored? In principle, the ball can
move faster than any single player on the field can move. An adult professional footballer can
kick a ball ~25-30 m/s whereas the current world-record for the 100 m dash gives a human’s
top speed of ~10 m/s. Thus, it is safe to assume that the ball can move ~3x faster than the

players at any given moment. In this example, the much faster motion of the ball probably

results from Liverpool passing the ball around the Manchester United defense to score the goal.
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Since the ball can move about a larger area of the field than any single player can cover during
a given time period, its positional distribution (lateral and vertical) shown in Figure 1.1(b) is
much broader than either of the two players’ distributions. The 2D lateral position spectrum
(Figure 1.3) of the ball’s motion reflects how quickly the ball moved during t. The 2D peak is
largely symmetric, covering the entire lateral area shown in Figure 1.1, which indicates the
ball moves very fast during the period in which Liverpool scored. Notably, there is also a clear
positive elongation indicating that there are periods during T in which the ball moves more
slowly than others (perhaps, closer to the pace of the players). It may not be terribly surprising
to see some elongation in this peak because the players are the ones moving the ball. However,
the extent of the elongation is useful for understanding how quickly, and how far, the players

pass the ball.

Correlated Motion of the Ball
Betweentand 1’
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Figure 1.3. Understanding the Football’s Motion with Two-Dimensional Positional Resolution. In the
same way that the players’ motion was resolved into two positional dimensions, the football’s positional
distribution is plotted during t’ and t’’. This distribution is much broader than the players’ distributions
for the same duration because the ball moves much faster than the players do during this period, giving
rise to the largely symmetric feature. The presence of elongation reflects that ball also moves more
slowly during some periods of the overall play leading up to Liverpool’s goal.
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Now, perhaps the most important question to answer is: How do players A and B move
when the ball moves in a specific way? This information is invariably present in all of the plots
just described; however, it is not readily accessible to the observer. This is because the two
cases described are focused on either the players’ motion or the ball’s motion. The two axes in
the 2D plots shown above are measuring the same type of motion at both intervals during t to
monitor how that particular motion changes. Of course, since each analysis is parametrized by
the procession of the match during t, the motion of the ball is related to the motion of the
players who are playing the game, and the players’ motion is influenced by the motion of the
ball. In football, these two degrees of freedom are inextricably linked (here, | invoke the
introductory quote by Sir Walter Scott — indeed, was he correct!).

What motions are at play? Clearly, in this analogy, both the rapid motion of the ball and
the correlated motions of the players are present. But, which should we monitor? As discussed
above, it is possible and useful to measure these two different motions separately. To begin to
understand how the players’ motion and the motion of the ball are related, a different kind of
experiment is needed. In the same way that the correlated movement of two different players
was observed through a cross peak in Figure 1.2(c), the relationship between the motion of the
ball and the players can also be investigated. The way to directly observe the correlated
movement between the ball and the players is through a 2D plot in which one axis describes
the motion of the ball and the other axis relates the motion of the players. An example of this
2D spectrum is shown in Figure 1.4. In such a spectrum, all peaks that appear would be cross
peaks indicating coupled movement between the ball and the players. The relevant players to
be monitored, at least initially, are those for whom cross peak are measured in this “mixed-

motion” 2D plot.
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Figure 1.4. A 2D Positional Spectrum Correlating the Motions of the Ball and Liverpool Player A.

And yet, while the observer may now feel all the wiser for revealing a more fundamental
relationship explaining how the players move in a correlated fashion with the motion of the
ball during the period 7, there are still more complications. As Sartre was keenly aware, one of
those complications is the presence of the other team. Specifically, to more completely
understand how players A and B move in correlation with the ball during a real football match,
the observer must consider other players’ motions that may still be affecting the directly
measured variables, but which are not as directly accounted for in the analysis. Finally, a most
important factor in any football match is the environment: Is the team playing at home, where
their loyal fan base can chant, praise, and sing in support of the team’s every move? Or, are
they playing away, where the fans are constantly heckling every motion and where the referees
may provide more extended time than necessary for the away team’s detriment?

The above analogy translates into the realm of molecular spectroscopy that is the concern
of this dissertation in the following way: the players are the nuclei, specifically they are the
relative motions of the nuclei — or the vibrational modes — of the solute (the molecular system
of interest); the much faster motion of the soccer ball by comparison to the players represents

the electrons, though in the molecular world there would be many soccer balls on the pitch at
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one time due to the many electronic states present and participating in molecular dynamics;
and the other team, the fans, and the referees all represent the bath composed of other
intramolecular coordinates and the solvent environment that is present and actively influencing
the dynamics of condensed phase chemical reactions, even though the effects of the
environment may be less directly quantifiable. During any condensed phase chemical reaction,
these different components all contribute to the reaction’s time scale and the mechanism by
which it operates. As a chemist, accurately describing a chemical reaction — especially a
photochemical reaction occurring in an excited electronic state — requires us to conquer the
demanding endeavor of building up a molecular-level understanding of the orchestrated
molecular choreography of these different dynamics. We must continue to develop our
intuition for how the forces within and between molecules dictate the temporal evolution of a
molecular species throughout a chemical reaction. This dissertation contributes toward this end
by developing new tools that provide insight into complex, multi-coordinate, photochemical

reactions and by applying these tools to interesting reactions.

1.2 MEASURING MOLECULAR DYNAMICS IN THE CONDENSED PHASE

Characterizing photochemical reactions requires sufficient temporal and spectral resolution
in an experimental set-up to accurately measure the dynamics of interest. An effective
experimental probe of condensed phase molecular dynamics must be sensitive to structural
changes of the molecule. Changes in electronic structure can occur on timescales ranging from
pure electronic motion on 0.1-1 femtosecond (fs, 10™°) timescales to the nanosecond (ns, 10
s) and microsecond (us, 10° s) lifetimes of excited triplet states that characterize
phosphorescence. The timescales of vibrational motion range from the single oscillatory period

of a high frequency molecular vibration (e.g., an -OH stretch =10 fs) to vibrational dephasing



11

and relaxation occurring on the picosecond (ps, 102 s) timescale. The electro-magnetic
spectral regimes relevant to these two degrees of freedom in solution phase small molecules
are quite disparate.

As the natural language of molecular spectroscopy is in reference to transitions between
different states of a molecule, we typically speak in terms of frequencies of light that match
the energy separation between different states. In general, the energy spacing between
electronic states is much larger than between different vibrational states. A cartoon
representation of these different energy levels is given in Figure 1.5 for the ground (g) and
excited (e) electronic potential energy surfaces with vibrational states specified by v =0, 1, 2,
etc. in the ground electronic state and v’ = 0°,1°,2°, etc. in the excited state. The energy
separating these different levels are represented in frequencies () where the subscripts denote
which particular energy spacing a specific frequency references. The electronic transitions,
oeg, typically span the visible and ultraviolet (UV) region (250 — 800 nm, or 40,000 — 12,500
cm®) while the vibrational transitions are roughly 10 times smaller in energy (2,500-10,000

nm, or 4000 — 1000 cm™).

1.2.1 Linear (1D) Absorption Spectra: Electronic and Vibrational

One-dimensional spectroscopies performed in either the time or the frequency domain are
capable of capturing all of the dynamics discussed above. A schematic representation of a
generalized 1D spectrum is shown in Figure 1.5(b, top panel). Vibrational frequencies in an
ensemble of condensed phase molecules represent the average energy separation between
different vibrational levels in a single electronic state. These energies are determined by the
chemical structures of the molecular ensemble, which can vary greatly throughout micro-

environments in the ensemble.
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Figure 1.5. Molecular Spectroscopy Overview. (a) a typical vibronic energy potential scheme of the
ground (g) and first excited (e) electronic states with their respective vibrational states labeled by the
guanta of vibrational energy: v = 0,1,2 in the ground state and v’ = 0°,1°,2 for the excited state. The
molecular coordinate is defined by the abscissa which characterizes the electronic potential energy
surfaces and the vibrational level progressions in each electronic state; Qo and Q are the equilibrium
positions of this molecular coordinate in the ground and excited states, respectively. The energy gaps
between states are given for the electronic and vibrational transitions depicted. (b) The various
frequency dimensions and spectra are depicted for a general molecular system. Linear (1D)
spectroscopy, such as UV-vis (electronic) or FTIR (vibrational) absorption, is shown on the top panel.
The traditional “pump-probe” or transient-absorption spectrum is shown on the side panel as a
differential absorption where only the probed frequencies are spectrally resolved. The two-dimensional
(2D) spectrum is shown in the center with contours depicting the 2D peaks of different signs
corresponding to those measured in the pump-probe spectrum as a differential signal. The additional
frequency resolution obtained in the 2D spectrum is the excitation frequency dependence of the
spectrally detected signals from the pump-probe experiment, resulting in a 2D frequency spectrum. As
the color scheme between (a) and (b) suggest, the spectra in (b) represent the linear electronic absorption
(top panel), the transient-IR spectrum (side panel) and the 2D Electronic-Vibrational (EV) spectrum
(middle, contours).

The vibrational spectrum is extremely sensitive to localized changes in chemical bond
lengths, strengths, and angles reported on through the peak positions and amplitudes.
Moreover, the (typically heterogeneous) conformational distribution of a vibration throughout
the molecular ensemble will be contained in the line width of the vibrational peak. In the
condensed phase, all of these molecular parameters will be influenced by dynamic solvent-
induced electric fields and intermolecular interactions. The electronic frequencies of an

electronic absorption spectrum reflect the average energy separation between two different
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electronic states in the molecular ensemble. The electronic state energies are also sensitive to
the ensemble’s distribution of chemical structure, the solvent-induced electric fields, and the
intermolecular interactions. Due to the much faster dephasing times (10’s-100s of fs) and the
larger energetic separations of electronic states, the line widths of peaks in an electronic
spectrum are much broader than the corresponding vibrational spectrum under the same
experimental conditions. Finally, the electronic absorption spectrum represents the sum over
all molecular coordinates with allowed vibronic transition probabilities. Therefore, the
typically broad and featureless electronic absorption spectrum contains a wealth of
microscopic structural information related to the ensemble-averaged electronic and vibrational
state energy gaps and the fluctuations in these energy gaps induced by chemical interactions.
Unfortunately, 1D spectroscopies necessarily project all of this molecular-level detail onto a
single axis. Therein lies the ambiguity of a 1D spectrum; one single experimental parameter
set is affected by many molecular coordinates which leaves a full microscopic description of

the ensemble’s behavior hidden from the observer.

1.2.2 Nonlinear Absorption Spectra: Electronic and Vibrational

The linear absorption spectra discussed above depend on one light-matter interaction; a
single absorption event of the molecules in the ensemble understudy describes the measured
absorption spectrum. Aided by continued advancement in ultrafast (femtosecond) pulsed laser
technologies, coherent nonlinear spectroscopies have been developed that can disentangle
some of the hidden information in the linear absorption spectrum by resolving the ensemble
molecular response with respect to another frequency dimension, or parameter space. These
experiments utilize multiple spatially and temporally overlapped electric fields (light pulses)

to generate the detected nonlinear signal.
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Figure 1.6. Coherent Multidimensional Fourier Transform (FT) Spectroscopy Pulse Sequence.

The multidimensional spectroscopies discussed in this dissertation are third-order
nonlinear techniques which employ three light pulses to generate the fourth emitted field that
is the signal as shown in Figure 1.6. These experiments are characterized by three
experimentally controllable time delays: the coherence time (t1), the evolution time (t2), and
detection time (t3) periods which follow three input light pulses. The first pulse (E1) resonantly
induces a transition between two molecular eigenstates (similar to those represented in Figure
1.5(a)) at experimental time t: which places the molecule in a superposition state generating a
coherence oscillating with the frequency of this energy separation as a free induction decay
during t1. The second pulse (E>) interacts with the molecular ensemble at time t> resulting in
(i) creation of a population in either the excited state or the ground state, or (ii) creation of
another superposition state involving either the same molecular coordinate (a two-quantum
superposition) or a new superposition between the initially excited coordinate and another
coordinate. These states propagate during the evolution time before the third pulse (Es)
interacts with the ensemble at time ts which emits the third-order signal of interest, (E®sig),
that propagates during the detection time. In a multidimensional experiment, the phase and
amplitude of the emitted signal field is characterized as a function of the other experimental
time delays using heterodyned detection. A 2D Fourier transform (FT) over the coherence and

detection periods yields a 2D frequency spectrum where one frequency is the excitation
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frequency induced during 11 and the other frequency is the detection frequency propagating
during t3. It has become common to resolve the emitted signal field spectrally using a
spectrometer where its amplitude and phase are self-heterodyne detected with the probe field
(E3) due to the geometrical orientation of the input electric fields. The pump-probe spectrum
shown in Figure 1.5(b, side panel) is also a third-order technique where the signal is described
in the same way but with 11=0 for the duration of the experiment. In pump-probe experiments,
the operational time delay is the evolution time where the goal is typically to measure excited
state lifetimes and kinetics. As depicted in Figure 1.5, the 2D spectrum is related to the pump-
probe spectrum by integrating the 2D spectrum over the excitation frequency axis; thus, the

additional frequency resolution is lost in pump-probe spectroscopy.

1.3 SURVEYING THE FIELD: COHERENT FEMTOSECOND 2D FT SPECTROSCOPY

The third-order pulse sequence in Figure 1.6 is generalized to include sequential resonant
interactions between any two molecular states during the experiment. The specific parameter
space of a multidimensional experiment is defined by the center frequencies and bandwidths
of the femtosecond pulses employed in the experiment.

A fairly representative survey of the spectral coverage currently achievable by
spectroscopists using coherent femtosecond 2D FT spectroscopies is shown in Figure 1.7 (this
figure is not meant to be comprehensive). The different spectral areas of this plot are accessible
based upon the experimentalist’s ability (and desire) to tune the center frequencies and
bandwidths of their pulses to reach specific regions in this landscape. The colored blocks of
this plot reflect different experiments published that cover these spectral regions. Most of the

experiments lie along the diagonal (w1 = w3) or very close to it; this means these experiments
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have characterized couplings and correlations between nominally the same type of motion in

the molecular samples understudy.
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Figure 1.7. Spectral Landscape of Femtosecond 2D FT Spectroscopy. All blocks represent published
experiments in the various 2D spectral areas. This plot is not meant to include all published
experiments; it is just meant to give a sampling of the experimental spectral coverage. Figure is adapted
from reference [31]; see this paper for citations of the experiments represented by the blocks.

Using 2D THz spectroscopy correlations between very low frequency vibrations in liquids
and lattice distortions in materials have been measured.>* Increasing the center frequencies
and bandwidths to cover the mid-IR region of the spectrum, 2D IR spectroscopy has been used
to measure correlated motion of high frequency vibrational coordinates to describe vibrational
energy transfer, protein and peptide structural dynamics, and proton transfer in liquids.>* The
2D IR spectral quadrant is analogous to the 2D spectrum of the Liverpool players’ lateral

positions in section 1.1. Increasing the pulse frequencies throughout the visible and UV

regions, the couplings between electronic states in molecules, electronic energy transfer in



17

excited molecular dimers and nanomaterials, and light harvesting in photosynthetic complexes
have been measured using 2D electronic spectroscopy (ES).'>?° These 2D ES experiments are
analogous to the 2D spectrum of the soccer ball’s lateral positions in section 1.1.

In the off-diagonal quadrants are the 2D Electronic-Vibrational (EV, bottom right) and 2D
Vibrational-Electronic (VE, top left) spectroscopies. The information content of these spectra
include correlated motions and couplings between very different molecular degrees of
freedom: the electronic and the vibrational motions. The 2D VE spectroscopy was first
demonstrated by the Khalil group in 2015 and has been used to study how a bridging ligand
between two transition metals is involved in metal-to-metal charge transfer of the mixed
valence transition metal complex.’®32 At the beginning of the work described in this
dissertation, only one experiment had been published in an off-diagonal quadrant which was
the experimental demonstration of 2D EV spectroscopy by the Fleming group in 2014.% Since
then, more experimental and theoretical 2D EV spectroscopy studies have been published by
the Khalil and Fleming groups to understand the information content of these signals,®*3® to
expand the experimentally accessible bandwidth in the 2D EV experiment,® and to measure
electronic-vibrational dynamics in light harvesting complexes,*>*! carotenoids,*? molecular
dyes,*® ligand-to-metal charge transfer (LMCT) dynamics,® and metal-to-ligand charge
transfer (MLCT) dynamics in a prototypical solar cell dye molecule.*4#

Drawing upon the football analogy of section 1.1, the 2D EV spectroscopy is the way to
measure the desired cross-peak spectrum shown in Figure 1.4. By flipping the axes of that
spectrum, the analogous 2D spectrum to 2D VE spectroscopy would be obtained (although
these two experiments are only technically equivalent at t2 = 0). Both 2D EV and 2D VE

spectroscopies provide complementary insight into how the couplings between electronic and
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vibrational degrees of freedom — or vibronic couplings — are utilized by molecules during

complex photoexcited chemical reactions.

1.4 ULTRAFAST MULTI-COORDINATE PHOTOCHEMICAL PHENOMENA

Electron transfer and proton transfer can be considered some of the most fundamental
chemical reactions; developing an understanding of how to control these phenomena comprises
a very broad and active area of research in chemistry and in many chemistry-related fields.*®4
These reactions both cause changes in chemical structure (electronic and/or atomic). They are
both some of nature’s fastest reactions and can occur on femtosecond timescales. In both cases,
excited electronic states accessed by light absorption can be exploited to drive these reactions.
One type of electron transfer reaction involves the movement of charge density in transition
metal complexes due to these molecules containing excited electronic states with charge
transfer character. A typical proton transfer reaction involves photoexcitation to an
electronically excited state in which the proton migrates intramolecularly to a new equilibrium
position in the molecular structure. It turns out that many of these types of reactions proceed
through the concerted motions of many molecular coordinates. These two reactions will be

discussed in this dissertation.

1.4.1 Charge Transfer Reactions in Transition Metal Complexes

Charge transfer reactions involve moving electron density from one part of a molecule to
another. To an extent, one can consider such a transition to be an internal oxidation-reduction
reaction where one part of the molecule is oxidized and the other is reduced. In transition metal
complexes, where usually a central transition metal atom has ligands coordinated around it, a

class of charge transfers are characterized by an electron moving from an orbital with largely
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d-electron character of the transition metal to one that is mainly of ligand character (typically
m* orbitals).*® This type of reaction is known as a metal-to-ligand charge transfer (MLCT) but
the opposite reaction, a ligand-to-metal charge transfer (LMCT) reaction, is just as prevalent
among solution phase transition metal compounds. Whereas d-d transitions in transitions metal
complexes are not spectroscopically allowed, these charge transfer transitions are fully
allowed, giving rise to very intense absorptions that are often the reason for observing rich
colors in the condensed phase (e.g., dyes). Considering charge transfer as internal redox
processes can be useful from the perspective that the synthetic framework for tuning and
controlling the motion of electron density within the molecule’s structure arises naturally; this
is achievable by finding the correct metal-ligand combination to favor a particular motion of
the electron density. MLCT transitions are interesting because their photoexcited dynamics are
typically characterized by initial electronic delocalization followed by electronic localization
to a new part of the molecule, which represents a rich playground for investigating molecular
photophysics such as charge and energy transfer. In photovoltaic applications, where the goal
is to build a device that uses the absorbed energy from ambient light to separate charge
sufficiently for creating useful electrical current, the specific details of charge transfer are
paramount for designing molecule photosensitizers that do this intramolecularly. While an
incredible amount of literature exists describing the kinetics of MLCT dynamics, there is much
to be understood yet in excited state energy and charge transfer research surrounding the
mechanistic details and temporal evolution of the molecular states that promote this ultrafast
chemical reaction. A prominent molecular photosensitizer is the Ru-centered “N3”” molecule
[Ru(NCS)2(dcbpy).; (dcbpy = dicarboxybipyridine)] which is studied extensively in this

dissertation.
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1.4.2 Excited State Intramolecular Proton Transfer in Small Organic Molecules
An important class of chemical reactions resulting in ultrafast proton transfer is known as
excited state intramolecular proton transfer (ESIPT). In this reaction, an excited electronic state
is utilized to trigger a significant structural isomerization in the molecule. From a fundamental
standpoint, this represents one of the fastest isomerization reactions that has been
characterized, sometimes proceeding on the same timescale as one high frequency vibrational
period (~10-20 fs).*® This reaction mechanism has been shown to provide a method of
protecting against photodamage, as it typically results in extremely large Stokes shifting of the
emission arising from the significant structural reorganization during the proton transfer.> In
more applied fields, engineering the ESIPT mechanism is one avenue toward molecular photo-
switching for use in optical data storage.> Along with photoinduced cis-trans isomerization,
the ESIPT reaction is a model for understanding how molecular structural changes can occur
efficiently in excited electronic states with desirable outcomes. Despite the vast knowledge of
ESIPT Kinetics in various systems, many of these reactions lack a clear description of the
electronic states promoting such rapid proton transfer and the mechanistic details of the
reaction. Investigations into one benchmark ESIPT system, 10-hydroxybenzo-[h]-quinoline

(HBQ), is presented at the end of this dissertation.

1.5 DISSERTATION OUTLINE

This dissertation is organized as follows: chapter two presents a theoretical treatment of
both 2D EV and 2D VE spectroscopies with the goal of laying a foundation for understanding
the molecular information present in the spectra measured by these multidimensional
experiments. The simplest molecular system is treated in this chapter: a single anharmonic

vibrational mode with electronic transitions between the ground state and the first excited state.
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A vibronic Hamiltonian is used in which linear and quadratic vibronic couplings are included
to characterize excited state displacement and frequency shifting of the vibration. This chapter
contributes vibronic selection rules for each of these techniques by systematically varying the
parameters of the molecular Hamiltonian and simulating 2D EV and 2D VE spectra using
nonlinear response theory. It is demonstrated here that both spectroscopies are directly
sensitive to molecular vibronic couplings. Chapters three and four describe the experimental
details of the 2D EV spectrometer in the Khalil group. Specifically, chapter three details the
implementation of an octave-spanning broadband mid-IR (BBIR) light source as the probe to
extend the reach of molecular vibrations simultaneously measureable in a 2D EV experiment.
The 2D EV experiment is also demonstrated with UV excitation in this chapter. However, the
spectral bandwidth of the pump is still fairly narrow as the second harmonic of the Ti:sapphire
laser output. Chapter four details the spectral expansion in the excitation dimension using self-
phase modulation in a multiplate continuum generation setup to broaden the fundamental prior
to second harmonic generation. The resulting spectra are more than double the bandwidth than
shown in chapter three and are tunable across the 375-440 nm region. Chapter five includes
the first sets of 2D EV experiments using the spectrometer described in chapter three. These
experiments focus on the LMCT dynamics of ferricyanide ([Fe(CN)e]*) dissolved in
formamide. This chapter also includes the first attempt to fully describe the vibronic dynamics
of a molecular system studied using both 2D EV and 2D VE spectroscopies. The 2D EV and
2D VE spectra of ferricyanide at one T2 delay time are fitted using the vibronic Hamiltonian
and the nonlinear response theory built up in chapter two.

Chapter six extends the theoretical framework presented in chapter two in two ways: 1) the

orientational response is included in the nonlinear response function to treat polarization-
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selective 2D EV experimental spectra, and 2) the vibronic Hamiltonian is extended to treat two
anharmonic vibrational modes that experience excited state vibrational mixing (Duschinsky
mixing). Chapters seven and eight describe the results of polarization-selective
multidimensional EV experiments and TD-DFT calculations on the aqueous, fully
deprotonated form of the archetypal solar cell dye molecule, N3. Chapter seven presents a
static snapshot of the vibronically coupled MLCT states that facilitate ultrafast charge transfer
in this molecule. This effectively maps out some of the major players in this molecules’
photochemistry. Chapter eight builds on the conclusions from chapter seven with a to-
dependent series of 2D EV spectra on N3*. This allows for the complete third order molecular
response to be resolved in a 3D EV spectrum, demonstrating 3D EV spectroscopy for the first
time. New mechanistic insights of how the MLCT dynamics occur in the excited states of N3
include answering an outstanding question regarding the existence of an initially excited
vibrational coherence and the characterization of a vibronic coherence facilitating non-
adiabatic internal conversion for ~1 ps. Altogether, chapters seven and eight showcase the
ability of multidimensional EV spectroscopy to follow vibronic coherence evolution in
complex multidimensional photochemical processes. Finally, chapter nine embarks on a new
line of chemical inquiry for 2D EV studies — that of coupled electron-proton motion. Early
results on the ESIPT dynamics of HBQ studied in nonpolar solvent are reported. The
polarization-selective transient-IR and 2D EV experimental results contribute to describing

what the nature is of the excited state on which ultrafast proton transfer occurs in HBQ.
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Chapter 2. SIGNATURES OF VIBRONIC COUPLING IN 2D
ELECTRONIC-VIBRATIONAL AND VIBRATIONAL-
ELECTRONIC SPECTROSCOPIES

The work presented in this chapter has been published in the following paper:

1) Gaynor, J.D.; Khalil, M; “Signatures of Vibronic Coupling in Two-Dimensional Electronic-
Vibrational and Vibrational-Electronic Spectroscopies” Journal of Chemical Physics 2017,
147, 094202.

2.1 INTRODUCTION

Vibronic couplings play an important role in energy and charge transfer processes. There
is an increasing interest to directly measure and compute these vibronic couplings in complex
disordered condensed phase systems and eventually harness them to control chemical and
biophysical photo-induced energy conversion processes.! Over the last two decades,
experimental and theoretical strategies have been developed to obtain microscopic information
from analyzing the time-dependent positions, amplitudes and line shapes of the various peaks
in 2D IR and 2D electronic spectra. To address the issue of directly measuring vibronic
phenomena, 2D Electronic-Vibrational (EV) spectroscopy? and 2D Vibrational-Electronic
(VE) spectroscopy® have been recently developed. These third order nonlinear spectroscopies
employ electronically- and vibrationally-resonant excitation and probe fields to directly
interrogate inter- and intramolecular vibronic couplings in molecular systems. For example,
using 2D VE spectroscopy, mode-dependent vibronic coupling strengths have been determined
in a transition metal mixed valence compound and local vibrations have been used to track
electronic energy flow among various pigments in a light harvesting complex using 2D EV
spectroscopy.®® As detailed in chapters 3-4 of this dissertation, technical developments have

extended the range of accessible molecular phenomena by incorporating broadband UV and
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octave-spanning mid-IR pulses into the 2D EV experiment.® As the 2D EV and 2D VE

experimental studies and their interpretation continue to expand and develop,””® it is important
to develop an intuitive understanding of how molecular vibronic couplings are encoded in the
2D spectra.

To this end, this chapter details a system Hamiltonian that describes a single anharmonic
vibration in the ground electronic state that has linear and quadratic vibronic coupling in the
excited electronic state. This Hamiltonian is used in simulating 2D EV and 2D VE spectra of
systems that have varying degrees of intramolecular vibronic coupling. This formulation
parallels the Herzberg-Teller adiabatic approximation'® by including a linear dependence of
nuclear coordinates on the electronic transition dipole moment. It is shown that the extent of
vibronic coupling is reflected in the peak positions, the nuclear dependence of the electronic
transition contributes to the peak amplitudes, and electronic-state-dependent vibrational
dephasing affects peak line shapes in 2D EV and 2D VE spectra. Selection rules for these 2D
spectroscopies are described through systematic simulations of 2D spectra. This chapter does
not explicitly include the orientational response which is reserved for a treatment of two
vibrational modes detailed in chapter 6.

This chapter is organized as follows: section 2.2 develops the vibronic Hamiltonian and
the interaction Hamiltonian; section 2.3 categorizes all contributing 2D EV and 2D VE signals
under consideration and characterizes the peak positions, amplitudes, and line shapes for both
techniques; section 2.4 discusses simulations for cases of systematically varied degrees of
vibronic coupling; section 2.5 summarizes the 2D EV and 2D VE selection rules elucidated
through the simulations; and section 2.6 discusses additional signals accessible with different

input pulse parameters, polarization-selective signals, and future directions. For reference, the



30

appendices in section 2.8 include: the definitions of the vibronic energy gap correlation
functions (2.8.1, Appendix A), the nuclear coordinate dependence of the electronic transition
dipole moment (2.8.2, Appendix B), the Liouville transition pathways for the third order
nonlinear response tensor (2.8.3, Appendix C), a complete list of the 2D EV and 2D VE
response functions used to simulate the spectra in this chapter (2.8.4, Appendix D), and the
derivations of the second order corrections to the excited state energies using stationary

perturbation theory (2.8.5, Appendix E).

2.2 VIBRONIC MATERIAL AND INTERACTION HAMILTONIANS

A theoretical description of a molecular system under study with nonlinear spectroscopic
methods begins with a quantum mechanical material Hamiltonian to describe the molecular
system and an interaction Hamiltonian to describe the coupling between the external light
fields and the system. The material Hamiltonian is the sum of individual Hamiltonians for the

system, the bath and the system-bath interaction. To model the simplest case for 2D EV and

2D VE spectroscopy of systems with vibronic coupling, we use a Hamiltonian, A that

vibronic '

describes a single local vibrational mode and two electronic states: the ground state, ‘g> and

the first excited state, |e). Many treatments of molecular vibronic couplings exist.***” The

vibronic system Hamiltonian described by Tonks and Page!® models equilibrium position
displacement, frequency shifting, and vibrational mode mixing (known as Duschinsky
rotation®) upon electronic excitation. In this formulation, the excited state Hamiltonian
includes the effects of excited state equilibrium displacement through a linear vibronic
coupling term and the frequency shifting and Duschinsky rotation are included with quadratic

vibronic coupling terms.1®° More recently, Vallet et al. 2° used this model to derive analytical
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expressions for simulating doubly-resonant IR-visible sum frequency generation spectra for
surface adsorbed molecules with harmonic potentials. We introduce cubic anharmonicity to
this vibronic Hamiltonian and use it to describe a single anharmonic vibration in the ground
electronic state that has linear and quadratic vibronic coupling in the excited electronic state.

The vibronic Hamiltonian is defined as the sum of the ground and excited state

Hamiltonians, A

vibronic

=H _ +H,. The electronic ground state Hamiltonian, # , has the form

given below:
P,Z
Hé’:21;1. +V. (@) (2.1)
]

v/

1 1

0
m.@.
In the above equations, Q= ]h / q, is the reduced vibrational coordinate for the j™

vibrational coordinate (q/.), m, is the reduced mass, a)/o is the natural oscillator frequency,

and P, is the momentum operator. The vibrational coordinate could be either a local mode or

a normal mode, depending on the molecular problem of interest. The ground state potential (

V,(@,)) for the j" vibration in equation (2.2) is obtained by Taylor expansion of the harmonic
potential to include the cubic terms.?"?* The cubic expansion coefficient, g, , is dimensionless

and related to the third order derivative of V_(@,) evaluated at the equilibrium position. In this

particular case i=j=k because only one vibrational mode is being considered. The excited

electronic state Hamiltonian, /#_, is written as H, raised in energy by the electronic energy
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gap and includes vibronic coupling to first and second order in the vibrational coordinate of

the excited state potential, V,(@,),

2

H =—"-+V(Q) (2.3)
2m/. /
1
_ 0 04 5(1) 04 5(2) N2
V.(Q)=V,(Q)+ho +hoV) Q/+5ha)/.v/.J Q: (2.4)

The electronic transition frequency between the lowest vibrational levels of the harmonic

ground and excited electronic states is given by a):g. The dimensionless vibronic coupling

coefficient Vj(” reflects the linear coupling strength of the j™ vibration to the electronic

transition and results in the equilibrium position displacement of the vibrational mode upon

electronic excitation. The dimensionless quadratic vibronic coupling coefficient, V/.(j), is

responsible for the frequency shifting of the j*" vibrational mode in the electronic excited state.

When a system with two anharmonic vibrations is considered, both frequency shifting (V/.(j’)

and vibrational mode mixing (V/.(j()) arise from quadratic vibronic coupling. The linear and

quadratic vibronic coupling coefficients are related to the first and second order derivatives of
the excited state potential with respect to the vibrational coordinate, respectively.

The material Hamiltonian consists of the vibronic system described above, a bath, and the
system-bath interactions. In the context of a solute-solvent molecular system, the “bath” can
represent the solvent and all the remaining solute degrees of freedom not described in the
system Hamiltonian. The system-bath interaction can lead to shifts in vibronic transition
frequencies, electronic and vibrational relaxation dynamics, and reorientational dynamics. For

this work, 1 use the approach of Sung and Silbey 23 to describe the bath and system-bath
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Hamiltonians (4, and H ). Briefly, the bath consists of harmonic oscillators and the system-
bath interaction is linear in the bath coordinates, g,. The system-bath interaction is included

by diagonalizing H . and coupling the eigenstates to the bath through #, . Here, H, is

vibronic
diagonal in the system eigenstate basis and it reflects the fluctuations of the vibronic
frequencies.?® The pure dephasing effects of system-bath interactions are considered here and
incorporated through energy gap correlation functions. As shown in sections 2.3.1.3, 2.3.2.3,
and 2.4, I include electronic dephasing, vibrational dephasing, and electronic-state-dependent
vibrational dephasing of the vibronic states and explore how these microscopic effects are
observed in 2D EV and VE spectra.

The interaction between an external radiation field (E(k,®,¢)) and the vibronic system

described earlier is encoded in the interaction Hamiltonian, #, ,

H =-M-Eko,t)
=3 3)a)u** -Ek,0,6)(b] (2.5)

where the system dipole operator is given by M and the transition dipole matrix elements are

denoted by *”. In the above equation ‘a> and ‘b} correspond to the vibronic system

eigenstates of / , described above, and they are indexed by their electronic state and
vibrational state. An eigenstate of the ground electronic manifold (g) with vibrational quanta

(v=0,1,..,n) is denoted as ‘g,V> and an eigenstate of the excited electronic manifold (e)

with vibrational quanta (v'=0",1",..,n") as

e,V'> . In general, the transition moment between

the vibronic states ‘a> and ‘b) is defined as
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1" =(a(r,Q)M|b(r,0)) (2.6)
where the vibronic states depend on both the electronic coordinates, r, and the reduced

vibrational coordinates, @ . The eigenstates are written as Born-Oppenheimer adiabatic
eigenstates?* and expressed as the products of the electronic wave function, w(r,Q), and the
nuclear wave function, ¥(Q),

|a(r,@)=|v* (r.@)| 2" (@)
|6Cr, @) =|v"(r,@))| 2" (@)

(2.7)

where superscripts a and b specify wave functions in |a)or|b). The vibronic eigenstates

defined in eq. (2.7) fit within the “Born representation” defined by Ballhausen & Hansen.?®
They can be considered eigenfunctions of a dynamical Schrédinger equation in a basis set that

spans a complete electronic space for each value of Q.

The transition dipole operator can be written as the sum of individual operators for the
electronic and vibrational coordinates, M=M___(r)+M_, (Q) .**?® By rewriting equation (2.6)
using this expression for M and the Born-Oppenheimer adiabatic wave functions in equation
(2.7), the transition dipole moment x** explicitly includes both electronic and vibrational
transitions in the system,?%28

u =(v" (r, Q" (r, @) 1" (@M, @] (@)

Hr @ @)y oM, (' Q). (2.8)

When a vibronic transition between electronic states occurs (i.e., ‘g,V>—>

e,V'>), the

electronic overlap integral in the first term on the right in eq. (2.8) vanishes and x* reduces

to the electronic transition dipole multiplied by the appropriate vibrational overlap integral.

The nuclear dependence of the electronic transition dipole moment is included by letting
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M, (r)=M_(Q)where M_(Q) is the electronic transition dipole operator in terms of Q. The
Q dependence is made explicit by Taylor expanding M, (@) over the vibrational coordinate

about the equilibrium nuclear configuration, @,

1
M, (@)= st + D 4, Q45D 1) Q,Q, +-+ (2.9)
J J.k

€8

oM
with the expansion coefficients given by 4 =M_(Q,), u(”:(—eg] , and
o

2
u® =| ——%_ |  The Condon approximation breaks down when the linear and higher order
eg aQ/GQk .

termsin M, are non-negligible. We include the nuclear dependence of the electronic transition

in our approach, allowing for these non-Condon effects to be considered in the vibronic
systems of interest. This treatment parallels the Herzberg-Teller adiabatic
approximation, 1025283031 which includes a linear nuclear coordinate dependence of the
electronic transition moment through the first order term in the expansion of the transition
dipole moment. The first order terms are referred to as Herzberg-Teller vibronic coupling

terms. In this formulation of the transition dipole moment, we include the Herzberg-Teller
vibronic coupling phenomenologically through the expansion coefficient ,u;). As will be
discussed in section 2.3, peak intensity in 2D EV and 2D VE spectra is proportional to the
Franck-Condon factors and also sensitive to contributions from Herzberg-Teller vibronic
couplings.

When a vibronic transition occurs in which the electronic state remains unchanged (i.e.,

‘g,V>—>‘g,n> for n=v+1,or

e,V'>—>

e,n'> for n'=v'+1), the electronic transition dipole
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moment goes to zero and the second term on the right hand side of equation (2.8) vanishes,

reducing ™" to the vibrational transition moment. We let M, (Q)=M, (Q) to specify the

vibrational transition |g,v) —>|g,n), and M,,(@)=M,.,.(Q) to denote

e,V’>—>

e,n’>. The

nonlinear dependence of the vibrational transition moment is included through Taylor

expansion to account for electrical anharmonicity experienced by the nuclei during vibration

in the system. For example, the electrical anharmonicity of a vibration in ‘g> is given by

1
M, @)=y + S, +1 300 0, - @10
7 Jk
oM o°M :
where £ =M (Q), u®=|—2| , andu® =| ——==—| . This treatment assumes
vn vn 0 vn 80 vn aQ aQ
J J k 0,

M, (@)= + 1 PQ where £’ #0 which gives the selection rule for linear IR spectroscopy,

vn

Av =+1. The terms 1™ =0 for m > 2 in equation (2.10) relate the electrical anharmonicity of

the vibration in the ground electronic state. Similar considerations appliedto M, .(¢) describe

the nonlinearity of the vibration in the excited electronic state.
This explicit treatment of the electronic and vibrational transition moments allows the

nonlinearity of the respective dipole moments to provide specific insight into the molecular
system. The nonlinearity of the electronic transition moment (M, ) is relevant during the
dynamic rearrangement of the electronic charge distribution that occurs upon transitioning
between electronic states. In comparison, the nonlinearity of the vibrational transition moment

(M_ and M ) represents the nonlinearity of the nuclear motion for an instantaneous and
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relatively smaller shift in the electronic charge distribution that characterizes a single electronic
state, |g) or |e).
Since the transition moment in equation (2.8) is completely generalized, we can concisely

express the specific dipole moments and operators for each of the relevant transitions in 2D

EV and 2D VE spectroscopy:

(fory”elg), v'elg))  M@-M,@; u—>u™” (211)
(for w ele), l//be‘e>) M(Q)>M.. (Q); ™ — " (2.12)
(for v elg), l//be‘e>) M(Q)>M, (Q); u™ —p*. (2.13)

The notation (eg, vin, and v'n") in equations (2.11)-(2.13) that specifies the transition dipole

operators and matrix elements which reduce from the generalized M will be followed

throughout this discussion.

2.3  THIRD ORDER NONLINEAR 2D EV AND 2D VE SPECTROSCOPIES

Much of the established formalism for other third order nonlinear techniques (e.g., 2D IR
and 2D ES) can be applied to 2D EV and 2D VE spectroscopies. 3226 Both 2D EV spectroscopy

and 2D VE spectroscopy utilize sequential interactions (Figure 2.1(a-b)) of three pulsed
electric fields to generate the third order nonlinear polarization, P, and measure the resultant

electric field.2%" In the 2D EV experiment, the first two pulses, E, and E,, are resonant with
electronic transitions and the third interaction pulse, E,, is resonant with vibrational transitions

in the ensemble. The ordering of resonant field-matter interaction is reversed in the 2D VE

experiment, where E, and E, resonantly excite vibrational transitions and E, resonantly

probes electronic transitions. In both of these 2D techniques the correlations between electronic
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and nuclear motion are accessed directly by perturbing one degree of freedom with E and E,

while monitoring the response of the other degree of freedom with E,.

(@) 2D Electronic-Vibrational (2D EV)

t t , =0
|1 i | *2 |
t, t, , t
L , A . 5
l ' [l o
E1 E2 E3 E5|g

(b) 2D Vibrational-Electronic (2D VE)

Figure 2.1. 2D EV and 2D VE Spectroscopy Pulse Sequences. Three input pulses (E1, E», and Es; blue
or green) are controllably delayed to sequentially interact with a sample and generate the third order
nonlinear polarization containing the 2D signal (Esig, purple). The experimental delay times, tn, relate
the time delay between pulse envelope maxima, t.. The delays between successive field-matter
interactions are specified by 7°n=t’n+1-t’n. (8) 2D Electronic-Vibrational: E; and E; are electronically-
resonant (blue) excitation interactions, and Eg is a vibrationally-resonant (green) probe interaction. (b)
2D Vibrational-Electronic: E; and E; are vibrationally-resonant (green) excitation interactions and E;
is an electronically-resonant (blue) probe interaction. A coherence is induced by E; at time t; that exists
for a coherence period t1, at time t the field E; interacts with the system and collapses the coherence
into population states that relax during the population time 72, then Es probes the molecular response
to the initial perturbation at ts.

All of the microscopic molecular information is contained in the signal field that is emitted

in the k_ direction (k, =+k ¥k, +k;). The signal is generated by P® which is a
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convolution of the third order material response function, R®, and the three incident electric

fields as shown below:

(3) I el el e 1 C) Y A A A ' ' '
P (kSIg,t,z'z,rl)—jo jo jo RY (7,7, ) E,(K,, t —7))E, (K, , t+7, -7, —17))
xE (k,t+7,+7, —7.—7, —7))d7dr)dT,.

(2.14)

The nonlinear response function R® contains the vibronic signal of interest and is expressed
as a four-point correlation function of dipole moment operators with numbered subscripts (1-

4) denoting the time-ordering of the field-matter interaction,

A\3
D v 1 ’ ' ' ' ’ '
R(3)(z'3,2'2,2'1) :(%] <[[[M4(r3 +7,+7,),M,(z, +Tl):|,M2(T1):|,M1(0):|pO>. (2.15)
Here, p, is the equilibrium reduced density matrix for the vibronic system eigenstates with its
time evolution monitored during three separate time intervals (7, z;, and z;as described in

Figure 2.1) and the angled brackets < . > denote the trace over the system and the bath degrees

of freedom. Expanding the commutator in eq. (2.15) yields eight terms grouped into four pairs
of complex conjugate field-matter interaction pathways (see Appendix C). R® is a fourth-rank

tensor that contains the nonlinear vibronic response R**(z},z,,7;) and the orientational

response Y,j,’j:" (z},7,,7;) of the dipoles that interact with the various electric fields in all four

conjugate interaction pathways in the system.

4
RO, 7,7)=2 >, D>, (X)) (e, 7, v )RY (z},7;,7]) (2.16)

a=1 [JKL a,b,c,d
In the above expression, the vibronic eigenstates are given by indices (a, b, ¢, d), where the

indices (//KL) reference a permutation of the electric field polarization over the laboratory

coordinates {X,Y,Z}. This paper solely focuses on the molecular insight contained in the
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nonlinear vibronic response function, R**’(z.,z,,7,), for various transition pathways where
the indices (a, b, ¢, d) specify vibronic eigenstates interacting via M_ (eq. (2.11)), M,
(eq.(2.12) ), and Meg (eq. (2.13)). The response functions for all 2D EV and 2D VE peaks are

listed in Appendix D and they are characterized by the combination of involved vibronic
eigenstates in Table 2.2 and Table 2.3.

We consider the system composed of two electronic states and one IR-active local

vibrational mode, as described by A

oome 1N SECtION 2.2 and depicted in Figure 2.2. The
parameters in the vibronic Hamiltonian are chosen so that the frequency of the anharmonic

vibration is red-shifted in the excited electronic state. Using the transition frequencies shown

in Figure 2.2, the vibrational frequency difference between electronic states, (A ) and the
mechanical anharmonicity of the excited electronic state (A, ) can be defined as

A =w
e,

-, and A, . =o, . —o, . These expressions can be evaluated using stationary
=24 £, 2'1 el ez2

v
perturbation theory with second order energy corrections and are given in section 2.8.5. For
simplicity, it is assumed in sections 2.3 and 2.4 that the electronically-resonant electric fields

have center frequency @, and bandwidth 20, allowing resonant transitions between states

17

with energy separation corresponding to frequencies within w, o, The vibrationally-

1

resonant fields are assumed to have sufficient bandwidth to excite one-quantum transitions

only. As the input electric fields have a finite pulse duration, it is important to distinguish

between the experimentally controlled delay time (7 ) and the delay between field-matter

interactions (7). The discussion section explores the effects of varying these electric field

characteristics on the vibronic transition pathways accessible to the molecular system.
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Additionally, we assume the lowest vibrational transition energy in ‘g> to be larger than &, T

such that only ‘g,0> is initially populated in the system and all transition pathways originate

from this state. Next, | discuss the various rephasing and non-rephasing pathways contributing
to the 2D EV and 2D VE signals and their manifestations in the peak positions, amplitudes and

lineshapes of the resultant 2D spectra.

rd
\ o
W, ,1 \ 7 1e,2')
w I Wh&,ﬁ
> T : le,0’)
) i
Wiw,_ 4§ 4
o /" 19.2)
mq,]k / 19.1)
- v 19.0)
Q.Q g

Vibrational Coordinate

Figure 2.2. An illustration of the potential energy surfaces represented by Huyibronic With linear and
quadratic vibronic coupling. The states |g,v) and |e,v’) are the vibronic states in either the electronic
ground, g, or excited, e, manifold with vibrational state v, or v’, respectively. This model reflects a
system of displaced, frequency shifted, anharmonic oscillators. The blue (green) arrows indicate
transitions between electronic (vibrational) states. The frequencies meg, ®gv, and o correspond to the
energy separation between the electronic manifolds, the vibrational levels in |g), and the vibrational
levels in |e), respectively.

2.3.1 Vibronic Signal Pathways in 2D EV Spectroscopy

Using the material and interaction Hamiltonians described in section 2.2 and Figure 2.2
and the center frequency and bandwidth considerations of the input electric fields described

above we can obtain the expression for the material response function and the third-order

nonlinear polarization. The 2D EV response tensor, R® is obtained from equation (2.15)
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when M, and M, are electronic transition dipole moments and M, and M, are vibrational
transition dipole moments. ﬁ“’(ré,r;,rl’)includes responses from many possible vibronic

transition pathways that the system can access during time intervals 7’ . The possible vibronic

Liouville pathways that can generate a 2D EV signal in the simplified system here while

!

T, =7, are represented in the double-sided Feynman diagrams for the rephasing (R),
k,, =—k, +k, +k;, and non-rephasing (NR), k,=+k, —k, +k;, phase-matched directions

(Figure 2.3(a) and (b)). The signals from the R and NR pathways oscillate at conjugate
frequencies during the coherence period. Within the center frequency and bandwidth

considerations described above, the system can only evolve in a population state of the density

matrix during 7, when z; > 7, and 7 is the longer FWHM pulse duration between the optical

and IR electric fields. The evolution of a system in a coherence state of the density matrix

during 7, while z; > 7, is not phase matched for detection unless the IR probe field bandwidth
spans the vibrational frequencies of the fundamental (e, ) and first overtone (2w, )

transitions. When

T <7, the time-ordering of the k, and k, field-matter interactions cannot

be rigidly defined, and so the additional transition pathways in Figure 2.3(c) can contribute to
the 2D EV spectrum. These pathways will not yield new peaks, but they can contribute

intensity to peaks | and 11l that oscillate at the 7, coherence frequency until the third field-

matter interaction occurs. Illustrated in Figure 2.3(d) is a fully absorptive cartoon spectrum for

the system with linear and quadratic vibronic coupling. The m" peak consists of signal

contributions from the corresponding R (D) and NR (D, ) double-sided Feynman

diagrams. The complete set of vibronic response functions for each of the diagrams is given in
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2D Electronic-Vibrational (2D EV) Signals
(@, =z T, Non-Rephasing Pathways, DE: (+k-k+k,= km.g]

@ < aD AV <
' \H 9.0 g,0 \H e, 0 el g,0 g0 \H e1 el ‘H el el K, (d)
T, k(9.1 g0 k,le1 el k,19.1 9,0 k,|e2 e1 e 1 el .
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Figure 2.3. 2D EV Vibronic Signals Overview. All the accessible Liouville transition pathways (a-c)
are given for the case that the excitation fields (ki and k2) span frequencies weg=+ mg1 (Where weg= (Eeo
— Ego)/ h and wgy = (Egv+1) - Egv)/), and the probe field (ks) has bandwidth sufficient to resonantly
excite single quantum vibrational transitions only. The 2D EV non-rephasing (NR) and rephasing (R)
signal pathways represented by the double-sided Feynman diagrams DE% and DE in (a) and (b),
respectively, represent the contributing 2D EV signal pathways when k; and ks are beyond temporal
overlap (i.e. ', = t,where 7, is the longer pulse FWHM duration) such that field-matter interaction
time ordering is unambiguous. Additional pathways in (c) contribute only during the k; and ks temporal
overlap (|z’;| < 7). The diagrams have peak labels (I-V) denoting the signal to which that pathway
contributes; the R and NR diagrams for a given peak sum to yield the absorptive 2D EV signal. The
diagrams are also specified by transition type: ground state bleach (GSB, positive, solid line), excited
state absorption (ESA, negative, dashed line), and excited state stimulated emission (ESE, positive,
solid line). The illustrated absorptive 2D EV spectrum shown (d) for a system where V0 and V;{@#0

gives peaks I-V at the coordinates m1= meg, WegtMe 1> and ®3= ®g,1, Oc,1*, and e (Where wey = (Eevt1y
- Ecv)/ h); thus, the frequency difference of the vibration in |g) and |e), Aeg= ®e1" — ®g1, and the
anharmonicity in |e), Ay = ©c,1” — @2, can be read off of the 2D EV spectrum directly.
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Appendix D. In general, the response function consists of (i) oscillating frequencies which

determine the position of the 2D peak in the o, and @, Fourier space, (ii) the product of

transition dipole factors which govern the amplitude of the 2D peaks and (iii) a nonlinear

dephasing function (#**“(z.,z,,7,)) which dictates the 2D line shape. Each of these factors

is discussed in detail below.

2.3.1.1 2D EV Peak Positions

The 2D EV peak positions identify specific vibrational modes coupled to electronic
transitions in the molecular system and they reveal differences between the ground and excited

potential energy surfaces. These positions are dictated by the energy separation of the vibronic

eigenstates in the molecular ensemble. In the vibronic systems modeled by # the

bronic '
eigenstate energies are dependent on the vibrational anharmonicity, the equilibrium position
displacement in the excited state, and the excited state frequency shift. The peak positions in

the » _  dimension indicate the resonance frequencies of the electronic transition

electronic

‘g,0> — e,V'> that are accessed during the electronic coherence time, z/. The positions in the

dimension reveal vibrational modes that are coupled to the electronic transitions. As

vibrational

opposed to degenerate 2D techniques where peaks can exist in the absence of molecular
coupling (i.e., on-diagonal peaks), every peak in 2D EV spectroscopy is a cross peak and

requires the coupling of electronic and vibrational degrees of freedom to be observed.

Peaks | and Il (Figure 2.3(d)) are centered at w,

lectronic

= w,, because the Liouville pathways

that contribute to these signals evolve in a coherence between ‘ g,0> and

e,0'> during ;. The

Liouville pathways that give rise to peaks | and Il differ by the vibronic state population
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‘g,0><g,0 or the

e,0'><e,0" in which the system evolves respectively during 7. Therefore,

the final probe field interaction is resonant with either @, or @, to yield a ground state

1

bleach (peak I, (a)eg,a)g'l)) or an excited state absorption (peak II, (a’eg»“)e,r)) signal,

respectively. Peaks I111-V have peak centers o

lectronic

=w, +,, thatreflect vibronic transition

pathways with electronic coherence between ‘ g,0> and

e,1'> during 7/, the vibrationally

probed transitions originate from¢, populated states of either ‘g,0><g,0 or

e,1'><e,1".
When higher lying vibrational states (v’>0) in |e) are accessed, the excited state stimulated
emission (ESE) Liouville pathway (DZ” , DZ" ) is possible. Hence, three 2D EV peaks exist

RV Y7 NRV

for each pathway with electronic coherence between ‘ g,0> and

e,(V'>O)> in z;. In the case
where both linear and quadratic vibronic coupling is present, peaks Il (GSB), IV (ESA), and
V (ESE) may be observed at (o, +o,,,0,,). (0, +0,,.0,), ad (o, +0,,0,),
respectively.

In 2D EV spectroscopy, the ESE is the only transition pathway that can yield positive signal

from a vibrational transition in the electronic excited state, which provides an important

contrast to the negative ESA signals arising from populated vibronic states in ‘e>. The other

source of positive signal is the GSB pathway, which will only result from vibrational

transitions in ‘g> Therefore, the GSB and ESE signals are specific to vibrations in the ground

and excited electronic state, respectively. As discusssed later in this chapter, the intensity

contributions from these positive signals will be separable in the «, dimension when the

anharmonic vibration is frequency-shifted in the excited state. A systematic discussion of how
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the anharmonicity, excited state equilibrium displacement, and excited state frequency shifting
affects the presence of 2D EV peaks is accompanied by simulated 2D EV spectra in section
2.4.

In all of the 2D EV spectra presented in this dissertation, the observed peaks are peaks I
and 11. In the case of [Fe(CN)s]** studied in chapter 5, apparently only peaks I and Il are
measured, while further analysis suggests there is more subtlety possibly involving low
frequency vibrational modes that modulate the peak positions in both 2D EV and 2D VE
spectra. Peaks | and Il can also appear for many vibrational modes for multiple electronic states
simultaneously in one 2D EV spectrum as for the Ru-centered compound in chapters 7-8. They
also may not appear together; in the excited state intramolecular proton transfer complex
studied in chapter 9, only peak Il is measured as this peak results from the significant structural

rearrangement involving proton transfer upon photoexcitation.

2.3.1.2 2D EV Peak Amplitudes

The 2D EV peak amplitudes are determined by the population of molecules in |g,0) and

the relative strength of the four interacting dipoles that generate the third order response, as
shown in equations (2.50) and (2.51). Generally, the effects of electrical anharmonicity in the
system arise from the nonlinearity of the dipole moments with respect to the vibrational
coordinate and have been considered in 2D IR spectroscopy. The explicit treatment of both the
electronic and vibrational dipole moments in 2D EV and 2D VE spectroscopies can provide
insight into the electrical anharmonicity of the molecule from two perspectives: 1) the nuclear
dependence of the electronic redistribution upon changing electronic states, and 2) the

nonlinearity of a vibration in an excited electronic state.
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The dependence of M_ (@) on the vibrational coordinates appears when the coefficients

uS;) and 42 are nonzero in the expression for 4“4 given by

s =i g e )i S g0 Je)
/ (2.17)
+1,ue(:7) ' <g,V Q0 e,V'>+...

2 ]

which is obtained by evaluating equation (2.8) for a vibronic transition (i.e., subject to eq.

(2.13)). The Condon approximation requires that the electronic transition is independent of the

nuclear coordinates, implying ﬂ(gé'j') =0for m>1. In this case, u®% expresses the electronic

transition dipole moment for the system at the equilibrium nuclear configuration with the
transition strength modulated by the overlap integral of the two involved vibronic states. The
zeroth order result implies the reduction of the Born-Oppenheimer adiabatic wave functions to
crude adiabatic wave functions because of the constraints imposed by referencing only the
equilibrium nuclear configuration;?>?%% these constraints are corrected when higher order
terms are included. Therefore, to zeroth order the amplitudes of the 2D EV peaks are directly
2

(0)

proportional to Mg

2
T e,v'>‘ due to the first two interactions of M, (@) with

2‘<g,V

the density matrix in the nonlinear vibronic response function (eq. (2.15)). This directly

demonstrates that all 2D EV peak amplitudes are scaled by the Franck-Condon factors,

2
e,V'> )

e

For electronic transitions that are dependent on nuclear coordinates, the linear and higher
order terms in equation (2.9) may be nonzero and they account for variations in the vibronic
transition strength due to the nuclear configuration of the system. This is known as the

breakdown of the Condon approximation.?”2° If the Condon approximation is relaxed, then the
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higher order terms that collectively describe the non-Condon effects (y;") #0form>1) are
included in evaluating ¢ and the vibronic transition strength deviates from the zeroth order

scaling with the Franck-Condon factor. This demonstrates that the 2D EV peak amplitudes

are sensitive to non-Condon effects through intensity contributions from first and higher order

terms in 4% . The amplitude ratio that compares 2D EV peaks originating from the vibronic

transitions ‘g,V>—> e,(V+1)'> (e.g., peaks I and Il in Figure 2.3(d))

e,V'> and ‘g,v>—>
should be equal to the ratio of the respective Franck-Condon factors if non-Condon effects are
negligible; variations from this amplitude ratio reflect the presence of non-Condon effects.
Effects from the system electrical anharmonicity in the vibration can also be present from
the nonlinearity of the vibrational transition dipole moment, in a similar fashion to 2D IR
spectroscopy.®33438 The influence of this type of electrical anharmonicity in 2D EV

spectroscopy is observed specifically for the vibration in the electronic excited state. A linear

dependence of 4" on the nuclear coordinates yields transition dipoles for the

e,0'>—>

e,1'>

: (,uo"l'), and for the

e,1'>—>

e,2'>, (y“'), transitions that should scale harmonically as

1 =J2,°" . Comparison of oppositely-signed peak amplitudes for an electronically excited

state vibration (e.g., peaks IV and V in Figure 2.3(d)) will reflect the electrical anharmonicity

of the vibrational mode in the excited electronic state specifically.

2.3.1.3 2D EV Line Shapes

The influence of the system-bath dynamics are reflected in the 2D EV line shapes which

are described by the nonlinear dephasing function for each vibronic signal pathway. Following

the approach of Sung and Silbey,? the dephasing functions, #*”<“(z.,z,,z/), in the nonlinear
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vibronic response are composed of line shape functions, 4, ,(¢) (defined in Appendix C), that
describe the time-dependent transition frequency fluctuation between vibronic states ‘a> and
‘b} induced by system-bath dynamics. Assuming that the transition frequency fluctuations (
dw,,(t)) about an ensemble average frequency (@, ,) obey Gaussian statistics, the time
dependence of a resonant transition frequency is expressed as @, ,(¢)=@,, +ow, , (¢).The
energy gap correlation function £, correlates the transition frequency fluctuation dw, ; with

the fluctuation ow, . over a time period ¢ where the subscript “i” is the initial state of the

density matrix. The time scales for these fluctuations are expressed as auto- and cross-
correlations, which describe the correlation of a single vibronic transition (a=b) or of two

different vibronic transitions (a#b), respectively. The energy gap correlation function can be

expressed in terms of these transition frequency fluctuations by ¢, (£)= <5a)a,i(t)5a)b,i (0)> .
A simplified notation is used to express the correlation functions in 2D EV and 2D VE

spectroscopies. Instead of specifying the correlated eigenstates, the subscripts specify the

transition frequency between the correlated eigenstates (i.e., eg=‘g,0>—)

e,O'> ,

V=‘g,0>—>‘g,1> ,and v'=

e,0'> -

e,1'> ). The energy gap auto-correlation functions are the
fluctuations in the electronic transition frequency (g“eg‘eg), the ground state vibrational
frequency (¢, ), and the excited state vibrational frequency (¢, ). The cross-correlation

functions (& ¢, ) relate the frequency fluctuations in electronic transitions and

eg,v' é,eg,V’ !
vibrational transitions. The correlation functions are defined in Appendix A. Both 2D EV and

2D VE spectroscopies access all of the auto-correlation functions. The 2D EV experiment only
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accesses the £, cross correlation, while the 2D VE line shapes include contributions from
all three cross correlations. However, as shown below, the line shapes in both techniques can
be defined in terms of the same correlation functions and a proportionality constant.

Electronic-state-dependent vibrational dephasing is explored by defining a proportionality
constant, A, that relates the ratio of the excited electronic state fluctuations to those in the
ground electronic state

A=kt 2 (2.18)

oo . (t)

g1,60

This parameter is analogous to the ¢, and «, parameters used by Lewis et al.® Now the 2D

line shapes can be written in terms of only three energy gap correlation functions (¢, ... <., ,
,and Q,V) and A
Gow =AC,, (2.19)
=48, (2.20)
Gegw = Mg (2.21)

As shown below, expressing the dephasing functions in terms of auto- and cross-correlation
functions demonstrates that 2D EV and 2D VE spectroscopies are sensitive to the coupling
between electronic and vibrational degrees of freedom in a molecular ensemble. Additionally,
obtaining a proportionality constant relating the nature of the homogeneous vibrational
dephasing in the ground and the excited electronic manifolds is a notable advantage of these

spectroscopies.

In this work we assume the homogeneous limit where the fluctuations 5a)y,i(t) are much

faster than the timescale of the experimental measurement and that fluctuations in the
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mechanical anharmonicity are negligible. In this limit, the line shape functions become linear

with respect to time, 4 ,(¢)~I ¢, and the dephasing functions (F***?) reduce to

exponentially decaying functions where the T', terms are damping constants, or decay times,

that reflect the homogenous dephasing time scales definedas I' | = J.dré’aﬁ (7). The absorption
0

line shapes are related by the Fourier transform of the dephasing functions, which yield 2D

Lorentzian line shapes with spectral widths in o, and @, defined by the I",, terms for the 7]

and z; periods, respectively. In future work, we will explore the effects of correlated spectral

broadening in these 2D spectroscopies. The 2D EV dephasing functions, F}j]”;“’ for all five

peaks are expressed (R and NR functions have the same form, only R is given) using simplified

notation:
FEee (@, n,t) =T, o+, 1| (2.22)
FRgf]eo S € T,,7,,T,) =(/12)FV_V2'2" +Feg‘egz'{ (2.23)
FE0LE0et () 0 () =T ) ¢ +[ oy F@OT,,, +(/12)r”]r; (2.24)
FEnr e (¢l,2,2)) = (AT, 7 +| T, + AT, +(AOT, |7, (2.25)
R GO B L M +[ oy T, +(/12)rw]r; (2.26)

The sensitivity of 2D EV spectroscopy to electronic-state-dependent vibrational dephasing is

demonstrated by the A* dependence of peaks I1, IV, and V during the detection period ;. The

comparison of these broadened peaks to peaks I and 1l in the @ dimension will directly

vibrational

reveal electronic-state-dependent vibrational dephasing. There is also a strong, uniform A
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dependence in the @ _dimension for peaks IllI, 1V, and V; which may reflect deviations

electronic

from strictly vertical electronic excitation and stronger fluctuations of “hot” vibrations in ‘e> .

The functional form of the 2D EV dephasing functions shown above can provide a direct
way to quantify an electronic, vibrational, or vibronic correlation function for a specific sub-
ensemble of an electronically excited state vibrational coordinate. Chapter 7 discusses the 2D
EV spectrum for a Ru-centered compound in which many vibrational modes are coupled to up
to three different metal-to-ligand charge transfer states. Simply treating each of these peaks
individually to extract these correlation functions may provide detailed insight into the

photochemical dynamics of interest in a given system under study.

2.3.2  Vibronic Signal Pathways in 2D VE Spectroscopy

Similar to section 2.3.1, I will use the material and interaction Hamiltonians described in
section 2.2 and Figure 2.2 and the center frequency and bandwidth considerations of the input
electric fields described above to obtain the expression for the material response function and
the third-order nonlinear polarization for the 2D VE experiment. In contrast to 2D EV
experiments, no vibrational transitions in the excited electronic state are directly observed in
2D VE spectroscopy. Rather, the resonance frequencies of the electronic transitions that are
probed with the final probe interaction carry this information. The only vibrationally-resonant

field-matter interaction in 2D VE spectroscopy occurs with the first two pulses with frequency
o, The electronic transitions probed with k, have energies equal to the sum of the electronic
energy gap and some combination of vibrational quanta (see Figure 2.4(d)). As a result, the

direct comparison of specific peaks that report on vibrational features in the ground and excited

electronic states is not as straightforward as in 2D EV. The reader is directed to recent papers
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by Courtney, et al.>* and to Dr. Zachary Fox’s dissertation® for additional discussion of 2D
VE transitions.

Considering the same electric field parameters described earlier, the allowed transition

pathways in 2D VE only evolve in population states during 7, while z, >7,. The 2D VE

response tensor is obtained from equation (2.15) when M, and M, are vibrational transition
dipole moments and when M, and M, correspond to electronic transition dipole moments.

The transition pathways available to a molecular system described by /£ .~ for the vibronic

vibronic
system in the present discussion are shown as double-sided Feynman diagrams in Figure 2.4(a)
and (b), and a fully absorptive 2D VE spectrum is illustrated in Figure 2.4(d). The complete
set of vibronic response functions for each of the diagrams in Figure 2.4 is given in Appendix
D. In general, the 2D VE response function consists of (i) oscillating frequencies which

determine the position of the 2D peak in the @, and «, Fourier space, (ii) product of transition
dipole factors which govern the amplitude of the 2D peaks and (iii) nonlinear dephasing

function (#**“(z},7,,7])) which dictates the 2D line shape. We will discuss each of these

factors in detail below.

2.3.2.1 2D VE Peak Positions

The 2D VE peak positions encode the modulation of the electronic energy gap that is

coupled to the nuclear motion of the ground electronic state molecule. The resonance

frequencies for the transitions between the vibronic eigenstates modeled by A govern

vibronic
the positions of the 2D VE peaks. Thus, the 2D VE peak positions are sensitive to the

anharmonicity, the excited state equilibrium displacement, and the excited state frequency shift
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2D Vibrational-Electronic (2D VE) Signals
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Figure 2.4. 2D VE Vibronic Signals Overview. The relevant Liouville pathways that contribute to the
2D VE signal when the excitation fields (ki and kz) have sufficient bandwidth for resonant single
quantum vibrational transitions and the probe field (ks) spans frequencies weg=+ wg,1. The non-rephasing
(NR) and rephasing (R) signal pathways represented by the double-sided Feynman diagrams DyE and
DYE in (a) and (b), respectively, are the only contributing 2D VE signal pathways when k, and ks are
beyond temporal overlap (i.e., T', = 7, where 7, is the longer pulse FWHM duration) such that field-
matter interaction time ordering is well defined. Additional pathways in (c) contribute only during the
k2 and ks temporal overlap (|t’,| < t,,). The peak labels (1-V) specify the signal to which that pathway
contributes; the R and NR diagrams for a given peak sum to yield the absorptive 2D VE signal. The
diagrams are also categorized by signal type: ground state bleach (GSB, positive, solid line) and excited
state absorption (ESA, negative, dashed line). The fully absorptive 2D VE spectrum is depicted (d) for
a system where VV£0 and V;j?+#0; peaks I-V share the excitation frequency coordinate m1=wg1 and

they are distinguished by the probed electronic transition frequencies @3 = Meg, Weg+ Aeg, Weg+ Me,17, Meg
+ 0,10+ Aeg — A2 17, and meg — g1 Where the frequencies are defined weg= (Ec — Ego)/ h, ®gv= (Egw+1)
- Egv)/ f, ®e = (Eev+1y - Ecv’)/ R, the frequency difference of the vibration in |g) and [e), Aeg= ®c,i—
®g,1, and the anharmonicity in [e), Axi* = ®e1” — Oc2.
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of the vibrational mode. The o . peak position indicates the resonant vibrational

VI

transition that is initially excited in the ground state molecule during z;, and the peak

coordinate along the @

electronic

dimension reflects the energy gap for transitioning into a

vibrational state in |e) following the initial vibrational perturbation. Given the considered

electric field characteristics, 2D VE transition pathways are resonantly excited with the same

excitation frequency o, resulting in the vertically stacked series of peaks shown in Figure

1

2.4(d). Resolution of different peaks in the @ . dimension becomes relevant when more

vibrational
than one vibrational mode is involved in the vibronically coupled system, which could include
other high frequency vibrational modes or low frequency structural modes. Since the 2D VE

transition pathways never include a vibrationally-resonant field-matter interaction with a

vibration in ‘e>, there will not be the same peak separation along @ . that reflects A

vibrational

and A, , as occurs in 2D EV spectra. Instead, the peak separation in the @ _dimension is

electronic

due to the modulation of the electronic energy gap by A, and A, which are expressed as

combinations of vibrational quanta.
A particularly notable feature of 2D VE spectroscopy is the absence of ESE pathways to

contribute positive intensity to the spectrum. In general, observed peaks will be broad in the
o, dimension due to the electronic transitions that are probed with this technique. The ability
to resolve information about the excited electronic state potential energy surface depends on

the nature and strength of the system’s vibronic coupling and the extent of overlap between

these inherently broad signals. Peaks I-1V consist of pairs of bleach and absorption features

that have frequency separation on the order of a fraction of one vibrational quantum (i.e., A,
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and A, ). The comparison of the peak separation and the electronic absorption line width

dictates the overlap of oppositely-signed 2D VE signals.

The sign of the peaks in the 2D VE spectrum, differ by the populated state over which the

system evolves during z,. The positive GSB features arise from electronic transitions into ‘e>

and the negative ESA features result from electronic transitions originating

from ‘g,0> <g,0

. Peak I (GSB) is centered at @,

Jectronic

from ‘ g,1><g,1 = o, because k, induces the transition

e,0'> , While peak Il (ESA) is separated from peak | in @

electroni

‘g,0>—> by A, since the k,

interactions yielding peak Il induce the transition ‘g,1>—>

e,1'>. For the red-shifted

anharmonic vibration in |e) discussed here, o, , <o, , andso A is negative resulting in the

1

separation of peaks | and Il represented in Figure 2.4(d); if @, , = D, then A, =0 and peaks

| and Il are centered at the same 2D VE spectral coordinates, (wg‘l,a)eg). Therefore, the

difference between the ground and excited electronic state vibrations is contained in the peak

separation of peaks | and II, similar to 2D EV. Generally, peaks Il (GSB) and IV (ESA)

include electronically-resonant field-matter interactions higher in energy by ~hiw,,, than

those that contribute to peaks I and I1. The probed electronic transitions in peaks 111 and IV are

e1') and [g,1) >

‘ g,0> — e,2'> , respectively. Peak 1V is lower in frequency than peak Il

in o by A, and the excited state mechanical anharmonicity, A,,.. As a result, the 2D

electronic

VE spectrum of a red-shifted anharmonic vibrational mode will have greater @

electronic

separation between peaks Ill and IV than between peaks I and Il. Thus, when vibronic states

e,V'> for v’>1 are resonantly accessed via Kk, , information about Az,l,is included in the 2D
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VE spectral features. Peak VV (ESA) is not paired with an oppositely-signed and overlapping

peak. The electronically-resonant probe transition that generates peak V utilizes the lower

frequency portion of the available bandwidth in k, for the transition ‘g,1> —

e,0'> : therefore,

no lower-lying vibrational state in ‘e> exists to provide the accompanying positive GSB peak

that is observed for peaks I-1V. Peak V is a unique spectral signature in 2D VE as it is inherently
less convoluted by other spectral signatures.

As mentioned for 2D EV peak positions in section 2.3.1.1, low frequency vibrational
modes can participate in shifting the peak positions in either frequency dimension. Such
dynamics have been reported for the 2D VE spectra of [Fe(CN)s]** where peaks | and Il are

modulated with a time-dependent peak position in the electronic domain.*°

2.3.2.2 2D VE Peak Amplitudes

The 2D VE peak amplitudes depend on the initial ground state population and the strength
of the four interacting dipoles of the vibronic system, as shown by the 2D VE response function
(see equations (2.52) and (2.53)). The nonlinear nuclear coordinate dependence of the
electronic transition dipole as given by eq. (2.17) and the vibrational transition dipoles

inherently contribute to the resonant vibronic transitions in 2D VE spectroscopy. However, the

effects of the nonlinearity of M, (@) will overwhelm any effects of electrical anharmonicity

in M (@) and M. (@) present in 2D VE spectra. Direct observation of the electrical

anharmonicity of a vibration in a particular electronic state requires the comparison of features
arising from vibrational transitions between a zero and one quantum state and between a one

0,1

and two quantum state (e.g., #°* and x'?). Since 2D VE transition pathways include only
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one vibrationally-resonant field-matter interaction, no such comparison is easily extracted
from the spectra.

An important advantage of 2D VE spectroscopy is that the experiment samples a larger
variety of transitions between vibronic states in different electronic manifolds as the

electronically-resonant field-matter interaction is the probe interaction. The pathways that

contribute the negative ESA features evolve in ‘ g,1><g,1

during z;, which allows the
electronic transition to originate from an excited vibrational state in ‘g> and access higher

vibrational states in ‘e> than is possible in the GSB pathways. This means that an amplitude

comparison between GSB and ESA peak pairs includes the magnitudes of the involved dipole

moments and the magnitudes of two different vibronic overlap integrals. For example, to zeroth

order in M, (@) (eq. (2.9)) the amplitude comparison of peaks I and Il considers the difference

in magnitudes of Franck-Condon factors for the | g,0) —

e,0) and |g,1) >

e,1'> transitions.

Similar to 2D EV spectroscopy, the non-Condon effects will manifest themselves as amplitude

changes in the 2D VE spectra and will be explored in detail in section 2.4.

2.3.2.3 2D VE Line Shapes

The nonlinear dephasing functions determine the line shapes observed in 2D VE spectra.
As described for 2D EV line shapes in the homogenous limit above, the formulation of the 2D
VE dephasing functions in terms of auto- and cross-correlation functions demonstrates that 2D
VE spectroscopy is sensitive to fluctuations of vibronic frequencies. While the 2D VE
dephasing functions are defined by more cross-correlations, the simplification of these
expressions using the 4 parameter (eq. (2.18)) shows that 2D EV and 2D VE can be described

by the same three correlation functions. However, the dephasing functions for 2D VE are very
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different from those in 2D EV, which is a result of the different sequences of field-matter
interactions utilized, and they are expressed for the rephasing contributions to the five peaks

as follows:

£0,e0,20,21 [ A AN ’ '
FR,I (z5,7,,7,)= Feg‘egr:,; + FV,VT1 (2.27)

e S R B [reg‘eg +2(A-Dr,,, +(A-1) r”]r; +T, 7! (2.28)

R,

R, I vy 1

FEMerE0e (1) 7)) = [Feg,eg +2(Dr,,, +(A)°T,, ] [ (2.29)

g0,g1,e2',.g1 ro_ro N
F;e,n/ (T3 2y 71) - |:reg,eg

+2Q2A-D,,, +QA-1)T, |+, 7 (2.30)

FEs e (oo o) =[T, =20, +T, |o+T, 7 (2.31)

eg,eg vy 1

The A dependence is limited to only the @, probe dimension in 2D VE spectra given the

excitation is vibrationally-resonant. Peaks I, I1l, and IV have varying extents of quadratic A
dependence. Notably, while peak V is the uniquely isolated peak in 2D VE spectra, it carries
no information reflecting electronic-state-dependent vibrational dephasing. Peak | is the only
peak that does not contain contributions from the cross-correlation; whereas in 2D EV both
GSB peaks (I and I11) did not include cross-correlation information. Finally, the non-trivial
cancellation between oppositely-signed spectral contributions in 2D VE may complicate
spectra since GSB and ESA peak pairs (e.g., Il and IV) will have different amplitude

contributions due to electronic-state-dependent vibrational dephasing.

24 2D EV AND 2D VE SIMULATIONS

The 2D VE and 2D EV spectra are simulated in this section by calculating the response

functions for all the contributing vibronic transition pathways when the electronically-resonant

transitions occur within the frequency range o, =w_+w_ . and the vibrationally-

Jectronic eg g,1
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resonant transitions occur for single quantum transitions (Av,Av'=41) only. We further
assume that all the electric fields are much shorter in time than the dynamics of interest, that

7, >0 such that only the diagrams in Figure 2.3(a,b) and Figure 2.4(a,b) are relevant, and that
7, is sufficiently short to neglect population relaxation during this period. Working in this

impulsive limit allows for the signal field to be proportional to the real part of the third-order

nonlinear response function (eq.(2.15)) and implies that z’ =7 . Lastly, we do not consider the

orientational response function (¥;;“) or vibrational electrical anharmonicity here.

The energies of the vibrational eigenstates in both electronic states are obtained by

diagonalization of A

ibronic *

In general, A
171

wome C@NNOL be block-diagonalized since the linear,
quadratic, and cubic perturbations result in the coupling of manifolds with differing numbers

of quanta. In principle, the system eigenstates are determined by obtaining the eigenvalues and

eigenvectors of A

ibronic

with infinite size. In practice, this is achieved by choosing a matrix

size large enough to obtain numerical convergence of the lowest five vibrational states in both

electronic manifolds. For these simulations, # ,  was expanded to 50 vibrational quanta.

vibronic

The transformation between the local mode basis and the eigenstate basis is defined by

H' =T'H 7 where H'

vibronic vibronic vibronic

is in the eigenstate basis and 7' is the transformation

matrix whose columns are the eigenvectors that represent the contributions of the states in the
local mode basis to the eigenstates of the vibronic Hamiltonian. The vibrational transition
dipole moments are transformed similarly using 7' to transform an initially harmonic transition

dipole moment matrix.
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The H parameters used in the simulation are given in the corresponding figures

vibronic

below. When coefficients are described as nonzero, their values are: g, =0.25 yields a 30 cm’
1 anharmonicity, V/.“) =1 reflects an excited state displacement equal to the ground state
equilibrium bond length, 1)/,f?=—0.038 translates to a 40 cm™ red-shifted vibrational
frequency in ‘e>, Herzberg-Teller couplings (non-Condon effects) are included with

42 =015, and A=1.5 sets the vibrational dephasing in |e) to be 50% faster than in | ). A

8

zeroth-order vibrational frequency a)/.(’: 2100 cm™ and an unperturbed electronic transition
frequency a)fg = 25000 cm™ are used in all cases. The correlation functions contribute spectral
broadening of ', =200 cm™, I, =10 cm™ and I, =5 cm™. In each plot, the linear
spectrum for the @, (w, ) axis is plotted in grey on the top (side) panel, and the «, projection

plotted in black on the side panel is obtained by integrating over o, for each w,.The @

electronic

axes have been subtracted by the , value calculated by diagonalizing A, to more easily

vibronic

relate peak separation to the vibronic information of interest. To facilitate comparison, the 2D
contours in Figure 2.5 -Figure 2.8 are normalized to the signal of greatest magnitude
throughout the series of cases for 2D spectra shown. Thus, all 2D EV spectra are normalized

to peak Il in Figure 2.6(a), and all 2D VE spectra are normalized to peak | in Figure 2.8(f).

Similarly, the o, projections in 2D EV simulations are normalized to the greatest magnitude

signal of Figure 2.8(b, side panel), and the 2D VE w, projections are normalized to Figure

2.8(f, side panel).
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The simulations discussed in the remainder of this section demonstrate that 2D EV and 2D
VE signal can be observed when one or more of the following is true for a molecular system:
(1) there is linear or quadratic vibronic coupling present, (2) the electronic transition dipole
moment has nuclear coordinate dependence, and (3) the system displays electronic-state-
dependent vibrational dephasing. These molecular phenomena contribute to the 2D signals

through the 2D peak positions, amplitudes, and line shapes. This analysis demonstrates that

when condition (1) is fulfilled (i.e., at least V" #0 or V' =0), the 2D EV and 2D VE signals

are least ambiguous and greatest in magnitude.

2.4.1 Case 1: The Undisplaced, Anharmonic Oscillator

The simplest case to consider is the one in which no vibronic coupling is present (Case 1,

Figure 2.5(a) and (d)). Here, the potential energy surfaces represented by /#  take the form

of an undisplaced, anharmonic oscillator where the anharmonicity coefficient is nonzero but

the linear and quadratic vibronic coupling coefficients are zero (g, #0, V" =0, V' =0).
Additionally, in 5(a) and 5(d) the Condon approximation is valid (,u;) =0) and the vibrational
dephasing rates in ‘e> are the same as in ‘g> (A=1). As is clearly seen in Figure 2.5(a) and

(d), no 2D signal is observed when there is no vibronic coupling present in the system, y;) =0

,and A=1. Here, the local vibrational mode has the same frequency in the ground and the
excited electronic states and the potential energy surfaces have the same mechanical

anharmonicity. Thus, @,, =w,, and peaks | and Il are both centered at the coordinates

(“)eg’wg,l) in the 2D EV spectrum and (a)g 0] ) in the 2D VE spectrum. The signal

17 eg

intensities from peaks | and Il cancel since the positive signal from the GSB pathways
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(Dj’jDﬁf [;DI’f[,D;f”) and the negative signal from the ESA pathways

(Y LY Vi ”) overlap; complete cancellation occurs because the signal amplitudes

( D pEY . pvE pvE

are equal in magnitude and the line shapes are the same leaving no signal to be observed.

Case 1: Undisplaced, Anharmonic Oscillator [VJ.“J: 0, Vifizl= 0)
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Figure 2.5. 2D EV and 2D VE Spectral Simulations, Case 1: The Undisplaced Anharmonic Oscillator.
The 2D EV (a-c) and 2D VE (d-f) simulations above reflect a system with 30 cm™ anharmonicity and
a 2073 cm'* fundamental vibrational frequency in both electronic states. Contour plots (a) and (d) show
that there is no signal present in the absence of vibronic coupling (peg™=0, A=1). Weak or distorted
signal from a case 1 system may be observed if non-Condon effects are present (b and e; peg™=0.15,
A=1) or if the system displays electronic-state-dependent vibrational dephasing (c and f; peg™=0, A=1.5).
The grey plots (top and side panels) are simulated linear spectra (i.e., UV-Vis or FTIR) for the
corresponding frequency axis and the black plot (side panels) is an integrated projection onto w3
obtained by summing over 1. Contours are normalized to the absolute maximum of Figure 2.6(a) for
2D EV and Figure 2.8(f) for 2D VE; the contours span -1 to 1 with 5% intervals, bleach and emission
signals (positive) are yellow and absorptions (negative) are blue. The framed 2D regions have been
scaled by the factors indicated for emphasis. For relative intensities, see Table 2.1.
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The equivalence of the peaks | and Il amplitudes is due to the equivalent magnitudes of the

transition dipole moments involved in the k, interaction since both peaks utilize the same

transition dipole moment during excitation. Therefore, the absence of 2D EV signal in Figure

e0',el’

2.5(a) conveys that 2#%¢" = in the molecular system, whereas the 2D VE spectrum in

5(d) suggests that #%¢” = ,#". Additionally, the absence of excited state equilibrium

displacement (V/,“):O)results in negligible Franck-Condon factors for the electronic

transitions resonant with @ =w_*w_ ., rendering peaks Ill, IV, and V unobservable in

electronic ~ " eg el
2D EV and 2D VE. In contrast to other multidimensional spectroscopies such as 2D IR,
mechanical anharmonicity in the system is not a sufficient condition to yield 2D EV or 2D VE

signal.

2D EV and 2D VE signal may still be observed if 4 #0, as shown in Figure 2.5(b) and

(e). Non-Condon effects manifest themselves in 2D EV and 2D VE spectra through additional
peak intensity contributions. This is most easily seen for 2D EV in Figure 2.5(b) and for 2D

VE in Figure 2.5(e) where the framed 2D spectral regions have been scaled by a factor of 10

to show the non-Condon intensity contributions, the «, projections (black lines in side panels)

relate the magnitude of the non-Condon signal contributions. The 2D EV non-Condon
signatures in the absence of vibronic coupling only allow peaks IlI, IV, and V to appear.
Interestingly, the only 2D VE non-Condon signature in this case is peak V because there is no
oppositely-signed peak pair to negate the non-Condon intensity contribution. Generally, the

non-Condon intensity contributions are a more significant addition for transitions with small

Franck-Condon factors (e.g., transitions resonant with @ =w_+w_ ., when V/_(l)z()).

electronic eg el
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Within the Condon approximation (,u;) =0), the peak intensities are scaled only by the

appropriate Franck-Condon factor for the ‘g,V>—>

e,V'> transition. The ratio of peak

intensities for signals arising from different electronic transitions should scale with the ratio of
the corresponding Franck-Condon factors. The ratio of peak intensities will deviate from the
ratio of Franck-Condon factors in the presence of non-Condon effects.

It is also possible to observe 2D EV and 2D VE signal if the line shapes of the positive and
negative signals are different, which occurs when the vibrational dephasing rates in the two
electronic states are unequal (A =1, see Figure 2.5(c) and (f)). The magnitudes of these signals
will depend on how different the vibrational dephasing rates are; a faster dephasing rate yields
a broadened peak and imperfect cancellation with an accompanying peak of opposite sign.
Lacking any quadratic vibronic coupling to separate the oppositely-signed peaks, convoluted

peak shapes such as those in Figure 2.5(c) and (f) may be observed.

2.4.2 Case 2: The Undisplaced, Frequency-Shifted, Anharmonic Oscillator

I next model a case in which vibronic coupling gives rise to 2D EV and 2D VE signal by

shifting the frequency of the vibrational mode upon electronic excitation while »{’ =0 and

A=1. This undisplaced, frequency-shifted, anharmonic oscillator (Case 2, Figure 2.6(a) and

(d)) potential is modeled by # ,  with a nonzero anharmonicity coefficient and quadratic
vibronic coupling (g, #0, V=0, V' #0). In both techniques, the GSB (peak 1) and the

ESA (peak I1) peaks still have the same magnitude and sign as in Case 1 but the quadratic

vibronic coupling separates the two signals along «, because @, , # @, .. As in Case 1, peaks
g, el

1

11, IV, and V are unobserved since V/_“) =0. The two peaks seen in 2D EV for Case 2 (Figure
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2.6(a)) originate from the first vibrational transition in two separate electronic manifolds. Thus,

the direct comparison of the time-dependent positions, line shapes, and amplitudes of these

Case 2: Undisplaced, Frequency-Shifted, Anharmonic Oscillator (])J,“J: 0, ij’= 0.038)
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Figure 2.6. 2D EV and 2D VE Spectral Simulations, Case 2: The Undisplaced, Frequency-Shifted,
Anharmonic Oscillator. The 2D EV (a-c) and 2D VE (d-f) simulations above reflect a system with 30
cm! anharmonicity and a 40 cm* red-shifted excited state vibration (wg1 = 2073 cm™ and w1 = 2033
cm?). Contour plots (a) and (d) show that signal is observed when only quadratic vibronic coupling is
present (peg™=0, A=1). Non-Condon effects are evidenced by small intensity contributions from peaks
11-V (b and e; peg™=0.15, A=1), and electronic-state-dependent vibrational dephasing effects are
observed in the peak II broadening (¢ and f} peg™=0, A=1.5). The simulated linear spectra (grey plots,
top and side panels) are shown for reference. The ws projections (black plots, side panels) are analogous
to the pump-probe (or “1D”) equivalent signal, and provide comparison between the 2D and pump-
probe signals. Contours are normalized to the absolute maximum of Figure 2.6(a) for 2D EV and Figure
2.8(f) for 2D VE; the contours span -1 to 1 with 5% intervals, bleach and emission signals (positive)
are yellow and absorptions (negative) are blue. The framed 2D regions have been scaled by the factors
indicated for emphasis. For relative intensities, see Table 2.1.
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2D EV signals highlights the differences in the potential energy surfaces of the ground and

excited electronic state. The comparison of signals for the same vibrational transition in either
electronic manifold is a distinct advantage of 2D EV spectroscopy. The 2D VE peaks in this

case arise from a difference in electronic energy gaps for the resonant transitions

e,0'> and ‘g,1> —

‘g,0> — e,1'>. In principle, the frequency separation of peaks | and Il in

the @, dimension for both techniques is represented by A, =0

,—w .. However, the
el g1

resolution of the true A__ froma 2D EV or 2D VE spectrum depends on the relative magnitudes
of A, and the 2D peak linewidths in the @, dimension. Generally, 2D EV spectra provide

higher resolution of A, since the probed vibrations have narrower linewidths than the

electronic transitions probed in 2D VE.

Using second-order stationary perturbation theory (see Appendix E) we can show that, A,

directly reports on V/(f) through the relation below:

2
o' Ve (W)

J

A = (2.32)
% 2rc| 2 8

where c is the speed of light. For a more complex system involving two or more coupled

vibrational modes that may have different anharmonicities, A, will include additional terms

from the Hamiltonian. This case shows that quadratic vibronic coupling is a sufficient
condition for the observation of 2D EV and 2D VE signal.

The intensity contributions from the presence of non-Condon effects allow for peaks IlI,
IV, and V to be weakly observed (Figure 2.6(b) and (e)), in addition to peaks I and Il. These

non-Condon signal intensities are an order of magnitude less than signals present within the
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Condon approximation. Notably, the fact that V](f) =0 allows for 2D VE peaks Ill and IV to

be weakly observed through non-Condon intensity contributions in this case, whereas in case

1 these peaks were still unobservable. Similarly, the positive 2D EV peaks Il and V are

separated by A_ and they appear as weak shoulder features on the tails of peaks I and II,

respectively. Hence, the positive intensity of peak V (an ESE pathway) cancels the tail of the

negative intensity of peak I, as shown in Figure 2.6(b). The relative magnitudes of these non-

Condon intensity contributions are shown in the @, projections (black lines in side panels,

Figure 2.5(b) and (e)), and in the simulated linear electronic absorption spectrum (grey line in
top panel, Figure 2.5(b)).

The presence of electronic-state-dependent vibrational dephasing (A#1) is now very
clearly observed through the difference in line shape between peaks | and Il in both 2D EV
and 2D VE (Figure 2.6(c) and (f)). The broadened ESA peaks reflect faster vibrational
dephasing for a molecule in the excited electronic state when compared to the ground electronic
state vibrational dephasing rate. In contrast to the previous case, the quadratic vibronic
coupling results in the separation of these peaks with different line shapes which allows for a
less ambiguous assessment of the electronic-state-dependent vibrational dephasing. As chapter
5 discusses, the type of peak shape in Figure 2.6(c) is generally measured in the 2D EV
spectrum of [Fe(CN)s]** dissolved in formamide. However, the 2D VE spectra for [Fe(CN)s]**
the spectra do not follow Figure 2.6(g) as closely as the EV spectra appear to follow.*® Chapter
5 uses the 2D EV in tandem with 2D VE spectra of [Fe(CN)s]** to explore a more consistent
understanding of the vibronic motions at play in its photochemistry. Additionally, the series of
2D and 3D EV spectra presented for a Ru-centered solar cell dye molecule in chapters 7-8 also

are principally composed of peaks I and Il with 4 #1.
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The w, projections in the side panels shown in all of the simulations are the pump-probe
analogs to the 2D EV or 2D VE techniques. These can be considered the corresponding “1D”
signals for either EV (commonly referred to as “transient-IR absorption™) or VE. In case 2,

where quadratic vibronic coupling has shifted the excited state vibrational frequency, the

transient-IR signal and the 2D EV signal both contain sufficient information to extract A

eg !
the new information obtained in 2D EV comes from analyzing and comparing the time
dependent 2D line shapes of peaks I and I1. The presence of non-Condon effects may also be

detected in the transient-IR signal, albeit very weakly. However, since the transient-IR signal

lacks , resolution the assignment of this intensity contribution to a non-Condon effect is

ambiguous because it cannot be correlated with @ =w_+w, , excitation, while in 2D

electronic eg el

EV the correlation is explicit.

2.4.3 Case 3: The Displaced, Anharmonic Oscillator

In case 3, only linear vibronic coupling is present in the system of anharmonic oscillators
(g,#0, V" =0, V? =0) and initially it is assumed that x> =0 and A=1 (Figure 2.7(a)

and (d)). In this case the vibrational mode oscillates about a different equilibrium position in
the excited state due to linear vibronic coupling. The Franck-Condon factors for the vibronic
transitions yielding peaks Ill, IV, and V are non-negligible and so appreciable intensity from

these peaks is observed. The 2D EV signal observed (Figure 2.7(a)) is specifically from the

pathways which include resonant excitation with @

electronic

=w_+a®_ . There are no intensity
eg el

contributions from vibronic pathways that are excited with a frequency o,

Jectronic

=w,, because

o, =, thus peaks | and Il cancel. For the same reason, peak 111 (GSB) and peak V (ESE)

g1
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are exactly overlapped in the 2D EV spectrum and only two features are observed overall.
However, peaks Il and V have the same sign and so their amplitudes add together instead of

canceling. The negative ESA signal (peak 1V) appears at the frequency of the second

Case 3: Displaced, Anharmonic Oscillator (ijz 1, Vifiz]z 0)
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Figure 2.7. 2D EV and 2D VE Spectral Simulations, Case 3: The Displaced Anharmonic Oscillator.
The 2D EV (a-c) and 2D VE (d-f) simulations above reflect a system with 30 cm™ anharmonicity, an
excited state geometry displacement equal to the ground state equilibrium distance, and a 2073 cm™*
fundamental vibrational frequency in both electronic states. Contour plots (a) and (d) show that signal
is observed when only linear vibronic coupling is present (ueg®™=0, A=1). Non-Condon effects are
evidenced by small intensity contributions to peaks 111-V (b and e; peg™=0.15, A=1), and electronic-
state-dependent vibrational dephasing effects are observed in broadened 2D EV peaks 11,1V, and V,
and broadened 2D VE peaks Il and IV (c and f; peg®=0, A=1.5). The simulated linear spectra (grey
plots, top and side panels) are shown for reference. The w3 projections (black plots, side panels) provide
comparison between the 2D and pump-probe signals for the respective techniques. Contours are
normalized to the absolute maximum of Figure 2.6(a) for 2D EV and Figure 2.8(f) for 2D VE; the
contours span -1 to 1 with 5% intervals, bleach and emission signals (positive) are yellow and
absorptions (negative) are blue. The framed 2D regions have been scaled by the factors indicated for
emphasis. For relative intensities, see Table 2.1.
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vibrational transition in the excited electronic state (w, ,) and it is separated in the o

vibrational

dimension by the frequency difference between , ., and w,,. This frequency difference,

A, =0, -, reflects the anharmonicity of the excited state potential energy surface and

is expressed in terms of the anharmonic coefficient g (as shown in Appendix E):

AZ,’l,=<a)j(.)/27z'c)(15g;.j/2). Interestingly, the positive signal for a molecular system

modeled in case 3 (Figure 2.7(a)) contains contributions from the equivalent vibrational
transition in two different electronic states. Thus, the time-dependent position, line shape, and
amplitude of this positive 2D EV feature results from the convolution of the structural
dynamics on both potential energy surfaces. In contrast to the 2D EV spectrum, the 2D VE

signal observed in case 3 (Figure 2.7(d)) contains contributions from peaks | and Il because

the amplitudes of these peaks are not equal when V™ =0 . However, since V® =0 there will

never be more than one peak observed at @, =@, in case 3. The positive signal at o, =w,, in

Figure 2.7(d) demonstrates that Kg,o

e,0'>‘>‘<g,1 e,1'>‘ when V" =1, and so the positive

GSB signal dominates. Similarly, the overall negative signal at w, = w,, +,, suggests that
the Franck-Condon factor corresponding to peak IV has larger magnitude than the Franck-

Condon factor for peak I11. More important, however, is the fact that the frequency separation

between peaks Il and IVis o +@, . +A,_ —A, . ;thus, peaks Il and IV do have frequency
eg e, eg )

separation because of the mechanical anharmonicity of the excited state potential energy

surface, A, |, eventhough A_ =0 in this case. This combination of magnitude differences in

2’1"

Franck-Condon factors when V=0 and the excited state anharmonicity facilitates the
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observation of an overall 2D VE signal between peaks 111 and IVV. Overall, case 3 demonstrates
that linear vibronic coupling is also a sufficient condition for the observation of 2D EV and 2D
VE signal.

The presence of non-Condon effects in case 3 simply enhances the peaks that arise due to
linear vibronic coupling in the system. As shown in Figure 2.7(b), the intensity of the 2D EV

spectral signatures is greater. The signal magnitude enhancement is also seen by comparing

the w, projections in Figure 2.7(a) and (b). While non-Condon intensity contributions to peaks

I and Il does occur, both of these transition pathways involve the same electronic transition

and so the nuclear dependence of this |£,0) —

e,0'> excitation is reflected equally in both

peaks; thus, peaks I and 11 still completely cancel. Notably, the 2D VE non-Condon intensity
contributions highlight the difference in the nuclear dependence of the different electronic
transition dipole moments that contribute to each of the 2D VE peaks. This is demonstrated

most clearly by peaks Il and IV in Figure 2.7(e). In this case, the non-Condon intensity allows

both peaks 111 and 1V to be observed with their separation given by A, ..

When electronic-state-dependent vibrational dephasing is present in a molecular system
modeled by case 3, we see different line shapes in Figure 2.7(c) and (f). In 2D EV, the direct
comparison of vibrational dephasing dynamics in the two electronic states is convoluted
because peaks 11l and V are overlapped, as are peaks | and 11. However, since peaks 1l and V
are both positive, identifying dephasing dynamics specific to a vibration in one electronic state
is ambiguous. Provided that the excited state anharmonicity is large enough to spectrally
separate peak IV from peaks Il and V, then it is still possible to analyze excited state dephasing

information in isolation. The line shapes in 2D VE will be less sensitive to excited-state-
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dependent vibrational dephasing due to the inherently large width of the probed electronic
transitions and the A -dependence of the 2D VE dephasing functions.

It is important to highlight the difference in interpreting the transient-IR signal and the 2D
EV signal for this case, in particular. A usual interpretation of transient-IR signals is in the

context of excited state frequency shifting of a vibrational mode. However, as is shown in
Figure 2.7(a-c, contours), the @, frequency separation of the positive and negative signals is
only due to the excited state anharmonicity. There is no quadratic vibronic coupling in case 3
and the mechanical anharmonicities are the same in |e) and | ¢); therefore, A__ = 0. With only
the transient-IR signal to conclude about the differences of the molecular system in the ground
and excited electronic states, it would be reasonable — but incorrect — to conclude that the
measured frequency separation between the positive and negative peaks is the difference in

vibrational frequency between the two electronic states. In fact, this frequency separation

would be the excited state mechanical anharmonicity.

2.4.4 Case 4: The Displaced, Frequency-Shifted, Anharmonic Oscillator

The final case considers a system in which all the parameters in A

vibronic

are nonzero (
g, #0, VP =0,V%=0). Here, the potential energy surfaces take the form of displaced,

frequency-shifted, anharmonic oscillators. For 2D EV spectra of molecular systems modeled

by case 4 (Figure 2.8(a)), peaks I-V are observable and A, and A, |, can be obtained directly

from the 2D EV spectrum. The presence of quadratic vibronic coupling uniformly affects the

@, 1raons PERK SEPATation of vibrations in |e) (peaks I, IV and V) and vibrations in | ) (peaks

I and 111). Notably, this results in the separation of the GSB (l11) and the ESE (V) signals that
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were convolved in case 3. The 2D VE spectrum for case 4 (Figure 2.8(d)) also contains

contributions from all vibronic transition pathways, but only four spectral signatures are

Case 4: Displaced, Frequency-Shifted, Anharmonic Oscillator (ij= 1, ])J,Fj”: 0.038)
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Figure 2.8. 2D EV and 2D VE Spectral Simulations, Case 4: The Displaced, Frequency-Shifted,
Anharmonic Oscillator. The 2D EV (a-c) and 2D VE (d-f) simulations above reflect a system with 30
cm? anharmonicity, an excited state geometry displacement equal to the ground state equilibrium
distance, and a 40 cm™ red-shifted excited state vibrational frequency (wg1= 2073 cm™ and w1 = 2033
cmt). Contour plots (a) and (d) show that signal is observed when both linear and quadratic vibronic
coupling are present (ueg=0 and A=1). Non-Condon effects are evidenced by small intensity
contributions to all peaks in varying proportion (b and e; peg®™=0.15, A=1), and electronic-state-
dependent vibrational dephasing effects are observed in broadened 2D EV peaks Il,1V, and V, and
broadened 2D VE peaks Il and IV (c and f} peg®=0, A=1.5). The simulated linear spectra (grey plots,
top and side panels) are shown for reference. The 2D EV w3 projections (black plots, side panels) in
this case highlight the convoluted nature of the 1D (“transient-IR”) signal by comparison with the 2D
EV signal. Contours are normalized to the absolute maximum of Figure 2.6(a) for 2D EV and Figure
2.8(f) for 2D VE; the contours span -1 to 1 with 5% intervals, bleach and emission signals (positive)
are yellow and absorptions (negative) are blue. For relative intensities, see Table 2.1.
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observed because the positive signal in peak I eclipses the negative signal from peak Il. This
occurs for the same reasons described above in case 3 (Figure 2.7(d)).

The non-Condon intensity contributions in case 4 enhance all of the peaks, and the
magnitude of the contributions reflect the nuclear dependence of a particular vibronic

transition. For vibronic transitions with relatively large Franck-Condon factors, a first order

non-Condon (y;)) contribution will be comparably less noticeable than for transitions with

smaller Franck-Condon factors. In 2D EV, the maximum amplitude comparison between peaks
I and Il will include the Franck-Condon factors and any non-Condon effects. If the Franck-
Condon factors for these transitions are obtained using computational methods or measured
independently, then a ratio of the measured amplitudes of 2D EV peaks | and 111 can be used
to extract the magnitude of the non-Condon intensity contributions. The non-Condon intensity

contributions in 2D VE are most obvious by comparing peaks Ill and IV, for the same reasons

described for case 3 above. However, A_ =0 in case 4 so peaks Ill and IV are further

separated and have greater observed amplitude.

In 2D EV, the electronic-state-dependent vibrational dephasing results in the line shapes
of the excited state vibrational signatures (lI, 1V, and V) having broadened features along @,
(Figure 2.8(c)). Since all of these features are spectrally resolved, information about
vibrational-level-dependent dephasing in the excited electronic state can be extracted by
comparing r,-dependent line shapes of peaks IV and V in addition to electronic-state-
dependent vibrational dephasing information accessible by comparing peaks I and I1.

In this case, where peaks I-V contribute appreciable intensity to the 2D EV spectrum, the

transient-IR signals will be increasingly complex (Figure 2.8(a-c)). For example, since peaks
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Il'and V are opposite in sign and have the same @, coordinate, the negative transient-IR signal

that should be used to extract A will be diminished. In this case, the minimum in the

transient-IR signal corresponds to the intensity contributions from peak IV at @, =@, , , which

is only realized by resolving the excitation frequency axis in the 2D EV spectrum. The

assessment of A_ from transient-IR signal alone should be approached with caution.

It is useful to briefly compare the 2D EV and 2D VE signals in Figure 2.8(a) and (d) for

the system described by A

vibronic

above to the expected 2D EV and 2D VE signals of the

displaced harmonic oscillator (DHO) system*® commonly used to model 2D ES signals. The

DHO model is approximated by A

vibronic

when g =0; quadratic vibronic coupling may be

included with V/(f) in the same manner as for the anharmonic oscillator described by A

vibronic

above. If the oscillators have the same vibrational frequency in both electronic states and they
are harmonic then A_ =0 and A, ,=0. In 2D EV, all peaks would then have the same o,
coordinate which would result in their complete cancellation. Therefore, 2D EV signal will not

be observed for a DHO system that lacks quadratic vibronic coupling. Of course, signal may

be observed if A=1 for reasons discussed above. If the DHO system has quadratic vibronic

coupling, then A_ #0 and 2D EV signal will be observed; however, peaks IV and V will be

overlapped (since A, ,=0) and their amplitudes will incompletely cancel due to the different

magnitudes of peaks IV and V. In contrast, 2D VE signal of a DHO system will always be
observed because the displacement results in different amplitudes of the oppositely-signed

peaks in the 2D VE peak pairs (e.g., peaks | and II).
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2.5 SELECTION RULES FOR 2D EV AND 2D VE SPECTROSCOPY

The systematic investigation of simulated 2D EV and 2D VE spectra in section 2.4 above
suggests that these 2D spectroscopies are subject to these three general selection rules: (1) the

presence of vibronic coupling in the system represented by at least one nonzero vibronic

coupling coefficient (V/.(l’ #0 or V/(f’ #0), (2) the electronic transition dipole moment is

dependent on the nuclear coordinates (i.e., Herzberg-Teller coupling or higher order non-
Condon effects are appreciable), and (3) the system displays electronic-state-dependent
vibrational dephasing dynamics. These selection rules relate the propensity for molecular
systems to display signal when studied with 2D EV or 2D VE spectroscopies through the
measured peak positions, amplitudes, and line shapes. A concise summary of the information
presented in the simulations above (Figure 2.5-8) is given in Table 2.1 to highlight general
trends in 2D EV and 2D VE signals. This information is also useful to compare the sensitivities
of 2D EV and 2D VE spectroscopies to different types of vibronic molecular phenomena.

The signals observed in 2D EV spectroscopy are greatest in magnitude when the system

only has quadratic vibronic coupling (V% =0, case 2). For the cases where linear vibronic

coupling is present, the signal is still greater when quadratic vibronic coupling is also present

(VP #0, V% =0, case 4). The simulations show that different spectral signatures

characterize the different cases but the magnitudes of these signals reflect the sensitivity of the
technique to various conditions of molecular vibronic coupling. Thus, while 2D EV
spectroscopy is sensitive to both linear and quadratic vibronic coupling, it appears to be more
sensitive to gquadratic vibronic coupling effects. Herzberg-Teller coupling effects are more

noticeable in 2D EV spectra when there is already some degree of excited state displacement
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present in the system, which is expected from a system with stronger vibronic coupling.

Finally, 2D EV spectroscopy is particularly sensitive to electronic-state-dependent vibrational

dephasing dynamics, especially when Vl(f) #0. Since spectral signatures from vibrations in

both electronic states appear in 2D EV, the line shapes that reflect these dephasing dynamics
can be analyzed for each electronic state for direct comparison.

Table 2.1. This table summarizes some of the information conveyed in the series of 2D EV and 2D VE
simulations shown in Figure 2.5-8. The table is organized by grouping cases 1-4 for three combinations
of the peg™ and A parameters. The first four rows show cases 1-4 under the Condon approximation and
with no electronic-state-dependent vibrational dephasing (ueg®™=0, A=1); rows 5-8 show the influence
of non-Condon effects on all cases (ueg®™=0.15, A=1); rows 8-12 show the effects of electronic-state-
dependent vibrational dephasing for all four cases(peg®™=0, A=1.5); and the last row (simulation not
shown) shows a case 4 system where all simulation parameters are nonzero (pegV=0.5, A=1.5). Each
row corresponds to a set of conditions used to simulate 2D EV and 2D VE spectra (excluding the last
row); the absolute maximum peak intensities (Imax) for 2D EV and 2D VE simulations are listed and
normalized for comparison. The peak with the greatest magnitude and the figure in which the simulation
is shown are given for referencing the simulations shown earlier in the text.

Vi Vo ey A 17" [peak, figure] /.. [peak, figure]
0 0 0 1 0 [-,45@] 0  [-,45(d)]
0  -0038 0 1 1.000 [II,46()] 0273 [I/I,4.6(d)]
1 0 0 1 0535 [IV,47(@@)] 0969 [I,4.7(d)]
1 -0038 0 1 0581 [II,48@)] 0986 [I,4.8(d)]
0 0 0.15 1 0040 [lI,45(b)] 0052 [V,45(e)]
0  -0038 0.15 1 0999 [II,46(b)] 0274 [II,4.6(e)]
1 0 0.15 1 088 [IV,47(b)] 0918 [I,4.7(e)]
1 -0038 0.15 1 0918 [IV,48(b)] 0976 [I,48(e)]
0 0 0 15 0535 [I,45()] 0113 [I,45(0]
0 -0038 0 15 0955 [1,46(c)] 0310 [I,4.6(f)]

1 0 0 15 0342 [/IV47(c)] 0985 [I,4.7(f)]
1 0038 0 15 0567 [1,48()] 0998 [I,48(f)]
1 -0038 015 15 0701 0,-1 1.000 0,-1
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The signals observed in 2D VE spectroscopy appear to be less sensitive to quadratic

vibronic coupling and more sensitive to linear vibronic coupling. As seen from Table 2.1, the

signals are overwhelmingly larger when V™ =0 (cases 3 and 4) than when V' =0 (cases 1

and 2). The broad line widths of the probed electronic transitions result in extensive
overlapping features in 2D VE spectra. Therefore, the observed peak is far more dependent on
the relative amplitudes between competing spectral features of differing sign and line shape
than on peak separation. 2D VE has a unique sensitivity to the nuclear dependence of different
vibronic transitions because the 2D VE pathways sample more electronic transition dipole
moments within the molecular system than in 2D EV. Thus, Herzberg-Teller coupling effects
result in non-trivial amplitude comparisons of oppositely-signed spectrally-congested features.

The propensities for observing 2D EV and 2D VE signals follow for the case in which all
simulation parameters are non-zero (Table 2.1, last row), which may be a more realistic case
for a molecular system. In 2D EV, the presence of Herzberg-Teller coupling effects increases
the observed intensities overall with varying proportion, but the presence of electronic-state-
dependent vibrational dephasing disperses the excited state vibrational spectral intensity of the
ESA (peak 1V) leaving the GSB (peak ) feature with the greatest magnitude. The feature of
greatest magnitude does not change in 2D VE because Herzberg-Teller effects and the excited
state vibrational dephasing both contribute to enhancing the positive amplitude of peak I, and

so this feature still dominates the spectrum.

2.6  DISCUSSION

In 2D EV and 2D VE spectroscopies the complexity of the spectral and dynamical

signatures can increase depending on the accessible transitions during the field-matter
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interactions. As spectrally broadened and temporally compressed ultrafast pulses throughout
the UV, visible, and infrared regions are implemented in spectroscopic experiments, a

discussion of the newly accessible signals in these spectroscopies is warranted.** For

simplicity, we assume z, >z ~and briefly consider the new 2D signals that arise when the
electronically-resonant field reaches higher vibrational levels in ‘e> with center frequency

=(w, +o, )to, , and when the vibrationally-resonant field spans an octave of
4 el g,

a)electronic 1

vibrational frequencies to excite two quantum transitions: Av,Av'=+1,+2.

If @ is not octave-spanning (Av,Av'=+1), six

electronic

=(0,+0, )to, but @

1 vibrational

new 2D EV Liouville pathways and four new 2D VE Liouville pathways are allowed when k,

and k, leave the system in a population state during z,. These new 2D EV signals result in
three new peaks (a GSB, an ESA, and an ESE); and these new 2D VE signals yield a GSB and
an ESA peak pair at the expense of peak V since it would be outside of the probe bandwidth.

If the bandwidth of w

vibrational

is octave-spanning and o =w =T o, ,thenthe only new
g1

electronic eg

2D EV Liouville pathways that evolve in population states during z; emit at vibrational

overtone frequencies. In contrast, since k, and k, are vibrationally-resonant in 2D VE, ten
new Liouville pathways are accessible to the system that yield a new set of five fully absorptive

features at a higher excitation frequency, o, =20, . The dynamics during the 7, delay

1

become complex when @ . is octave-spanning because the system can evolve in a new

vibrational

set of allowed coherence states during 7, in both experiments. Four 2D EV Liouville pathways

arise that evolve in single quantum coherence states (either ) and

e,0’><e,1" or ‘g,0><g,1
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require a vibrational overtone interaction with k, to be detected; we note that the conjugates

of these pathways emit at overtone frequencies and so would be exceedingly difficult to detect.

There are twelve new 2D VE Liouville pathways that evolve as single quantum coherence

states (‘ g,0> < g1

+c.c. and ‘g,1><g,2

+c.c.) during 7, ; in this case the conjugate coherence

states still emit at fundamental vibrational frequencies and will equally contribute to the

observed z; dynamics. The signals from these coherence states will contribute additional —

and oscillatory — intensity to peaks that already exist from signals that evolve in population

states during z,. Similarly, still more signals arise if o

electronic

=(0,,+0, )to,, and

@ IS octave spanning.

vibrational

A description of the electronic transition dipole moment similar to our approach has been
used by Turner and co-workers* in three-dimensional electronic spectroscopy (3D ES) to
identify Herzberg-Teller signatures through anti-diagonal nodal features in 3D ES spectra.
Other nonlinear vibrational spectroscopies also have been used to probe couplings between
electronic and vibrational motion in molecules that principally involve Raman-active
vibrations, such as 2D fifth-order Raman spectroscopy,*® femtosecond stimulated Raman
spectroscopy,** 2D resonance Raman spectroscopy,”® and 4D coherent Raman
spectroscopy.*®#” The 2D spectroscopies discussed in this chapter contribute the capability for
probing IR-active vibrations that are coupled to electronic degrees of freedom. Thus, 2D EV
and 2D VE spectroscopies provide an important avenue toward understanding vibronic
couplings involving changes in the dipole moment which complement these nonlinear Raman
techniques that describe vibronic couplings involving changes in polarizability. Polarization

sensitivity has been used in 2D EV experiments to aid with peak assignments in congested
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spectra of light harvesting complexes.® In principle, a combination of polarization selective 2D
EV and 2D VE experiments should yield a rich description of the vibronic coupling present in
a system by revealing relative orientations of particular IR-active vibrations with respect to the
electronic transition dipole moment. The polarization-dependent effects in a 2D EV spectrum
is explored theoretically in chapter 6 and the majority of 2D EV experiments described in the
rest of this dissertation utilize polarization selectivity. When polarization-dependence is
included, the added layer of orientational response within the molecular framework is revealed.
In future experimental studies, | imagine polarization-selective 2D EV and 2D VE
spectroscopies will be conducted in tandem to build an intimate intuition for the vibronic
couplings and correlations present in condensed phase molecular systems during
photochemical reactions.

A wealth of microscopic information is conveyed by the dynamic 2D line shapes in
multidimensional spectroscopy. 485 Static and dynamic correlations measured in 2D IR and
2D ES experiments reflect the microscopic nature and timescales of fluctuations in molecular
vibrational and electronic transition energies. There has been recent work on extracting static
and dynamic correlations between vibrational and electronic transition frequencies using 2D
EV spectroscopy. "° | anticipate that continued studies of time-evolving 2D EV and 2D VE
line shapes will describe molecular phenomena such as non-equilibrium solvation,> transient
structural heterogeneity, and non-Gaussian frequency distributions® on coupled vibronic
states.

In this chapter, | have focused my discussion on a single anharmonic vibrational mode
coupled to the ground and the first excited electronic states. Most physical systems of interest

will include more than one vibration of interest and more than one excited electronic state. It
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will be important to extend this work to include a vibronic system with multiple coupled
vibrations on multiple electronic states. The framework presented here utilizes adiabatic
vibronic eigenstates. Future theoretical work exploring how non-adiabatic effects will manifest
themselves in 2D EV and 2D VE spectroscopies will be a welcomed extension of this
treatment. In fact, chapter 8 presents the first direct observation of a vibronic coherence
facilitating non-adiabatic internal conversion through the use of the third frequency dimension
accessible in the third order EV spectroscopy — that is, in the 3D EV spectrum of a photoexcited

aqueous Ru-centered compound following metal-to-ligand charge transfer.

2.7 CONCLUSION

A framework for interpreting vibronic coupling signatures of molecular ensembles in 2D
EV and 2D VE spectra has been outlined here. The simplest case of a molecular system
composed of one anharmonic local vibrational mode and two electronic states has been treated
here. A system Hamiltonian is described that uses linear, quadratic, and cubic perturbations to
model this simple system of an anharmonic vibration in the ground electronic state that may
be displaced and frequency-shifted in the excited electronic state. Notably, this treatment
parallels the Herzberg-Teller adiabatic approximation and we show that the nuclear
dependence of the electronic transitions can be observed in these 2D spectroscopies. | have
described three general selection rules for 2D EV and 2D VE spectroscopies: (1) the presence
of molecular vibronic coupling, (2) a nuclear dependence of the electronic transitions, and (3)
the system displays electronic-state-dependent vibrational dephasing. These effects manifest
themselves in the 2D peak positions, amplitudes, and line shapes. A systematic series of 2D
EV and 2D VE spectral simulations generally characterizes the nature and magnitude of signal

in systems with varying degrees of vibronic coupling. This chapter emphasizes that a
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productive approach to characterizing and understanding complex vibronic couplings present
in condensed phase molecules is to combine 2D EV and 2D VE spectroscopies on studies of
the same molecular system and analyze both results with the same theoretical framework, as

their information is both complementary and supplementary to one another.

2.8  APPENDICES
2.8.1 Appendix A: 2D EV and 2D VE Energy Gap Correlation Functions

The vibronic transition frequency correlation functions relevant for 2D EV and 2D VE

spectroscopy are defined as

¢, =(60,, (o0, ,(0)
4”0 (6,,. (D)0, ,(0))
$oper t) <§a)60, RGN g0(0)>
o <§a)eo, G (0)>
¢, V( )=(00,,,, ()50, ,,(0))
¢, (1) =(d0,, ()0, ,(0).

(2.34)

Equations (2.19)-(2.21) are obtained by simplifying equation (2.34) using A (egn. (2.18)).
2.8.2  Appendix B: Nuclear Coordinate Dependence of M,

As the Condon approximation is relaxed and the Herzberg-Teller coupling terms are

included (,u;) #0) in equation (2.9), the nuclear dependence of the electronic transition

contributes additional intensity to the 2D EV or 2D VE spectrum. In this case, M_ (Q)is

expressed for a single vibrational mode /,

). (2.35)

viewv >+y(1) <g,V

M, (@)= (gv
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The contributions of the Herzberg-Teller coupling terms to the signal intensity is included

phenomenologically through the linear expansion coefficient y;), which is a weighting

coefficient in a linear combination of vibrational overlap integrals. This may be understood by

writing Q asa ladder operator that raises (or lowers) the vibrational quantum number in the

excited electronic state. With this in mind, the expression in (4.B1) can be rewritten

M, (Q)=uD(gv]ev)+ud (g v|ew+1)). (2.36)

Since the vibrational eigenstates in each electronic manifold are obtained through

diagonalization of H, and H_, the values of the vibrational overlap integrals are easily

obtained. Thus, the coefficient ,u;) describes the magnitude of the nuclear coordinate

dependence of the electronic transition by contributing some character of the

e,(v'+1)) transition(s) to the | g,v) —

‘g»V> - e,V'> transition.

2.8.3 Appendix C: Liouville Pathways for a Third Order Nonlinear Response Tensor

The four electric fields involved in a four wave mixing spectroscopy include the three input

fields used to generate the third order nonlinear polarization (k, ,k,,k,) and the radiated
signal field (ksig ). Each field-matter interaction can be considered as an operation of a
transition dipole moment operator on the density matrix, p,. The dipole operators (i.e.,

M, M, ,M;,M, in the commutator in equation (2.15)) can operate from the right (bra) or the

left (ket) side. This results in 16 different combinations of field-matter interactions, which

simplify to eight total combinations by enforcing that only ket-side interactions emit a real

observable, k. A similar organization of the Liouville pathways below can be found in many
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references?®3234 the numbering and notation shown here specifically follows Khalil et al.** The
eight Liouville pathways are grouped together into four pairs of complex conjugate pathways.
The i'" pathway, denoted R;, is differentiated by the order of bra (B) or ket (K) side interactions

in the double-sided Feynman diagrams presented below.

Rl RZ R3 R4
(K-B-B) (B-K-B) (B-B-K) (K-K-K)
[d) {c| [b) {c| [b) {c| b} (al
[d) (b] |b) {d| la) {c| [c) (al
|d) (al [a) (d| la) (d| |d} (al
[a) (al [a) (al |a) (al la) (al
Rl* Rz* R; R;
(B-K-K) (K-B-K) (K-K-B) (K-K-K)
[c} (d] [c) (b] c) (b] [a) {b]
[b) (d| |d) (b| c) (al la) {c|
[a) (d| |d) (al |d) (al |a) (d|
la) (a] la) (al la) (al [a) (al

Figure 2.9. Third Order Liouville Pathways depicting the time evolution of the system density matrix.
The system eigenstates are given by a, b, ¢, and d.

A nonlinear response function corresponds to each of these Liouville pathways to describe
the time evolution of the density matrix during the time delays z;, 7, and r, following field-
matter interactions at times ¢',, ¢',, and ¢',, respectively. These four response functions are

given by

a,b,c,d ! ’ "~ _ c,d b,c a,b d,a
Rl (T3IT2’T1)_P3X(/’I ‘/’l /’l ‘/’l )
X eXp —1'0)2 Ti— 1'0)2 Ty~ ia)g .0 } (2.37)

a,b,c,d ro_ro
x F} (z5,7,,7;)

abedpe 1 1 1N _ c,b d,c b,a a,d
Rz (2-3’72’T1)_‘Dax(1u ‘/J /u ﬂ )
xexp| —i®, T\ +Iiw) T, +10) 7] ] (2.38)

a,b,c,d ’ ! ’
X P; (T3 4 2'2 ’ Tl)
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a,d

abede 1 1 1N _ c,b b,a d,c
R3 (Tg,TZ,Tl)—[;X(IU ‘/J :u /U )
xexp| —iw, T\ +iw T, +iw) 1) (2.39)

a,b,c,d ’ ! !
X F; (T3 4 TZ 4 z-1)

a,b,c,d ’ ’ AN a,b b,c c,d d,a
R4 (T3,T2’T1)_Pa><(ﬂ ‘/,l Iu ‘lu )
xexp| —iw) 7,—io] 1), —io) az‘{] (2.40)

< )
and the complex conjugates: [Rf'b'c"’]*, [R;""”’T, [ij‘"j] and [Rj"”’d] . In equations
(2.37)-(2.40), P is the probability of the system occupying the initial state of the density

matrix, a; the terms 4™ are the transition dipole matrix elements obtained by <X‘M‘y>; the

frequencies a);y correspond to the energy separation between the system eigenstates ‘x> and

| ) that are obtained by diagonalization of a system Hamiltonian; and the terms F;"*““ are

the dephasing functions that contain the dynamical information yielding the line shape of
observed signals.

Following the derivation of Sung and Silbey,?? analytical forms for the dephasing functions
are obtained by simplifying the trace over the bath coordinates of the time-evolution of the

density matrix. The dephasing functions are exponential functions of linear combinations of
the line shape functions, ha'b(t) . As discussed in section 2.3.1.3 of this manuscript, the energy

gap correlation function that describes the time correlation between fluctuations in transition

frequencies is the central component in the line shape functions and it is defined:

t S.

h (1) =J.d52'[d51§a,b(52 —5,)- In this way, the energy gap correlations accessible to a four
0 0

wave mixing spectroscopy will be included in the nonlinear response tensor through the
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dephasing functions. The dephasing functions expressed in terms of the line shape functions

are given below.

b.ed
—~In KNz, 1y,0) =h, (—t)+ 4, (-7,)+h, (7, +7,+7,)
+h, (-1, —-1)—h, (-1,)- 4, (-7)

! ! ! ! / ! (241)
+h (r+7)-h (7 +7,+7)— 4 (-7,)
+bb,d(T1,) a bb,d(_TSC - T;) - bb,d(z-ll + T;) + hb,d(_z-é)
~In[ £24 (o) | =B (5 + B, (2 + ) + By, (<15 7))
+h, (=)= b, (7)) =4, (-7, -7)) (2.42)

+]1C’d(z'1' +1, "'73:)_@,,1(71’ +72')—]1£'d(2'3')

+bb’d(rl')—]1b_d(r{ +1, +T?:)_bb,d(_ré)+bb,d(r3:)
—1n[1~;a’b'f'd(f;,r;,r;)} =h,, (-t +h (7, +T)+h, (7))

th (f 4T, 4T b (T +T)—h () (2.43)

—h, (5, +7)-h, (-7)+h, (7))

—bb,d(fl' +7, +T3')+]]b’d(2'2' +r;)+hb‘d(rz’ +T{)_bb,d(ré)

—lnﬁ;"'b'c'd(r;,ré,rl’) = hb_b(rg’) + hc’c(r;) + hd,d(rl’)
+hy, (74 5) = b, (7))~ 14, (7))
+h, (5, + 1) =4, (7)) =1, ()
+h, (r+7,+7)-h (5, +7)-h (7, +7)+ 4, (7))

(2.44)

When the time scales of the transition frequency fluctuations are faster than the

experimental measurement and homogenous throughout the molecular ensemble, the line

shape functions are simplified (/,,(¢)~T", ,¢) to be linear in time since the correlation

functions reduce to ¢, ,(¢) =", 6t . In this fast modulation limit, the dephasing functions can
be written

—In Ff'b'c'd (73, ’ T; ’ T{) = (rc,c + rd,d - Zrc,d )73, + (rb,b + rd,d - Zrb,d )72, + rd,dT; (2.45)
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~In[ £ (e, 1,0 | (T, +T,, =20, ), +(T,,+T,,~ 20, )i+, 7 (2.46)
~In[ £70< (e, e | =(T,, 4T, =20, ) +T, 1+ T, 7 (2.47)
~InF*e (e, 7,,0) =T, i+ o, +T, 7, (2.48)

The energy gap correlation functions for the 2D vibronic spectroscopies discussed in section

2.3.1.3 are obtained from equations (2.45)-(2.48) and assuming: I' , =T r,,=0if

ba’
a(b):‘ g,0>, and that the fluctuations in the mechanical anharmonicity of both electronic

states are negligible.

2.8.4 Appendix D: Response Functions for 2D Electronic-Vibrational and 2D Vibrational-

Electronic Spectroscopies

The response functions for both spectroscopies are given below. Table 2.2 and Table 2.3
relate the response and dephasing functions for both spectroscopies to the generalized third
order response functions given in the above Appendix C. The information is indexed by the
peak number and lists the type of response function and dephasing function (from equations
(2.45)-(2.48)) for both rephasing (R) and non-rephasing (NR) pathways; the involved vibronic
states for 2D EV and 2D VE transitions are also defined. The complete expressions for the 2D
vibronic response functions in the homogeneous limit are obtained by using the equations
below and the dephasing functions explicitly defined in equations (2.22)-(2.31) in sections
2.3.1 and 2.3.2. One can obtain a particular dephasing function by substituting the correct
vibronic state indices specified in Table 2.2 or Table 2.3 into the corresponding dephasing

function given in equations (2.45)-(2.48). Then use the relations given in equations (2.49)



90

below to express the dephasing functions in terms of I’ r I' ,and A, which are

eg.eg’ egv! v,y
directly related to the energy gap correlation functions discussed in the text.
Each of the response functions below has three main components that respectively govern

the peak amplitudes, positions, and line shapes. The peak amplitude is governed by the

probability of a molecule occupying the initial state of the pathway (Pg‘0>), the Franck-

Condon factor for the involved electronic transition (K .V

e,V'>‘2j , and the magnitude of the

matrix elements of the four interacting transition dipole moments ( #é’w’) reflecting the
transition strengths. The peak position in the 2D spectrum is dictated by the coherent
superposition of states induced in the system during r{ and 7, the 2D Fourier transform maps
the corresponding frequencies onto the 2D frequency spectrum revealing the resonance
frequencies of the electronic transition (e.g_, weg+we'1,) and the vibrational transition

(e_g_, 0’1) The line shape of the peak is given by the nonlinear dephasing function

( Fa,b,c,d(z';’z';,ri))WhiCh reflects the correlation between the electronic and vibrational

degrees of freedom through the nature of the dephasing of the coherences induced in the
system. The Roman numeral subscripts in the response functions (equations (2.50)-(2.53))
below refer to the 2D peaks in Figure 2.3(d) and Figure 2.4(d) above.

If we assume that the fluctuations in the mechanical anharmonicity of the two potential
energy surfaces are negligible (i.e., 6(A, )(¢)~0), and that I, =, ~and I',, =0 if
a(b) :‘ g,0>, then the dephasing times that compose the homogeneous dephasing functions

can be expressed:
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(2.49)

The terms on the right hand side of equations (2.49) are directly related to the energy gap

correlation functions through I' = I dt¢,  (r) where Q,b(f):<50)a,1-(7)5a’b,,-(0)>- In this

way, the dephasing functions are written in terms of the correlation functions defined in
equations (2.34).
2D Electronic-Vibrational Response Functions:

Rephasing (R)

Rﬁgigl,go,eo’(z_é’ré,ri) — P‘g,0> Kg’ e, 0' ‘ ‘ﬂgo ,e0’ ‘ﬂgO,gl 2
x exp| +iw,, 7] 1a)g 11'2: FRff'gl’go'eol(z'S’,r;,rl’)
R,‘f(},eo e1',e0’ (2_3’,[2’,[ )= ‘ o XK 20,0’ P "ueozel- 2
X exp _+1a)egrl 10)5,1'73’_ FRgf,eo S
2 12 2
Rﬁ";[fl ,20,el’ (Té,T;nfi) _ Pg,0> XKg,O 6,1'>‘ ‘ﬂgo,el ‘ﬂgo,gq (250)
x exp _+1'(a)eg +o, )T - ia)g_lr; |x FRgf”gl £0.el (z),7,,7))
2
Rg(;r/el e2',el’ (2_3’,[2’,[) ‘ 0>><‘<_ ’ g0,el’ ‘Iuel 2!
x exp _+1'(a)eg +o, )T - a)e’z.r; X F;’;’Vﬂ crel(el,T,T))
R}f’(;,el',eo',el'(z_; ,T; :Ti) — Pg’0> % K £0,el’ 2 ‘lueo',el' 2
x exp :+1'(a)eg +@, )T~ ia)eyl,r;: x FE et (o)1) 1))
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2
R;r}(;frlgoteo (Z';,T;,T{)= P‘ . K £0,e0’ ‘ﬂgo,gl
_ _ '] £0,61,20,e0' 't
xexp| —io, z' 1a)glz'3 xFp (75,7,,7;)
2
£0,e0'el',e0’ ro_r AN £0,e0' e0'el
RNR,II (73"[2"[1) - _[‘Jg,0> XK "u
r g0,e0e1e0 1+ 1 __1
xexp_—m) 7! _1(09173 xFo (75,7,,7;)
2 2
0,180l 1 1 1 0,1’ 0,81
Rzé\;R i[g ‘ (Z'3,2'2,1'1): P\g,0>x‘<g' el ‘ "ug ) "ug ’ (2 51)
_ r_ g ' £0,g1,80,el' ¢ 1 1 _1
X exp 1(a) +w, )7, Ia)g’12'3_ I oA (z5,7,,7,)
2
g0el'e2el' y 1 1 __1\ _ g0,el’ el'e2'
Ry (73'72'71)__1)\ 0) XK & 1 ‘ ‘ﬂ ‘,u
_ _ ' g0,el'e2el' y 1 1 __t
xexp| 1(a)eg tw, )T 10,7 X Fa (z5,7,,7;)
2
Reps = (e, ey = R | e
__ . ’ - g0,el'e0el' v 1 1 __1
XeXp_ I(a)eg +a)e,1’)rl a)e,l'TS ><F'/VRV (T3’T2’T1)
Table 2.2. 2D Electronic-Vibrational Transition Pathway Index
Peak abed, pabcd abed, pabcd a b C d
RR 'FR RNR 'FNR
! RiF, R | &) | 1) | [£0) | [e0)
! R5H REGE | [80) | [e0) | ler) | [e0)
T RE RiE | J80) | 180 | [s9) | Jer)
W R*H REE | [e0) | ler) | le2) | [e1)
v RiF, RiF | |&0) | ler) | [e0) | 1)




2D Vibrational-Electronic Response Functions:
Rephasing (R)

2

o e o
xexp _+iwg,1T1’ - l'a)egré J X FRg,T;),eO',gO,gl (T3' ’ T; ) Ti)
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9,1'>‘2 ‘ﬂgo,glr ‘ﬂgo,el' 2
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e,2'>‘2 ‘,ugo'gl 2
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Table 2.3. 2D Vibrational-Electronic Transition Pathway Index
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2.8.5 Appendix E: Second Order Energy Corrections using Stationary Perturbation Theory

Expressions for the A

ibronic

eigenstate energies £, and EE'V, for vibronic states |g,v) and

le,v’), respectively, can be obtained through stationary perturbation theory?® with energy

corrections up to second order

hc 2rxc 2 8 2 2 '
2 2
E . o ol (VP) 7% ye (Y@ 15¢% 2
ev. __8 __J (’ ) 28| 1+L——( "’) V'+1 228 V'+1 (2.55)
hc 2xc 2rxc 2 16 2 8 2 4 2

where V and v' are the vibrational quantum numbers in |g) and |e), respectively. Using these

equations, the vibrational transition frequencies can be calculated in both electronic states. The
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frequencies @, (®,, ) correspond to the v (v ) vibrational transition frequencies in the

electronic ground (excited) state and @,, is the electronic transition frequency between |g,0)

and |e,0’).
® :(%”_E?Wﬂ) (2.56)
gV h
o = (Ee,v' o Ee,(v‘—l)) (257)
e, h
E —-F
= (goh—O) (2.58)

From the expressions for the transition frequencies, interesting molecular parameters that are

directly accessible in these 2D vibronic spectroscopies, such as the frequency difference

between the vibration in the ground and excited electronic states, A, , and the excited state

mechanical anharmonicity, A may be expressed in terms of these dimensionless

21"

perturbation coefficients

IRy C (V/(i) )2

A =1 I ’
€ 2rc| 2 8 (2.:59)
o’ (15g°
A, =—1|—L 2.60
2 Zﬂc( 2 (2.60)

with A and Az',y given in wavenumbers (cm™). It should be noted that these expressions are

valid when the mechanical anharmonicities are the same in both electronic states, which is true

in the present discussion.
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Chapter 3. MEASURING A TWO-DIMENSIONAL
ELECTRONIC-VIBRATIONAL SPECTRUM

The work presented in this chapter has been published in the following papers:

1) Gaynor, J.D.; Courtney, T.L.; Balasubramanian, M.; and Khalil, M. “Fourier Transform
Two-Dimensional Electronic-Vibrational Spectroscopy using an Octave-Spanning Mid-IR
Probe” Optics Letters 2016, 41, 2895-2898.

2) Balasubramanian, M.; Courtney, T.L.; Gaynor, J.D.,; and Khalil, M. “Compression of
Tunable Broadband Mid-IR Pulses with a Deformable Mirror Pulse Shaper” Journal of the
Optical Society of America B 2016, 33, 2033-2037.

3.1 INTRODUCTION
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2D EV spectroscopy has been demonstrated using excitation pulses in the visible region
(500 nm — 800 nm) and a mid-IR probe with a 300 cm™ bandwidth generated from difference
frequency generation (DFG) of the outputs from an optical parametric amplifier (OPA).12
These experiments have followed structural dynamics on the excited states of laser dyes,'? a
model carotenoid complex,® and chlorophyll.* Extending the excitation to UV frequencies and
the detection to a broader range of mid-IR frequencies will enable 2D EV experiments of
biological media® and proton-coupled electron transfer systems®’ to directly explore
correlations between UV electronic excitations and a complete set of broad and varied
vibrational transitions in a single laser shot. In this Chapter, | detail the development of the
coherent FT 2D EV experimental set-up in the Khalil Group which extends the 2D EV spectral
window of the electronic excitation (1) to the near-UV (400 nm) range and also extends the
mid-IR detection window by incorporating a broadband mid-IR light source (BBIR) that spans
an octave (1600 — 3200 cm™).

Generating phase stable pump pulse pairs at UV wavelengths for use in a 2D FT experiment

becomes difficult as a given time delay (t1) is a larger percentage of an optical cycle at shorter
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wavelengths. Experimentalists performing 2D UV spectroscopy have circumvented this
problem in the fully noncollinear geometry using diffractive optics® and pairwise beam
manipulation,® and in the partially collinear (“pump-probe”) geometry using pulse shapers.'©
The introduction of an AOPDF for the UV using KDP and quartz crystals'? has aided the
development of facile 2D UV set-ups employing AOPDF-based pulse shaping® that can also
use phase cycling schemes to improve signal-to-noise and isolate specific third-order nonlinear
signals of interest.!* | have used this AOPDF-based approach in constructing our 2D EV set-
up to produce UV pump pulse pairs with the accurate time delays required for 2D FT
experiments.

The feasibility of implementing a BBIR probe?® is demonstrated here by incorporating it
into the 2D EV spectrometer to measure the coherent couplings of electronic transition
frequencies in the UV with a large range of mid-IR frequencies. Typical generation of
femtosecond mid-IR pulses relies on the DFG of an OPA output to yield tunable mid-IR pulses
with ~300 cm™® bandwidths whereas the BBIR source shown here can span more than 1000
cm™.2® The experiments in this dissertation use both mid-IR light sources which are described

in this chapter. This work expands the scope of experimental implementation of BBIR sources

to include 2D EV spectroscopy.

3.2 OVERVIEW OF THE 2D EV EXPERIMENT

2D EV is a third-order nonlinear spectroscopy consisting of three light pulses (see Figure
3.1) with femtosecond durations that are controllably delayed in time with respect to one
another and spatially overlapped in a solution phase molecular sample. The three sequential
field-matter interactions result in an emitted signal field that reflects the molecular ensemble’s

response to the three resonant interactions with various transition dipole moments of the
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molecules under study. All reported 2D EV experiments to date, including those described in
this dissertation, implement the partially collinear beam geometry consisting of two collinear
UV or visible pump beams and a non-collinear mid-IR probe beam. The 2D EV spectrometer
used in all experiments discussed in this dissertation is schematically outlined in Figure 3.2,
consisting of two collinear, UV excitation pulses (E1 and Ez; Figure 3.1, blue), with wave
vectors k1 and kz, that are generated with a variable delay time (often called the “coherence”
time), t1, using an AOPDF-based pulse shaper. These two pulses are resonant with an
electronic transition and can create a population in the sample’s ground or excited electronic
state. After another time delay (often called the “population” time), 12, the noncollinear mid-
IR probe pulse (Es, ks; Figure 3.1, green) impinges on the sample and generates the 2D EV
signal according to the four-wave mixing phase matching condition of the four wave vectors
involved (ksig = + ki1 + k2 + k3). In the partially collinear geometry, the collinear pumps result
in the phase-matched, fully absorptive, third-order signal, Esig, copropagating with the probe
pulse (t3=0) which acts as an intrinsic local oscillator (ELo) for heterodyne detection. The
molecular information of interest is described by the third order macroscopic polarization, P®),

which is contained within Esig.

Eq E, Es Lo

Figure 3.1. The Two-Dimensional Electronic-Vibrational (2D EV) Pulse Sequence
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The 2D spectrum is parameterized by a fixed 12; the FT over 11 yields the excitation frequency,
o1, While the detection frequency, w3, is obtained experimentally using a spectrometer to

spectrally disperse the signal frequencies.

3.3 THE 2D EV SPECTROMETER

The three pulses derive from the output of a Spectra-Physics Spitfire XP Pro Ti:Sapphire
regenerative amplifier (800 nm, 35 fs, ~4.0 W, 1 kHz). A majority (~2.8 mJ) of the amplifier
output is separated by the reflection of a 70:30 (R:T) beam splitter and dedicated to the
generation and temporal compression of the BBIR probe pulse, which is briefly detailed in
section 3.3.2. Roughly 60 pJ of the remaining 1.2 mJ of the amplified fundamental is
transmitted through a 95:5 (R:T) beam splitter and used as a reference pulse at various points
on the optical table for characterization purposes. The reference fundamental is routed through
a gold-coated retroreflector mounted on a computer-controllable delay stage (Newport
XMS50, minimum increment = 1 nm (0.001 fs), typical accuracy =+0.2 pm (£1.31s)), referred
to as “S1”, for temporally delaying the reference with respect to other beams on the table. A
home-built double-pass OPA is pumped using a ~900 pJ portion of the amplifier output, which
is separated by the reflection from an 80:20 (R:T) beam splitter. The OPA generates collinearly
propagating signal and idler beams tunable in the near-IR spectral range; a difference
frequency generation (DFG) process with the signal and idler beams in a nonlinear crystal is a
traditional method for generating tunable mid-IR (1200 — 3000 cm™t) with spectral bandwidths
of ~200-300 cm™ and is detailed in section 3.3.3. The 2D EV data presented in this dissertation
use either the BBIR or the OPA/DFG mid-IR light sources as the probe. The transmission of
the 80:20 beam splitter provides the ~240 uJ portion of the amplifier output used to generate

UV pump pulse pairs with a central wavelength (Ac) of 400 nm and bandwidth (FWHM) of 9-
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10 nm. The generation and characterization of the UV pump pulses used in my initial
experiments is detailed in section 3.3.1, while technical developments enabling the generation
of broadband UV pump pulses with sufficiently high energy and stability for use in 2D EV
spectroscopy are the subject of a later chapter.

As in all time-resolved nonlinear spectroscopies, temporal and spatial overlap of all beams
are required to perform the 2D EV experiment. The ;1 delay between the collinear UV pump
pulse pairs is controlled by phase and amplitude pulse shaping of the input UV beam to the
AOPDF. The BBIR probe is routed through a gold-coated retroreflector mounted on a
computer-controlled translation stage (Newport ILS200LM, minimum increment = 10 nm
(0.066 fs), typical accuracy = +1um (£6.61s)), referred to as “S2”, to precisely adjust the 12
delay time. The OPA/DFG mid-IR probe is routed through a gold-coated retroreflector on
another computer-controlled translation stage (Newport ILS150PP, minimum increment = 1.0
um (6.6 fs), typical accuracy = £1.5um (£ 10 £5s)), referred to as “S3”, for precise control over
12 before being focused at the sample area. For a given experiment, the three input pulses are
spatially overlapped using a pinhole (PDT, 100 um diameter) and temporally overlapped using
a nonlinear signal that is maximized when all pulses are exactly overlapped in time. All three
beams are arranged in the partially collinear beam geometry at the sample. The pump pulses
pass through a half wave plate and polarizer before being focused to the sample with a UV-
fused silica plano-convex focal lens (UV AR coated, f=300 mm). This lens is placed on a
translation stage for fine adjustments to the spot size of the pump beam at the sample.
Adjustments are made to ensure that the pump beam diameter is larger than the probe beam
diameter when focused at the sample area. The pump pulses focus through a machined hole in

the first of a pair of silver-coated off-axis parabolic mirrors (f=101.5 mm) that focuses all other
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beams at the sample. Typically, the focused 1/e? spot sizes on the sample of the UV pump
beam are in the range 185-250 um while the BBIR probe and OPA/DFG mid-IR probe beams

are in the range of 160-220 um.

BBIR
@eneratioJ (DMC]
G

Ti:Sapphire

Beams at OAP 1:

(to OAP1) OPA/DFG BBIR/
(Probe Option) ® @ \800
Pol e

[OPAH DFG ] Rys3 Ros 400

J W —

X N
. (Reference Pulse

X Characterization)
Figure 3.2. The 2D EV Experimental Schematic. The Ti:Sapphire output is split into the broadband
mid-IR (BBIR) probe pulse (solid green), an alternate mid-IR probe option (solid green, lower), an 800
nm reference pulse for characterization (dashed red), and the pump pulse (solid blue). The BBIR is
generated via filamentation of the 800 nm fundamental and its harmonics in gaseous media and
compressed with material compensation (2mm Ge) and a deformable mirror compressor (DMC).
Tunable, narrower-band mid-IR results from difference frequency generation (DFG) of the collinear
near-IR output (magenta and orange) from a double-pass optical parametric amplifier (OPA). The pump
pulse is chopped (500 Hz) and shaped in an acousto-optic programmable dispersive filter (AOPDF).
The orientation of all beams at off axis parabolic mirror 1 (OAP 1) before focusing to the sample area
(S) is shown in lower right, filled spots indicate the beams that generate the 2D EV signal using either
mid-IR probe source. The signal (Sig, purple) and reference (Ref, dashed green) are both dispersed in
a spectrometer (Spec) and detected in a 2 x 64 HgCdTe-pixel array (MCT) detector. A/2, half wave
plate; Pol, polarizer; 2:1, down-collimating telescope. Spectral and temporal characterization of the
reference fundamental have been achieved using the Frequency Resolved Optical Gating (FROG) and
Spectral phase Interferometry for Direct Electric-field Reconstruction (SPIDER) techniques. See
paragraphs below for full experimental description.
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A 50:50 beam splitter in the probe beamline separates a reference pulse that is also aligned
through the sample but spatially offset from the pumped volume. The signal (reference) beam
is spectrally dispersed in a 0.190 m Czerny-Turner spectrometer (Triax 190, Horiba Jobin
Yvon) and focused onto the lower (upper) of two 64-pixel arrays in a liquid N2 cooled HgCdTe
array detector (IR-0144, Infrared Systems Development) for single-shot detection. Using the
reference pulse, shot-to-shot normalization of the 2D EV signal can be performed before
subtracting alternating shots (pumpon — pumpesr, via mechanically chopping the pump at 500
Hz) to minimize noise due to shot-to-shot laser fluctuations and remove the innate probe
background in a pump-probe geometry. The signal is measured as a change in IR transmission
(AT) of the sample following UV excitation as a function of t1 and w3 and parametrized by ..
The 2D EV signal is isolated from other third-order pump-probe signals through non-zero
baseline subtraction and FT processing (see section 3.4). Phase cycling using the AOPDF can
improve signal-to-noise and expedite data collection but is not mandatory and decreases the
duty cycle (i.e., increases number of pulses required to obtain one spectrum) for the

experiment.

3.3.1 Generating Phase-Stable UV Pulse Pairs for 2D Spectroscopy

UV pulses centered at 400 nm result from the 240 uJ portion of the 800 nm fundamental
undergoing second harmonic generation (SHG) in a 0.1 mm-thick B-BBO Type | crystal. The
resulting 400 nm pulse is isolated using dichroic mirrors, down-collimated to a ~2 mm beam
diameter using a transmissive telescope and polarization-rotated with a half wave plate and
linear polarizer before being routed to the AOPDF (Dazzler™, Fastlite). The telescope prior
to the AOPDF is used for fine adjustments to the beam collimation to ensure the two pump

pulses are maximally overlapped when focused at the sample and spatio-temporal
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inhomogeneities are avoided.!” The AOPDF is an in-line pulse shaper that operates through an
acousto-optic interaction in a nonlinear birefringent crystal medium, typically potassium
dihydrogen phosphate (KDP), quartz, or tellurium dioxoide (TeO2). The KDP and quartz
transparency windows through the UV spectral range (200 — 450 nm) allow for AOPDF pulse
shaping using these crystals; AOPDFs using both crystal types are used to collect data
presented in this dissertation (KDP-based AOPDF = Crystal Model: KUV50-65.130-240 440-
B, SN: 28879, RF generator: DC02KL88/T3; quartz-based AOPDF = Model: TF335-170-1-3-
FL2, SN:20061975-002, RF generator: GZ0655).

The operating principle is schematically illustrated in Figure 3.3. An acoustic wave, Ac(),
is generated in the crystal by a custom radio-frequency (RF) waveform that is sent to a
transducer coupled to the front of the crystal. Ac(w) is aligned to propagate collinear with an
incident optical pulse, Ein(®), through the crystal. As Ac(m) propagates, the index of refraction
in the crystal is modulated as a function of its local position along the Ac(w) propagation axis,
z. Since the optical pulse is aligned collinearly with the acoustic wave, there is a z-dependent
acousto-optic interaction which translates into the 11 time delay. When the optical field and
acoustic wave are optimally overlapped in time and space, an acousto-optic phase matching
condition is achieved which diffracts part of the incident field from the crystal’s ordinary axis
onto the extraordinary axis yielding a newly shaped pulse. Due to the difference in propagation
velocity of an acoustic and optical wave, the optical pulse effectively “feels” a temporally
static, but z-dependent, index of refraction in the crystal on the time scale of the optical pulse’s
transmission through the AOPDF. The shaped pulse exits the crystal at a slight angle (<10°)
from the incident pulse but with 90° polarization rotation due to the acousto-optic interaction.

Since the acoustic wave is entirely dependent on the RF waveform, custom control over this
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waveform allows for tailoring the acousto-optic interaction, providing arbitrary amplitude and
phase control of shaped pulses. Moreover, the KDP- and quartz-based AOPDFs have different
acousto-optic phase-matching conditions which affect the spectral shaping window and the
diffraction (or shaping) efficiency of the AOPDF. As manufactured, the KDP-based AOPDF
has a spectral shaping window of 250-440 nm and the quartz-based shaper’s is 250-400 nm.
However, the transducer-crystal interface of the quartz-based AOPDF can support RF
waveforms enabling a spectral shaping window of 360-430 nm by changing the RF-generator
software parameters, albeit with a lesser shaping efficiency for A > 400 nm. Fortunately, this
enables the use of the quartz-based AOPDF within most of the broadband UV spectrum
detailed in the following chapter.

The RF waveform can also be tailored to generate pulse pairs with well-defined temporal
delays, limited only by the phase jitter of the pulse shaper. As | have characterized in Figure
3.6, the phase jitter in our setup is negligible for sub-fs steps in t1 which enables us to
temporally oversample the UV frequencies during t1 of the excitation fields used in these
experiments by factors of 10, or greater, if desired. Considering that a UV wavelength cycle is
on the order of 1.33 fs, it is clear why the motorized translation stages used for delaying the
mid-IR and reference pulses elsewhere in the optical table are incapable of reliably generating
UV pulse pairs with interferometric precision. In this way, k1 and k2 (125-250 nJ/pulse, 40 fs,
S polarized), with a controlled 11 delay are generated for use as the excitation pulses in our 2D
EV spectrometer.

A prerequisite for conducting a FT 2D experiment is having some method of producing a
pair of identical pulses with a precisely controllable interpulse time delay, such as results from

an interferometer, to provide the first two light-matter interactions in the 2D pulse sequence.
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Figure 3.3. Schematic Illustration of the Acousto-Optic Programmable Dispersive Filter Operation for
Generating Pulse Pairs. An incident optical pulse (Ein(®), blue) with center frequency, wo, and a
bandwidth containing the frequencies wa and wy is aligned through a nonlinear medium supporting the
acousto-optic interaction (gray outlined box). A tailored waveform in the radio frequency regime is
generated and sent to a transducer interfaced with the nonlinear crystal which propagates the acoustic
wave (Ac(w)) in the crystal. The index of refraction in the nonlinear medium varies as a function of
crystal length (Az) in the presence of the acoustic wave to tailor the pulse shaping of the incident pulse
with arbitrary control of phase and amplitude.

The desired electric field of the two pump pulses, E1(t) and Ex(t+t1), as a function of the 11
time delay can be represented as:
Em ) =E ) +E,(t+7) (3.1)
=A)e™™ + A (t+7)e > (3.2)
where the temporal center of Ei(t) establishes “time-zero” (t = 0 fs) and is held constant as 1
is scanned in time and wo is the angular frequency of the excitation pulse spectrum centroid.

The carrier envelope functions for the pulses are given by A (t) and A, (t+7,) which could be
defined for Gaussian pulses as A(t) =e "> where the pulse temporal duration is given by

24/2In(20) . The electric field generated by the AOPDF is expressed as:
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EAopr (t, Tl) _ I:A(t) n Az(t 4 Tl)e—i(MAOPDF):'e—ionPDpt (33)

where Ag, ... and o

oeoe ar€ the interpulse phase difference and the angular frequency
centroid of the shaped pulse spectral profile, respectively. To correctly generate pulse pairs
using the AOPDF, these values must be correctly specified in the AOPDF software to generate
the correct RF waveforms for the desired pulse shape. It is important to note that the AOPDF

can only directly control the pulse envelope delay and the interpulse phase. The pulse shaper

cannot directly delay the entire electric field (e.g., A (t+z,)e ") but it can control the pulse

envelope delay and the interpulse phase to appropriately delay E» with respect to E1 by a given

value of 11 fs. For a desired 11, the Ag, ... value must be equal to the phase defined by*®

2 T, = Adropor - (3.4)

AOPDF "1

If this condition is not met, then the pulse envelope A, (t+7,) is being delayed while the

temporal profile of the electric field (i.e., e'(“ror**%oor) ) remains unshifted, resulting in a
carrier-envelope offset rather than the desired temporal field profile reflecting the interference

of the two electric fields. The Ag, ... term must also reflect any additional phase offset if

phase cycling schemes are used during the experiment. Such a phase offset is simply added to

the correct value of Ag, ... for a given 11 delay specified by equation (3.4).

The effects of the interpulse phase difference on the resulting time-domain interference of
E1 and E are shown in Figure 3.4. As an example, consider that E1 and E: are replica electric
fields delayed by a 11 time that is equivalent to an interpulse phase difference of 3w radians
(e.g., 1.5 cycles), then E1 and E> will destructively interfere with each other at the wavelengths
which are exactly out of phase. As t1 increases to yield an interpulse phase difference

equivalent to an integer multiple of 2n radians, those wavelengths return to constructively
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interfering. Clearly, Figure 3.4 (a) shows that the destructive interference is only observed

when Ag¢,...- is properly incremented with 1. In those spectra, the pulse spectral centroid is

(a) A (b)
Interpulse Phase for Pulse Pairs Paoeor — PhoPDF" -+ WpoppgTi*T
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Figure 3.4. Interpulse Phase Difference in Pulse Pair Generation using the AOPDF. (a) The effect of
incrementing the interpulse phase difference, Ag¢, ..., with the pulse envelope to generate electric

field interference. The spectral intensities have been scaled for comparison (b) The effect of using the
interpulse phase difference to also introduce phase differences for use in phase cycling.

398.5 nm, as indicated by the point of complete destructive interference. The effect of an
additional phase offset, as would be used in a phase cycling scheme, is shown in Figure 3.4(b),
where E; and Ez are delayed by 100 fs and additionally phase shifted by x radians. The spectral
interferogram indicates this by the fringes being out of phase with respect to one another. It is
also important to note that the AOPDF can only produce the desired temporal field of a pulse
pair if the spectral centroid of the incident field matches the central frequency parameter input

into the AOPDF.*® That is,E, .. (t,z,)=E_, (t,z,) from equations (3.1) and (3.3) when

pump

@, = 0, ; INthis case, equation (3.4) applies to the shaped electric field correctly. However,

if this is not the case, then equation (3.3) must be expressed more accurately as

EAOPDF (t’ 71) = I:Al(t) + A2 (t + Tl)e_i(A¢A0PDF) :'e-iabt (35)
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while Ag,.... is still evaluated as in equation (3.4), leading to phasing errors in the 11
domain data because the delay of the electric field does not match the delay of the electric field

envelope: o, # @, - These effects can be seen upon Fourier transformation of the t1-domain

interferences as inaccuracies in the o1 frequency axis and through the imaginary part of the FT
amplitude containing non-negligible intensity (or conversely, the real part containing
significant negative spectral amplitude) as would appear in a traditional interferometer-based

2D experiment. If both @, and o, are known, the true time delay can be determined, and

the spectra corrected using the relation
(3.6)

An example of the pulse pair being generated correctly and scanned during t1 is shown in

Figure 3.5 where the spectral interferograms are shown for three delays (0, 50, and 100 fs) for
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Figure 3.5. Demonstration of a t1 Scan Spectral Interferogram. (top) a cosine function with the
periodicity of a 400 nm wavelength (continuous wave, in this case) is shown. The blue cosine is E; held
at time zero and the dashed red cosine is E; that is varied by t:. (bottom) the incident pulse spectrum
(dashed black) and the shaped electric field spectrum of the pulse pair delayed at 1 = 0 fs, 50 fs, and
100 fs.
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a pulse with a 400 nm centroid. At these delays, the 400 nm wavelength is constructive at 0
and 100 fs but destructive at 50 fs; the periodicity of the 400 nm oscillation is modeled with a

cosine function to demonstrate the observed spectral interferogram.
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Figure 3.6. Pump Phase Stability. The upper left contour shows the interferogram collected during 12
minutes of laboratory time. The spectral amplitude is normalized and the contours are plotted in 10%
levels; the projection of the contour is shown in blue in the upper right. The fringe spacing reflects the
200 fs delay held constant during this measurement. The incident pulse spectrum is overlaid (black

dashed, upper right) for reference. FT spectral interferometry quantifies o,, for every spectral

interferogram collected over time and is plotted as black circles in the bottom left for wo= 400 nm. The
averaged phase stability, &,, is spectrally represented by averaging o,, over the 12 minute

collection window for each pixel of the spectrometer and plotted as a function of wavelength in red
(bottom, right); spectrum shown in black dashed for reference. The connected axes between different
panels are used to connect the axes between plots.

It is necessary to measure the phase stability of the pump pulse pairs generated in the

AOPDEF to assess the experimental precision of t1. FT spectral interferometry is used to obtain
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the experimental interpulse phase difference, A1z, for a typical 12 minute collection of one
2D EV surface. With 11 = 200 fs, a spectral interferogram is obtained every five seconds by
collecting 1000 laser shots in an OceanOptics HR2000+ spectrometer (integration time =1 s).
Figure 3.6 shows the interferogram and the extracted Adi2 for the center frequency,
respectively. The standard deviation, o, of Ad12 is measured to quantify the phase stability of
the pump pulse pair; capi2 = 0.0082 radians for wo, which corresponds to 0.13% of a 400 nm
optical cycle and a timing jitter of £0.0017 fs. The average oagi12 for the frequencies within the
spectral FWHM of the pump pulses is calculated to be 0.0091 radians. Thus, even for small 11

intervals (e.g. A11=0.5 fs), this jitter is negligible.

3.3.2 Broadband IR (BBIR) Probe Generation and Temporal Compression

The generation of the BBIR probe has been detailed previously'® and was the subject of
Dr. Mark Cheng’s dissertation in the Khalil Group;*® the BBIR temporal compression using a
deformable mirror (DM) compressor is discussed in detail elsewhere? and was a primary focus
of Dr. Madhumitha Balasubramanian’s dissertation.?! The BBIR generation and compression
are depicted in Figure 3.7. Briefly, the portion of 2.8 mJ of fundamental undergoes SHG in a
BBO (type 1) crystal and the resulting 800 nm and 400 nm pulses are matched in polarization,
temporally overlapped, and focused into a sealed, 1.2 m stainless steel cell filled with gaseous
media, see Figure 3.7(a). Selection of the gas and its pressure produce the BBIR pulse
(bandwidth >1000 cm, 2-8 um tunable) which is compressed with the combination of a 2 mm
Ge plate placed in the beamline for linear dispersion compensation and the DM compressor
(see Figure 3.7(b)) with the DM optimized to compress the higher order dispersion and yield
the shortest BBIR pulse.?® The DM consists of a malleable, gold-coated silicon nitride

membrane as the reflective surface, behind which are 19 high-voltage actuators (280 V
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dynamic range) that deform the surface of the mirror in the horizontal plane; by deforming the
mirror’s surface, the optical paths of different mid-IR frequencies in the BBIR pulse are varied
to achieve temporal compression. The 2D EV spectra shown (Figure 3.9 and Figure 3.10) in
this Chapter use air (760 Torr, Figure 3.7(c)) to generate the BBIR pulse (180 nJ, 21 fs); the
pulse is characterized by the cross-correlation Frequency Resolved Optical Gating (XFROG)
technique?? using the upconversion signal of BBIR and a small portion of the reference 800
nm pulse in a LiNbOs crystal (0.1 mm, type I). See Figure 3.7(d) for the temporal intensity and
phase of the BBIR as a function of DM optimization. The BBIR characterization signal is
collected in an integrated fashion using a photodiode with spectral filters to isolate the sum-
frequency signal between the BBIR and the reference 800 nm beams as a function of their
temporal delay. To perform the XFROG measurement, the sum-frequency signal is routed to
a spectrometer (ThorLabs CCS200) for detection.
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Figure 3.7. BBIR Generation and Temporal Compression. (a) the BBIR generation schematic as
described in section 3.3.2. (b) The deformable mirror grating compressor (DMC) arranged in a typical
4f geometry where the DM sits in the Fourier plane.
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The temporal intensity and phase of the BBIR field is determined using the FROG algorithm;

the spectral and temporal intensities and phases of the reference field are first characterized
using the Spectral-phase Interferometry for Direct Electric-field Reconstruction (SPIDER)
method, which is then used as an input for the FROG algorithm.

A primary motivation for developing the BBIR probe is to span the entire absorption
spectrum of very broad vibrational features of solution phase molecules, such as the OH and
NH stretching modes in hydrogen bonded systems where the ground state absorptions can be
broader than 500 cm™. Additionally, the FT-limited pulse duration reduces as the spectral
content increases which gives the potential to minimize the pulse durations used and measure
very fast molecular dynamics with greater temporal resolution. As will be discussed in later
chapters, polarization-selective experiments can also be incredibly useful for understanding
ultrafast photoexcited molecular dynamics within the molecular frame. These experiments
require polarization control using polarizers in the pump and probe beamlines which result in
further losses of pulse energy. Given the low BBIR pulse energies generated and the ~50%
pulse energy loss through the DMC, additional losses from other optical components are
avoided when possible. The BBIR spectra in Figure 3.7 show that our apparatus is tunable,
with particular emphasis toward the higher-energy edge of the mid-IR spectrum — towards the
OH stretching region (2500-3500 cm™). Experiments targeting the molecular fingerprint
region (1200-1600 cmt) are not easily probed in the current configuration of the BBIR pulse
generation. For these reasons, the option of using a traditionally generated mid-IR probe source

is also used in the experiments presented in this dissertation, as detailed in section 3.3.3.
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3.3.3 Mid-IR Pulse Generation from Difference Frequency Mixing of the Output from an
Optical Parametric Amplifier (OPA)

To generate the tunable mid-IR probe, the colinear near-IR output from a home-built, two-
pass OPA feeds into a Michelson interferometer which uses a polarizing dichroic beam splitter
(SWP-45 RS2000-TP1300; CVI) to separate the OPA signal (1.1-1.5 pm) and idler (1.7-2.1
um) beams into the two arms of the interferometer and temporally delay the idler pulse with
respect to the signal pulse. Each interferometer arm uses a protected gold concave spherical
mirror (0.60 m radius of curvature) to retroreflect, spatially overlap back onto the beamsplitter,
and focus the beams colinearly into the DFG crystal (AgGaS,, 5 x 5 x 0.5 mm; Newlight
Photonics) to generate the mid-IR. Another spherical mirror nearly recollimates the DFG
output (leaving the mid-IR slightly diverging) and routes the beam to an AR-coated (2-12 um)
1 mm Ge window set to Brewster’s angle to reflect visible and near-IR beam components while
transmitting the mid-IR for use in the experiments and compensating for linear dispersion. A
continuous wave HeNe laser is reflectively overlapped spatially with the mid-IR at the Ge filter
for alignment throughout the remaining optical setup. The mid-IR probe pulse (~2.5 pJ/pulse
when tuned to 5.5-7.8 um and ~3 pJ/pulse for 3.8-5.3 um measured after the Ge filter) is
delayed by S3 before routing to the pair of Ag-coated off-axis parabolic mirrors (OAP1 and 2,
f=101.5 mm; see Figure 3.2) to focus at the sample area.

The sum frequency generation (SFG) signal between the reference fundamental and the
mid-IR in a 100 um BBO (type I) crystal at the sample area is used for characterization of the
OPA/DFG mid-IR pulse (Figure 3.8(c)). First, the reference fundamental must be characterized
to deconvolve and extract the mid-IR pulse duration from the SFG FROG measurement; this

is achieved using the SHG FROG technique (Figure 3.8(a)). SHG FROG is performed by
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splitting the reference beam into two equal intensity portions with one beam routed along a
motorized translation stage. The two beams are recombined in a 200 um thick KDP crystal to
produce a delay dependent second harmonic signal as one would do to measure an auto-

correlation. Generally, all types of FROG pulse measurement techniques resolve the
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Figure 3.8. Mid-IR Pulse Characterization Generated from the OPA/DFG Process. The reference
fundamental beam is characterized using SHG FROG technique and used in assessing the mid-IR pulse
duration from the sum frequency generation (SFG) FROG technique. (a) The experimentally measured
SHG FROG spectrum (contours), the sum over the wavelength axis (top panel) is the auto-correlation
and the sum over the delay time axis (right panel) is the upconverted spectrum of the reference beam.
The retrieved SHG FROG spectrum using the FROG algorithm is shown on the right indicating very
good agreement [256x256 pixel grid used, time-bandwidth product: 0.47614. Contours span 1 (red) to
0.1 at 10% intervals, with 2% intervals from 0.1 to 0 (green). (b) The retrieved spectral and temporal
intensities and phases of the reference electric field. (¢) the SFG FROG spectrum (contours span 1 to
0.2 in 10% intervals). The cross-correlation FWHM = 123 fs; the deconvolved mid-IR pulse duration
is 115 fs. A 2 mm CaF, window is placed in the beam path to account for additional dispersion during
an experiment due to the sample windows.
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time-dependent auto-correlation or cross-correlation signals spectrally using a spectrometer in
place of the photodiode.??** The SHG FROG spectrum (Figure 3.8(a), contours) is obtained
by collecting a spectrum of the second harmonic signal as a function of time delay between the
two portions of the fundamental beam. This describes the auto-correlation in the time-
frequency domain, which uniquely allows for the intensity and phase of the electric field to be
determined in both the spectral domain and the temporal domain. Visually, the experimentally
measured SHG FROG and retrieved SHG FROG spectra (Figure 3.8) show very good
agreement; a minimum FROG error of 0.0034 indicates very accurate retrieval of the electric
field’s intensity and phase profiles while quick algorithm convergence (within a few seconds)
confirms that a high-quality (low noise) experimental trace was measured.?? The extracted 43
fs reference pulse duration (0.476 time-bandwidth product) is reasonable and confirms that our
amplifier is producing 35-40 fs pulses as expected; the measured durations are expected to be
slightly longer than the ejected pulses from the amplifier as these FROG characterizations are
collected at the far end of the optics table after the beams have travelled ~36 feet, interacting
with optical components along the way which introduce temporal dispersion.

The SFG FROG spectrum is shown in Figure 3.8(c) for the mid-IR pulse spectrum tuned
to the 1200-1700 cm™ region shown in Figure 3.8(d). This spectrum is representative of the
OPA/DFG-generated mid-IR probe pulses used during the experiments presented in this
dissertation, although some experiments emphasize the 1200-1500 cm™ edge by comparison
to this spectrum. Clear spectral distortion due to atmospheric water vapor is present with the
H20 Q-branch resulting in the high-intensity peak at ~1600 cm™*. While the mid-IR beam path
is enclosed and dried air (~2% relative humidity) is pumped into these boxes, atmospheric

water absorption is still present. The FWHM of the SFG cross-correlation is measured to be
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123 fs. Deconvolving the cross-correlation with the reference field duration yields a mid-IR
probe pulse duration of 115 fs. The SFG signal spectrum (Figure 3.8(c), side panel) results
from the sum of one photon of the reference and the mid-IR probe. Considering the FWHM
bandwidth of the retrieved reference field (783.5 nm — 806.4 nm), the full-width at 20% of the
SFG signal (733 nm — 691 nm) confirms that nearly the entire spectral bandwidth (>2%
maximum intensity) of the mid-IR probe is accounted for in this measurement. That is, the
SFG signal from the mixing of the low energy side of the reference spectrum and the mid-IR
probe at 8065 nm (1240 cm™) yields 733 nm as detected; likewise, the SFG signal of the blue
edge of the reference and the mid-IR probe at 5855 nm (1708 cm™) yields 691 nm. While the
SFG FROG signal (contours) is principally vertical, there is clearly some higher order
dispersion present, likely from the nonlinear dispersion profile of CaFz in the 5-8uum region,
resulting in a positively chirped pulse.

For polarization dependent measurements, the probe transmits through a ZnSe holographic
wire grid polarizer (ThorLabs WP25H-Z) set to 45° relative to the input (P) polarized mid-IR
pulse immediately prior to OAP1, providing a probe beam incident on the sample which has
electric field components in the vertical (S) and horizontal (P) linearly polarized directions. A
second ZnSe holographic wire grid polarizer (referred to as the “analyzer”) is placed
immediately after the sample cell (before OAP2) to select either the P or S polarization
component of the signal for detection. The first polarizer is set by finding the maximum and
minimum transmission of the incident mid-IR, and then setting it to exactly halfway for the
45° relative polarization during experiments. To set the analyzer, the first polarizer is set at
maximum transmission (P) and the analyzer is rotated to maximize (selecting P) and minimize

(selecting S) the transmitted intensity. For both polarization experiments, ~325 nJ/pulse of
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mid-IR for each polarization is incident on the sample and the analyzer is set to select either P

or S polarized signal for the ZZYY or ZZZZ experiments, respectively.

3.4 ISOLATING THE 2D EV SIGNAL

As chapter 2 discusses, the 2D EV signal arises from the time dependent third order

macroscopic polarization, P®, which can be calculated using standard perturbation theory as

a convolution of the third order vibronic response function, R, with the three incident electric

fields of the laser pulses. The electric field at the sample representing a sequence of three laser

pulses used in a 2D EV experiment can be described by the sum E(t) = i E, (t) and each pulse
i=1

field described as

E ()= A(t—t)exp[-i(w’(t—t) +¢ —k,)-r] (3.7)
where A(t) is the pulse envelope of the ith pulse that is temporally centered at t,, has carrier
frequency @’, an absolute phase ¢ relative to a common reference and a wavevector k, with

its projection onto a laboratory frame directional unit vector r. Many different transition
pathways contribute to the molecular response, resulting in the third order polarization taking
on a complicated form. However, P®can be expressed as the sum of all third order

polarizations for each individual pathway

PO(t) = g PO t)exp[-iot+k, -r] (3.8)
where the four-wave mixing condition for generating the signal is o, = to, ¥ @, + @, and the
phase-matching condition defining the third-order signals detected is k, =+tk, ¥k, +k,.
Therefore, the frequency and wavevector of the emitted signal field is o,, =@, and k,, =K,.

Notably, the wavevectors’ projections into the laboratory frame relate their geometric
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orientation with respect to one another and their linear combination has the consequence of
determining the direction in which the emitted field radiates. For the same reason, the
magnitudes of these wavevectors will also contribute to the spatial direction of the emitted
signal which is proportional to the carrier frequencies of the fields. As the magnitudes and
directions of the wavevectors differ from one another, the emitted signal field is affected
accordingly. In 2D EV spectroscopy, where the magnitudes of the pump and probe fields differ
by roughly an order of magnitude, the spatial separation of the emitted signal into a
background-free direction becomes very challenging. To circumvent this, the partially

collinear (“pump-probe”) beam geometry can be used in which kK, =k, #k, resulting in the

signal field emitting collinear with the probe field. This is different from the traditional
“boxcar” geometry used in fully noncollinear 2D spectroscopies that typically employ laser
pulses of nearly degenerate carrier frequencies which facilitates the detection of a spatially
isolated signal field. In the partially collinear geometry, the collinear and coincident probe field
serves as an intrinsic local oscillator for self-heterodyned detection of the emitted signal.

The partially collinear beam geometry has the disadvantage of the desired 2D EV signal
co-propagating with the transient absorption signals that are the result of two light-matter
interactions with the same pump pulse as well as a static background from the probe beam.
Thus, the total amplitude of the emitted third-order field is expressed

2

E(a)

total

(Tl’TZ’a)B;A¢12)

(3.9)

sig

"= ‘(E“) (7,,7,, @,) +1) E.(»,)

where E,(w,) is the probe (local oscillator) field and the emitted signal field is expanded as

Eilsg) (T17 7'-2 1 a)S) = E;3[)) (Tl’ TZ 1 a)S) + ESF),]_(T]_ = O’ T2 ! a)S) + EE:’3F22 (Tl + T2 ! a)S) (310)
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The E® and E®, terms in equation (3.10) are the background transient-IR signals resulting

PP1 PP2

from k, and k,, respectively, and the 2D EV signal field of interest is E . The total amplitude

2D

IS measured using a square law detector represented by rewriting equation (3.9) as

E® Ag,)| =
total (Tl' 2-2 ' C()3, ¢12) -

~ 2 ~ 2
B (5.7, 0)E (@) +|(ED (3.11)

: ® (r,=0,7,,0,) +E® (Tl+z'2,a)3)+1) E,(w,

PP2

+2 Re[ei“’12 EQ (z,,7,,@,) (Efgl(rl =0,7,,0,)+E®, (7, +1,,@,) +1)*j||E3(a)3)|2
where multiplication of each signal field with the probe (local oscillator) field is given in the
w3 frequency domain obtained by Fourier transformation over the time-domain (t3)

interference of E® (z,,7,,7,) with E,(z,) convoluted with the three laser fields and represented

sig
as EY(z,,7,,®,)E,(w,) . Importantly, these third order signals differ in their dependence on 11

and Ag,, the interpulse phase difference between k, and k, (i.e., Ag,=¢—¢,). The

background signals can be removed by modulating this phase difference because E® acquires

2D
an overall prefactor, e“* , while the others are unaffected. This is where phase cycling schemes

can be applied to systematically change A¢, as a parameter during experimental data
collection; repeating the 2D measurement n different times with n different values of Ag,, that

are evenly spaced around the unit circle will modulate the collected signal by this phase

factor.?> Summing over the total collected experimental signals then yields

E&_?gf D
n i=o

=2EQ (7,.7,,0,)Re[ EQ, (7, =0,7,, @) +ES, (7, +7,,@,) +1]|E, (@) (3.12)

PP1 PP2

=2EQ (z,,7,, @) [Ey(e,)] -

D

~ ; 2
EQ, (7,7, 0 A, =27 1)
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The experiments described in this dissertation utilize mechanical chopping, where each
alternating pump pulse pair is blocked by a chopper operating at half of the laser repetition
rate, which removes the probe background signals in the same way as described for phase
cycling. It should be noted that the mechanical chopping approach requires two spectra to
obtain a difference spectrum: one with the sample “pumped” and one with the sample “un-
pumped”. The subtraction of these two spectra yield the desired signal for a given 11 and 7.

This is equivalent to a 2x1 (n=2) phase cycling scheme® where Ag,= [0, n]. Using the
chopping method, the E®, (z, =0,7,,®,) signal results in a t1-independent signal offset and is

removed by subtraction prior to FT over 11. The E®, (7, +7,,®,) signal varies only with the

E, pulse envelope resulting in a much more slowly decaying t1-dependent signal that is easily

separated by Fourier transformation.

While the cross-terms between the 2D EV and transient-IR signal terms are not completely
removed, they scale quadratically with the third order field and contribute negligible intensity
by comparison to the desired 2D signal that scales linearly in the third order field. As implied
by equation (3.12), a division of a reference field is necessary to finally isolate the desired 2D

EV signal.

3.5 DEMONSTRATING 2D EV SPECTROSCOPY WITH A BBIR PROBE

3.5.1 2D EVin Silicon: Mapping the Spectral Footprint of the 2D EV Spectrometer

To demonstrate the capability of the 2D EV experiment with the BBIR probe, a 2D EV
spectrum of a 0.25 mm thick Si wafer is collected at t2=200 fs; two 2D EV surfaces (1000
shots per 11) are averaged (Figure 3.9, contour). When Si is excited with light of equal or

greater energy than its bandgap (1.12 eV, 1107.2 nm) a change in carrier density results from
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the excitation of valence band electrons to the conduction band. The long-lived (nanoseconds)
electron-hole pairs result in a pump-probe delay-dependent reduction of IR transmission. This
effect is often used to characterize the duration of ultrafast mid- to far-IR pulses by fitting the
decay width as it corresponds to the convolution of the pump and probe pulse durations 2°.

Similarly, | have characterized our 2D EV experiment by detecting the change in BBIR
transmission due to pumping Si with AOPDF-generated near-UV pulse pairs (400 nm,
FWHM=10 nm). A FT over 11 (0-100 fs, At1=0.5 fs) resolves the near-UV pump frequencies
coupled to the BBIR probe frequencies. The contour plot in Figure 3.9 shows the real part of
the FT of the 2D EV signal. The resultant 2D EV peak extends to all o1 and w3 positions with
appreciable pump and probe spectral amplitude (Figure 3.9, top and side panels). The full
BBIR spectral axis for the data shown in Figure 3.9 is stitched together from spectra collected
using nine different grating positions and bandpass filters (2.5-5.1 um or 4.5-8.5 um) at the
spectrometer entrance to eliminate higher diffraction orders from the grating. The 2D EV
signal of Si is expected since Si has a bandgap well below the pump frequencies and a broadly
uniform transmission curve in the mid-IR. In effect, this is simply a map of our 2D EV
instrument response that shows the full range of excitation and detection frequencies usable in
this 2D EV experiment.

Notably, significant signal-to-noise in the 2D EV spectrum is obtained even on the wings,
as demonstrated by magnifying by factors of 4 (1650-1750 cm™ and 2700-3000 cm™) and 22
(1500-1750 cm® and 3000-3300 cm™) on either side of wz in the 2D spectrum. More than an
octave of mid-IR frequencies are clearly able to be associated with the pump in this 2D EV
set-up. Thus, the 2D EV experiment in Si represents the wide range of mid-IR frequencies

capable of being directly correlated to photo-induced molecular dynamics arising from the
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pumps in this set-up. The incorporation of the BBIR probe in our 2D EV experiment will allow
molecular dynamics that display very broad spectral features (e.g. —OH stretches) or involve
many well-separated spectral signatures (e.g. -C=0 and —NH stretches) to be simultaneously
correlated, in a single experiment, with ground and excited electronic state dynamics.
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Figure 3.9. The 2D EV spectrum of Si; 1.=200 fs. The real part of the FT is plotted as —AT with
red=positive (green=0, blue=negative) contours plotted from -1 to 1 every 10%; Savitzky-Golay
filtering is used to remove the effect of atmospheric water absorption in the BBIR spectra. The top and
side panels show pump and probe spectra, respectively.

3.5.2 Demonstrating 2D EV of a Condensed Phase Molecular Ensemble

To demonstrate the viability of our 2D EV set-up for probing condensed-phase molecular
systems, a 2D EV spectrum of potassium hexacyanoferrate (I11) (Ks[Fe(CN)g]) dissolved in

formamide (FA) was measured. The 2D EV spectrum of K3[Fe(CN)e] in FA shown in Figure
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3.10 is obtained by averaging three 2D EV surfaces; 3000 laser shots are collected for each 11
(scanned over 0-100 fs, At1=0.5 fs). The chemicals were used as received from Sigma Aldrich.
The sample was held in a 0.14 mm path length enclosed by 1 mm CaF, windows (ISP Optics)
in a brass flow cell to refresh the irradiated sample volume at a 1 kHz rate. Solvent-subtracted
linear spectra gave absorbances of 0.42 OD at 25000 cm™ and 0.30 OD in the ven stretching

region (2109 cm™) as measured with a JASCO V-630 spectrometer and a JASCO FT/IR 4100

Spectrometer.
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Figure 3.10. The 2D EV spectrum of Ks[Fe(CN)e] in FA. The spectrum is normalized to the absolute
maximum value in the 2D plot and plotted from -1 to 1, contour separation = 10%.

In this iron complex, the goal is to correlate the ligand-to-metal charge transfer (LMCT),

vimeT, max = 23585 cm?, with the cyanide (CN) stretching vibrations (ven). Previous work by
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Zhang et. al. studied Ks3[Fe(CN)g] in two different solvents using polarization-selective
transient-IR spectroscopy to monitor CN vibrations that reflect electron hole delocalization of
the photoexcited LMCT state 2’. They identified the population of a secondary LMCT excited
state via the appearance of two distinct IR-active ven modes and attributed the vibrational
dynamics to localization of the LMCT state on a single CN ligand. However, isolating the
relevant solute and solvent degrees of freedom for this hole solvation process requires further
investigation.

The 2D EV spectrum in Figure 3.10 contains two peaks. The ground state bleach (GSB) is
the narrow, positive (red contours) signal at mz = 2109 cm that results from a population of
the ground electronic state following two light-matter interactions with the near-UV pump
pulses and an absorption of the BBIR probe pulse by the ven modes in the sample. The broad
excited state absorption (ESA) is the negative (blue contours) signal shifted lower in energy at
o3 = 2067 cm'* that results from the weakening of the CN bond in the electronic excited-state.
The dashed gray lines in the top and side panels show the pump and probe spectra, respectively.
The solid black lines in the top and side panels show the electronic absorption spectrum and
the transient-IR spectrum, respectively. The dotted black line is the integrated projection onto
the probe axis obtained by summing horizontally across the 2D EV spectrum.

As expected, the integrated projection of the 2D EV spectrum onto w3 matches the
transient-IR spectrum. This confirms that the measured 2D EV spectrum accurately reflects
the physical characteristics of the molecular response in accord with the projection slice
theorem. The transient-IR spectrum is qualitatively similar to results in.2’” In the spectra
reported here, the GSB and ESA peaks are blue shifted by ~10 cm™ as compared to Ref. 2" due

to the FA solvent. The third-order signal is found to be linearly dependent on pump power,
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which ensures that no higher order signals are contributing to the observed signal. A more in-
depth discussion of the amplitudes features in the 2D EV spectra of Kz[Fe(CN)e] in FA at

various T2 delays will be presented in a later chapter.

3.6 CONCLUSION

In conclusion, this chapter has detailed the development of the 2D EV spectrometer in the
Khalil group which uses AOPDF-shaped near-UV pump pulses and mid-IR sources including
a temporally compressed, octave-spanning BBIR probe pulse. This work extends the reach of
the 2D EV technique along both the pump and probe dimensions. It is expected that BBIR
probing in 2D EV experiments will prove useful for studying coupled electronic and
vibrational dynamics in the high frequency and, perhaps, finger print region of the vibrational
spectrum in the electronic excited state. Further developments of the spectrometer will be
discussed in a later chapter that includes implementing broader and tunable UV sources into
the pump dimension to explore the relevant electronic and vibrational coordinates driving

electron and proton transfer in solution.

3.7 APPENDICES

3.7.1 Dazzler Alignment Notes

Section 3.3.1 describes the operating principle of the AOPDF. Since the acoustic wave is
generated in the crystal in a fixed manner using the transducer electronics to translate the RF
waveform into a compression wave, it is up to the user to ensure that the optical pulse and the
acoustic wave propagation vectors are maximally overlapped. This is achieved by optimizing
the vertical and horizontal placement of the Dazzler crystal in the plane perpendicular to the

beam propagation using the two-axis micrometer on which the Dazzler is mounted, and by
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adjusting the rotation of the Dazzler crystal module. The input beam must be < 3 mm in
diameter entering the Dazzler; the UV Poynting vector must be well aligned on the table with
the Dazzler removed from the beamline using a dedicated iris (labelled “Dazz in”) to properly
optimize the acousto-optic interaction when the Dazzler is placed in the beamline. The
alignment is set using both a spectral measurement and a shaped pulse energy measurement.
After the UV Poynting beam is well aligned with the Dazzler removed, the Dazzler is raised
vertically into the beam path. The user should set the center wavelength and bandwidth to
represent the input pulse spectrum; if beginning without prior knowledge of dispersion
parameters, the self-compression “self-c” mode should be selected which sets the dispersion
to exactly counteract the dispersion of the AOPDF crystal. With an RF waveform loaded in
the Dazzler software so that the Dazzler is pulse shaping, the vertical and horizontal movement
using the two-axis micrometer is set by optimizing the shaped pulse energy measured further
downstream. The shaped pulse will be spatially offset (<10°) and clearly viewable after ~1 m
of distance after the Dazzler; this shaped beam is isolated and detected spectrally or using a
power meter. Once the the vertical and horizontal positions are set, the beam should be viewed
spectrally. A comparison of the input beam and the shaped beam spectrum should be used to
assess how well the shaping parameters are set in the Dazzler software to shape the incident
electric field. Fine adjustment of the vertical and horizontal translation may provide slightly
better agreement between the input and shaped pulse spectra without suffering much loss in
shaped pulse energy.

If the self-compression settings require dispersion (typically greatest magnitude in ¢2) such

that the RF waveform completely fills the crystal shaping window as viewed in the Dazzler
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software, then pre-compression of the input pulse (e.g., using a prism compressor) is required

to optimally shape the incident field.
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Figure 3.11. Spectral Effects of Improper Dazzler Alignment. (left) A spectral hole has been
programmed for 0.5 nm width, 1.0 depth and to be centered at 400 nm. The solid black line is the
incident spectrum, the blue is the correctly aligned spectrum with the hole burnt, and the red line is an
improperly aligned Dazzler crystal module (principally due to incorrect rotational setting). (right) the
spectra for hole burning widths of 0.5 nm (dashed) and 1.0 nm (solid, thin).

Typically, negative dispersion must be added to the incident pulse that is equal to, or greater
than, the change in the value of the ¢, parameter in the Dazzler software necessary for the RF
waveform to be contained within the shaping window. Less than optimal shaping will also be
clear if the shaped pulse spectrum is not replicating the input pulse spectrum measured in the
spectrometer. The final step in alignment is to set the rotation of the Dazzler crystal to optimize
the acousto-optic interaction. First, a spectral hole should be burnt in the shaped spectrum using
the software settings (typically hole depth = 1.0 and 0.5-1 nm hole width is used) at the spectral
centroid, then the rotation of the crystal module is set such that the shaped spectrum has the
spectral hole at the intended wavelength set in the Dazzler software software. Repeating this

for wavelengths other than the centroid helps to ensure that the rotation is properly set. The

effect of improper alignment through the Dazzler is shown in Figure 3.11.
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Chapter 4. GENERATING FEMTOSECOND BROADBAND
NEAR-ULTRAVIOLET PULSES FOR NONLINEAR
SPECTROSCOPY

The work presented in this chapter has been published in the following papers:

1) Gaynor, J.D.; Leger, J.D.; Khalil, M. “Generating Broadened UV Pulses for Ultrafast

Nonlinear Experiments” Frontiers in Optics + Laser Science Conference Proceedings 2018,
DOI:10.1364/F10.2018.JTu2A.8.

2) Gaynor, J.D.; Petrone, A.; Li, X.; Khalil, M. “Mapping Vibronic Couplings in a Solar Cell
Dye with Polarization-Selective Two-Dimensional Electronic-Vibrational Spectroscopy”
Journal of Physical Chemistry Letters 2018, 9, 21, 6289-6295.

3) Khalil, M., Gaynor, J.D., Leger, J.D.; Sandwisch, J.W. “Efficient Generation of Stable sub-20
f5 400 nm Pulses for High Order Nonlinear Spectroscopy” U.S. Provisional Patent Application
2019, 62/897,032; (filed on 6 Sept. 2019).

4.1 INTRODUCTION

A natural requirement for the progress of ultrafast molecular spectroscopy is the ability to
generate spectrally broadband light sources in regions where molecular transitions of interest
reside. Often, an extension of the spectroscopic toolbox is a primary catalyst for new and
exciting scientific enquiry. In practice, the contemporary optical table for performing coherent
multidimensional spectroscopies will have on it many more optical components than detectors,
filters, lenses, mirrors, and gratings; likely including much more sophisticated components
making use of specific types of nonlinear processes with ever tighter performance thresholds.
An important parameter is the pulse energy cost of using an optical component. While
femtosecond pulse shaping technologies have made more complicated experiments feasible,
especially in the UV spectral ranges studied in this dissertation, they are accompanied with a

typical pulse energy cost on the order of 50-90% of the incident pulse energy. Thus, sufficiently
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high energy pulses are required for multidimensional spectroscopic applications using pulse
shapers, such as the 2D EV experiments described in this dissertation.

Recently, more advanced broadband pulse generation methods have been demonstrated,*
such as filamentation in gaseous media,? gas-filled hollow core fibers,>” self-phase modulation
(SPM) in bulk media®° and in thin-media,”**'* and achromatic frequency doubling;*® many
of which have since been implemented successfully in nonlinear molecular spectroscopies.*®
2" The plot in Figure 4.1 displays a generalized parameter space of typical femtosecond pulsed
light sources demonstrated in nonlinear molecular spectroscopies in terms of the spectral
bandwidth and pulse energies available for spectroscopic use. The optical parametric
amplification (OPA) methods are reliable and proven for generating stable, tunable, and fairly
broadband femtosecond pulsed light sources that have been used in nonlinear spectroscopies;?®
33 these sources are shown as solid outlined boxes. However, this figure shows that these OPA
methods generally result in an order of magnitude loss in pulse energy moving from the near-
IR region (1-2 um) to the UV region (0.2-0.4 um). The more recent pulse generation methods
including filamentation, hollow core fiber compressors, and self-phase modulation discussed
above can provide higher pulse energies in various spectral regimes throughout the near-IR
and visible but they have been limited in spectroscopic application in the UV range. In many
cases, 0.1-1 pJ pulse energies are important in nonlinear spectroscopies when used for the
initial excitation of the sample whereas the probe interaction can comfortably be in the <100
nJ regime. These more recent broadband pulse generation techniques have been applied in
nonlinear molecular spectroscopies throughout the UV region with UV pump pulse energies
less than 0.1 pJ**° with a few exceptions.®*%" While some nonlinear multidimensional

experiments can successfully operate in the UV within this low pulse energy regime, these are



138

usually energetically degenerate techniques meaning they interact with electronic transition
dipole moments in each light-matter interaction. This is important because the magnitude of
the molecular extinction coefficients for the transitions in the pump and probe interactions are
very similar which provides a nonlinear signal magnitude that can be sufficiently resolved. The
2D EV and 2D VE experiments differ greatly from the nearly degenerate multidimensional
spectroscopies in this respect. The relevant extinction coefficients in these experiments can
vary by several orders of magnitude so a greater fraction of excited state molecules may be

necessary to achieve sufficient signal to noise. Thus, greater excitation pulse energy is needed.

General Spectral Coverage of Femtosecond Pulsed Light Sources Used in Spectroscopy
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Figure 4.1. General Spectral Coverage of Femtosecond Pulsed Light Sources Demonstrated in
Nonlinear Spectroscopic Experiments. The solid outlined boxes represent traditional sources derived
from parametric amplification to span from the near-IR to the UV ranges. The dashed outlined boxes
represent more recently developed methods employed in nonlinear spectroscopies based on references
given in section 4.1.

Additionally, having a broad spectral bandwidth in the excitation domain for 2D
spectroscopies is important because the intrinsic advantage to a 2D spectroscopy over its
pump-probe analogue is the spectral resolution of the excitation axis. Here, the goal is to
correlate as many molecular dynamics as possible among many different excited states and
many different detected states through correlations revealed in 2D peaks defined by different
excitation (w1) and detection (ws3) frequencies. Altogether, a spectrally broadened UV
excitation pulse is needed which has > 10 pJ / pulse energies prior to pulse shaping to be used

in our 2D EV spectrometer due to the 10-15% conversion efficiency of the UV pulse shaper in
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the 380-440 nm region. This region in Figure 4.1 is empty except for the dashed box centered

at 400 nm which is the subject of this chapter. The multiplate continuum generation
method®!%32 has been driven largely by the need for broadband, single-cycle driving pulses for
higher harmonic generation in the high energy physics community; it is adapted here for the
needs of our tIR and 2D EV spectrometer. Much of the established spectroscopic toolbox
employed in studies described in this dissertation was detailed in chapter 3. In this chapter, the
development and implementation of a broadband near-UV (BBUV, 380-440 nm) light source
for use in tIR and 2D EV experiments is detailed. The focus of this chapter is on the light
source’s generation, while a complete discussion of the temporal compression will be

discussed in future work.

4.2 THEORETICAL BACKGROUND: ULTRAFAST PULSE PROPAGATION IN

NONLINEAR MEDIA (IN BRIEF)

The index of refraction, 7, in a transparent nonlinear medium can be expressed as
1 =1,+1,1(t) (4.1)
where the linear index of refraction, 7,, is the real part of the material dielectric constant which

accurately describes the electric field propagation in the low intensity limit and scales the

propagation velocity of an optical wavevector through the material by the relation

k(w)=n, (a;)(gj with the angular velocity of the electric field, @, and the speed of light in
C

vacuum, c. The speed of a light wave travelling through a transparent medium is then defined

by v=c/n where n>1 because the propagating electric field in the dielectric material is

slowed by its interaction with the dielectric environment resulting from the electronic structure
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of the material. The nonlinear index of refraction, #,, is an expansion coefficient of » about a
time-dependent electric field propagating through the material truncated to second order; the
coefficient is of second order because I(t)=(E-E)ac|E[.* This nonlinear coefficient

contributes non-negligibly when the material’s electronic structure can be polarized by strong
enough electric fields transmitting through a dielectric material (a distortion which occurs on
0.1-1 fs timescales). In the case of a tens of femtoseconds duration optical field (i.e., with high
peak power) propagating through a dielectric medium with high nonlinearity, the temporal-
and spatial-dependence of the electric field will have significant consequences for the pulse

propagation through the medium.

4.2.1 Self-Phase Modulation (SPM): Effects from Electric Field Temporal-Dependence

For the electric fields relevant to the experiments in this discussion, the slowly varying
envelope approximation is valid since the pulse durations generally represent several cycles of

the UV fields of interest. Thus, |(t) describes the pulse envelope (‘A(t)) rather than the UV
carrier frequencies. As the pulse traverses the nonlinear medium, the electric field induces a
change in » through 7, that is proportional to the instantaneous pulse intensity. This results

in a nonlinear phase shift of the electric field propagating through a material of length, L, which

can be defined as

A¢NL(t)=—%772|(t)L=—27”772|(t)L 4.2)

and results from the optical Kerr effect.323® The temporal phase of the electric field is used to
great effect in continuum generation through imparting SPM in the electric field to produce
spectrally broader bandwidths of the propagating electric fields.>® The effect on the pulse

envelope’s temporal duration due to nonlinear time-dependent phase is given by
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A(t) = e" O A(L). (4.3)

The relation to the resulting pulse spectrum, A'(w), is directly dependent on the instantaneous
frequency, o, , of the electric field which is simply the temporal derivative of the electric

field’s phase given by

inst = a)o +M' (44)
dt

For materials with 7, > 0, the temporal variation in @, , (commonly known as “chirp”) of

the pulse is positive since the rising and falling edges in the temporal intensity cause the

spectrally broadened pulse frequencies to increase with time. Equation (4.4) demonstrates that
the new frequency components in A'(w) are directly dependent on the temporal derivative of
Ag, (t). In the pure SPM limit (no dispersion or losses), the spectral shape becomes
symmetrically broadened about o, with a periodically modulated intensity profile due to the

interference between the spectral components generated from the rising edge and the falling
edge of the temporal pulse intensity. In principle, nearly destructive interference between these
two periods of phase modulation should occur; in practice, the incident electric field’s temporal
profile and dispersion, and the temporal distortions and dispersion accumulated during the
SPM process can wash-out this modulation (see Figures 6.1-6.3 in Ultrafast Optics (Weiner,

2009) and discussion therein).3?

4.2.2 Self Focusing: Effects of Electric Field Spatial-Dependence (Beam Mode)

The spatial-dependence of the incident electric field is also important when considering

that the 7, is a material property that will vary spatially in the plane perpendicular to the pulse

propagation. For 7, >0, a larger phase shift is experienced on the beam propagation axis (z)
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than at its wings resulting in the focusing of the beam as a function of its propagation along z.
The spatial mode of the electric field can induce an index modulation along the propagation
distance described in terms of a two-dimensional (x and y which define the plane perpendicular
to beam propagation) Gaussian intensity distribution with a uniform phase front as
n=, [1_2772_%:2) (4.5)
n,W

where w is the 1/e2 beam radius, 1, is the on-axis intensity, and r is the radial distance in (X,y)
away from the z axis describing the beam mode. Using the thin lens and paraxial
approximations® for the case of a thin dielectric medium, the z-dependent phase accumulated
as a result of self-focusing describes the phase shift spatially imprinted onto the beam as a

function of the 1/e? beam radius at a given z position through the medium,

A¢NL(21 r,t) _ (272'/&)772 Io(zt)L e,ZrZ/wz(z) = A¢NL (Z,t)e—Zrzlwz(z) (46)
1+(z/z,)

where z, is the Rayleigh range, and z = 0 is assumed to be at the beam waist.
Comparison of equations (4.2) and (4.6) demonstrate that the spectral bandwidth and the
spatial beam mode will be coupled to one another through the accumulated nonlinear phase,

Ag,, (t). The dielectric medium thickness, L, is also a major parameter in these equations. In

thick media, the beam can actually come to a focus resulting in spatially and temporally
localized ultrahigh amplitude fields generating unwanted filamentation (unstable white light
generation), beam breakup, dielectric breakdown, and other parasitic nonlinear effects.® The
distinction between “thin” and “thick” depend heavily on the dielectric material and the spatial
and temporal properties of the electric field. In the application and implementation of the

BBUYV light source discussed below, multiple “thin” plates are used in sequence to spectrally



143

broaden a portion of the 800 nm fundamental beam prior to SHG. These plates are “thin”
because the self-focal distance is placed outside of the dielectric medium (i.e., after the pulse
has exited the medium) due to the pulse’s time-dependent intensity profile and the glass plates
used as the dielectric broadening media which avoids unwanted nonlinear processes and
emphasize SPM. The spectral profile and spatial (beam mode) uniformity of the resulting
BBUV pulse are parameters considered for optimization.

A comparison of SPM broadened UV spectra is shown in Figure 4.2 using a thick nonlinear
medium (1 mm CaF2) and multiple thin media (the multiplate continuum scheme described in
section 4.3). While the thicker medium can still effectively broaden incident electric fields, the
pulse energies required in this broadening geometry were limited to ~1 pJ before undesirable
beam break up and multiple filamentation dominated the beam propagation. Although more
effort to loosen the beam focal conditions for using SPM in thick media could improve the
spectral broadening and beam quality, the multiple thin plate medium shows much greater
pulse broadening and control over the spectral intensity profile. The multiple thin plates
method can emphasize SPM as the main broadening mechanism to greater effect for the
reasons described above. The strong intensity modulation of the purple spectrum in Figure
4.2(b) demonstrates strong SPM broadening, as expected for a pulse with normal dispersion
affecting the temporal profile at each plate transmission.®? Since the accumulated nonlinear
phase is directly responsible for the SPM broadening, the temporal intensity dependence of
Ag,, (t) can be exploited by adjusting the thin plate positions with respect to the focal position
of the broadening beam induced by the self-focusing from the previous thin plate. In this way,

the strong spectral intensity modulations can be washed out by adjusting the last few plates to

obtain a smoother spectral intensity profile that may be desired in nonlinear spectroscopic use.
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Figure 4.2. Self-Phase Modulation (SPM) induced Spectral Broadening in the UV Using Nonlinear
Media of Differing Thickness. (a) An incident 400 nm pulse (1 pJ, gray spectrum) is focused by a f=100
mm lens into a 1 mm thick CaF; plate that is placed 0.25 cm after the beam focus; resulting broadened
UV spectrum is shown in blue. (b) BBBUV spectra from using the multiplate continuum method with
4 BKY7 plates (0.14 mm thick) is shown (blue and purple). The plates are set for optimal SPM in the
purple spectrum as evidenced by the spectral intensity modulation. The inter-plate separation can be
adjusted to minimize the destructive interference from the accumulated nonlinear phase at various
points in the temporal propagation of the broadening UV pulse to obtain a less modulated spectral
intensity without sacrificing bandwidth.

4.3 BBUV PULSE GENERATION

A similar multi-plate continuum method reported by He et al.** and Lu et al.,** which has
also been successfully used to pump broadband OPA setups®® was adapted to the 2D EV
spectrometer for use in our nonlinear spectroscopies. A similar method was demonstrated for
the UV spectral range beginning with an intense second harmonic that was broadened using
the multi-plate method*? rather than broadening the fundamental as discussed in this chapter.
This multi-plate method works by minimizing the interaction length of the pulse in the
dielectric broadening medium which suppresses parasitic and destructive nonlinear processes
(e.g., multiphoton absorption, multiple filamentation, pulse break up) while enhancing self-
phase modulation to achieve spectral broadening, as detailed in section 4.2.

The BBUV is generated by focusing a 250 pJ (10 mm beam diameter) portion of the

fundamental using a f = 1 m concave mirror (Newport, HR 600-1000 nm) into a series of thin
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Figure 4.3. Broadband UV Pulse Generation using the Multiplate Continuum Method Schematic. (top)
The beam propagation schematic is laid out; SM (1,2) = concave spherical mirrors, M1 = 800 nm HR-
coated mirror, M2 = protected Ag-coated mirror, CM(1,2) = dispersion compensating chirped mirrors,
BBO = 0.1 mm BBO type 1 crystal, DM = 400 nm HR dichroic mirror, WP = UV A/2 waveplate, P(1,2)
UV fused silica Brewster’s angle prisms, UV(1-3) = low-GDD 355-445 HR-coated mirrors, PM = UV-
enhanced Al pick-off mirror, L(1,2) f=100 mm UV AR-coated UV fused silica lenses. (bottom)
schematic depiction of the broadening fundamental beam propagation through the multiplate
continuum generation; here the self-focusing induced by each plate is exaggerated for demonstration.
glass plates of either BK7 (140 um thick, VWR International microcover glass, 22 x 30 mm)
or fused silica (100 um thick, Valley Design corp., 25 x 25 mm) set at ~Brewster’s angle to
minimize reflective losses. We generally follow the multiplate design and simulations by Lu
et al.’* We place the first plate slightly away from the focus of the beam to avoid pulse break
up given our tighter focusing condition and greater incident pulse energy. Placement of the
first plate before and after the natural focus of the incident fundamental beam have been used
and the plate positions are empirically determined by optimizing the spectral broadening for

each added plate while maintaining a spatially homogeneous beam profile. As section 4.2

describes, this is indicative of maximizing the temporal phase accumulated as the beam
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propagates through each plate. The high peak power at the focus of the fundamental (~28

TW/cm?) is well above the critical power for self-focusing in fused silica (2 MW),1#%:40 each
transmission through a plate where this is satisfied will induce a self-focusing. The 0.1 mm
plate thicknesses are thinner than the self-focal distance in fused silica which has been
measured for similar pulse fluences to occur within 0.5 mm of a “thick” fused silica plate at
the incident beam waist.!* Spatio-temporal evolution simulations show that the passage
through the first plate results in a ~1.5m phase shift that is sufficient to bring the pulse to a
focus within 1 cm of exiting the plate.“C Such a phase shift is also observed spectrally in our
generation scheme by viewing a destructive interference in the spectral center as is expected

from the description of Ag,, (t) given above.®* As the pulse exits the plate, a change in 7 for

atmospheric gaseous media governs the focusing and defocusing of the beam. The approximate
point at which the beam begins to defocus is where the next plate is placed to maintain a critical
beam fluence high enough to continue inducing spectral broadening through the accumulated
nonlinear phase in the SPM process; the exact placement is again optimized by maximizing
spectral broadening while maintaining uniformity in the transverse beam profile of the BBUV
pulse. In practice, our first and second plates are placed ~2.5-3 cm apart, which is consistent
with other multiplate continua set ups.!t** Notably, the electric field envelope will become
positively chirped at each plate transmission and so the focused beam intensity in consequent
plate transmissions will reach a threshold where negligible improvement in spectral broadening
is achieved and only unwanted pulse energy losses and distorted beam profiles result. In routine
practice, the number of plates used to generate a BBUV spectrum is determined by finding this
threshold; typically 2-5 plates are used, depending on the plate material. A notable advantage

of this approach is the transmission efficiency of the input fundamental to the output spectrally
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broadened pulse — typically 90-95% transmission efficiencies are achieved for spectrally

broadening the incident fundamental.

BBUV Spectral Broadening with Multiplate Continuum Generation

Intensity

BK7 (140 pm) Fused Silica (5 plates, 100 pm)
r T
0.5 0.5 |
0 i L " L 0 f ' n A L "
380 390 400 410 420 370 380 390 400 410 420 430 440
wavelength (nm) wavelength (nm)

Figure 4.4. BBUV Spectra From Multiplate Continuum Generation. (left) The BBUV generation
showing the effect of number of BK7 plates used on the spectral broadening; the FWHM increases
from ~8 nm to ~25 nm. (right) BBUV generation using 5 fused silica plates and the spectral tunability
by adjusting the tuning angle of the BBO crystal. The nodes appearing on the tails of the spectra reflect
phase-mismatch between the bandwidth of the broadened fundamental and the bandwidth of the
upconverted BBUV spectra. Note the differences in wavelength axes of the two plots.

The resulting broadened fundamental is recollimated by a concave Ag-coated mirror
(Newport, f = 0.4 m, Low-GDD, HR 600-1100 nm, 10BV80EAG.1) which down-collimates
the beam to a ~2.5 mm diameter of the 1/e? beam radius. The beam is then routed through a
pair of chirped mirrors (Newport, 10Q20UF.42, 700-890 nm, -45 fs?/bounce) using a variable
number of bounces (typically either two or four) for dispersion compensation and optimizing
BBUV pulse intensity. The broadened fundamental beam is then upconverted in a 100 um
thick BBO (type I, Newlight Photonics) to generate the BBUV pulse which is spectrally
isolated from the fundamental using a dichroic HR-coated mirror for the UV. The BBUV beam

passes through a waveplate to become P (horizontally) polarized before going through a UV

prism compressor (Newport Brewster’s angle cut prism pair, 10SB10 UV fused silica, 185-



148
2100 nm) in a folded geometry. Except for the folding mirror (LayerTech, UV HR-coated, 0°

AOI) and the pickoff mirror (ThorLabs, UV enhanced Al, PFSQ05-03-F01), all mirrors used
for the rest of the BBUV beam line are low-GDD, UV HR-coated (355-445 nm, ThorLabs
UM10-45U) to reduce dispersion. An additional Keplerian telescope (ThorLabs UV fused
silica plano-convex lenses, LA4380-UV AR coated, f = 100 mm) prior to passing through the
Dazzler is used for controlling shaping efficiency and the shaped beam profile at the sample
area.*! The prism compressor is used to pre-compress the BBUV pulse with a negative chirp
(46 cm prism separation) due to the bandwidth of the incident pulse and the accumulated
positive chirp resulting from transmission through a ~50 mm quartz crystal. With a negatively
chirped incoming pulse to the Dazzler set to shape 30-35 nm bandwidth with a spectral centroid
of 390-410 nm (depending on BBUV generation conditions), the second order dispersion can
be set to a lesser magnitude value than the self-compression dispersion settings so the RF
waveform is not truncated at the edges of the pulse shaping window determined by the crystal
length without compromising the performance of the Dazzler.

With the generation scheme described above, BBUV pulse energies of 15-20 uJ prior to
pulse shaping in the Dazzler have been readily achievable and are limited largely by the
conversion efficiency of the SHG in the BBO. The UV spectral coverage available is also
limited by the phase-matching bandwidth in the BBO but can be tuned to cover the range 370-
440 nm (see Figure 4.4) by adjusting the BBO tuning angle providing a spectral FWHM
ranging from 15-22 nm, more than doubling the 8-9 nm FWHM bandwidth of the SHG of the
unbroadened fundamental. Transient-Grating FROG (TG FROG) measurements*? using the
reference fundamental beam characterize the BBUV compressed duration to be ~ 30 fs for use

in nonlinear experiments, although the BBUV pulse duration has been measured to be as short
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as 15 fs, which is comparable to the 10-12 fs FT limit depending on the BBUV spectral

bandwidth.
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Figure 4.5. Temporal Compression of the BBUV Pulse. The uncompressed pulse (left) displays
primarily positive linear chirp resulting from BBUV generation and inadequate temporal dispersion
compensation; FWHM pulse duration is ~350 fs. The compressed pulse (right) results from the BBUV
generation including all of the temporal dispersion compensation shown in Figure 4.3. Higher order
dispersion limits this FWHM pulse duration to ~30 fs.

The RMS fluctuations of the BBUV pulse intensity for 12-16 hour periods are measured
to be 1%, compared to a similar stability for ~8 hours using BK7 plates. This is likely due to
the order of magnitude difference of the thermal expansion coefficients in these materials. As
any single experimental data collection period is typically no longer than 8 hours, both
materials provide sufficient stability for use in experiments. During data collection, the shaped
pulse energy is measured between data runs to ensure that a consistent pump pulse energy is
maintained throughout the experiment. The plates are mounted on a two-axis micrometer so
vertical and horizontal adjustments in the perpendicular plane to beam propagation are
available to refresh the beam spot on the plates to avoid photodamage during long laser runs.

The vertical adjustment is typically used to refresh the beam’s spot on the plates because it

does not change the relative positioning of the plates to the focusing fundamental while the
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horizontal adjustment does change this. We have found empirically that the BBUV spectral
shape and pulse energy is less sensitive to fine adjustments in the horizontal position of the
plates in the focusing beam path but that the shot-to-shot stability can be optimized with fine
horizontal adjustments while monitoring the BBUV pulse train using a detector and an

oscilloscope.

4.3.1 Specific Experimental Notes
4.3.1.1 BBUV Generation for N3* Experiments

The first iteration of the BBUV generation set-up was used in the N3* experiments
discussed in chapters 7-8. The full details of these experiments can be found in the supporting
information of Gaynor, et al.*® The BBUV pulses in those experiments used 2-3 BK7 plates
with the fundamental focused in a transmissive geometry using AR-coated lenses of the same
focal lengths described above. The dispersion control in these experiments did not include low-
GDD mirrors or chirped mirrors and relied entirely on the prism compressor. The temporal
profile of the pump pulse (similar to the TG FROG measurement in Figure 4.5(left)) limited

the instrument response function to subsiding by 12 delays of 180-200 fs.

4.3.1.2 BBUV Generation for HBQ Experiments
The BBUV pulses generated in the tIR and 2D EV experiments on HBQ and DBQ in

chapter 9 used the configuration exactly as described in section 4.3.

4.4 CONCLUSION

In this chapter, a full description of how the BBUV pulse is generated for use in the
nonlinear multidimensional experiments presented in this dissertation. The multiplate

continuum generation method is found to broaden the UV pulses via SPM with significantly
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increased bandwidth than using thicker bulk media to induce SPM. This is principally due to
the fact that the thin nonlinear media induce self-focusing to occur outside of the nonlinear
medium which minimizes the undesirable nonlinear processes which contribute to pulse break

up. The accumulated nonlinear phase, Ag, (t), can be optimized by setting the plates to

maximize spectral broadening and maintain uniform transverse beam mode of the generated

BBUV pulse.
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Chapter 5. LIGAND-TO-METAL CHARGE TRANSFER OF

FERRICYANIDE IN SOLUTION: COMBINING 2D
EV AND 2D VE SPECTROSCOPIES

5.1 INTRODUCTION

Iron hexacyanides are archetypal models for investigating intramolecular charge transfer
processes in solution, and while they have been extensively studied their complex
photochemical dynamics remain an area of active research.'® The ligand-to-metal charge
transfer (LMCT) dynamics of ferricyanide ([Fe(CN)s]*) are yet to be fully determined.
Pronounced solvation effects in both ground and excited electronic states have been
reported.*® Different explanations for excited state CN stretching vibrational dynamics have
included symmetry reduction due to weak Jahn-Teller effects’ and electron/hole localization
arguments.® The photo-aquation (formation of [Fe(CN)sOH]?*) of the excited state complex
has been reported,*® and hot vibrational relaxation in the ground state following non-radiative
internal conversion has been suggested to account for changes in the excited state vibrational
structure.* In all of these explanations, an in-depth understanding of how the electronic and
vibrational degrees of freedom are coupled would aid our understanding of the solvated
ferricyanide photophysics.

The direct sensitivity of 2D Electronic-Vibrational (EV) and 2D Vibrational-Electronic
(VE) spectroscopies to vibronic couplings® of condensed phase molecules makes these two
techniques promising avenues for developing a better understanding of the vibronic
phenomena present in solvated ferricyanide. An added advantage to using these techniques
together on one sample is that they may provide a self-consistency check for the interpretation

of the vibronic couplings present in a sample by using the same vibronic Hamiltonian to
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iteratively fit the spectra measured by each technique; this is an intrinsic advantage because
both techniques are directly sensitive to the same molecular parameters. This can provide a
convenient framework to test different physical descriptions of a molecular ensemble through
the use of different Hamiltonians which may ultimately lead to a more accurate understanding
of molecular properties. The solvated ferricyanide complex has been studied using both 2D
EV and 2D VE spectroscopies separately.’®! In this chapter, these two different measurements
are considered in tandem for the first time, comparing the signals at the same delay time (12 =
400 fs). The spectra are analyzed using a vibronic Hamiltonian that describes one anharmonic
vibrational mode which has equilibrium displacement (linear vibronic coupling) and
frequency-shifting (quadratic vibronic coupling) in the excited electronic state;® this theoretical
framework is fully described in chapter 2. A closer look at the time-dependent 2D EV spectra
suggest reasons for why the simplified theoretical picture of one anharmonic mode in one
excited electronic state may not be the most accurate; this provides an initial explanation for
the inconsistencies viewed through fitting the 2D EV and 2D VE spectra by comparison to

other literature on the ferricyanide photophysics.

5.2 ELECTRONIC AND VIBRATIONAL LINEAR ABSORPTION SPECTRA

The linear absorption is shown in Figure 5.1 for the CN stretching vibrational region (2100
< <2150 cm™) and the electronic absorption region (22000 < ® < 28000 cm™). The ground
state vibrational spectrum of the octahedral hexacyanides is characterized by only one IR-
active vibrational mode: the triply-degenerate T1, CN-stretching motion. This can be seen from
the narrow peak present at @ = 2109 cm™. The CN stretches present in the IR spectra are well
known reporters of metal-ligand bonding interactions in solution.'? Studies comparing

ferricyanide and ferrocyanide IR spectra show that the CN stretches of the reduced aqueous
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complex red-shifts by 75-80 cm™, has a three-fold increase in oscillator strength, and roughly
doubles the spectral bandwidth.! The effective charge of the central iron is directly related to
the CN stretching vibrational features; the greater effective charge of the iron center in
ferricyanide results in decreased Fe-CN = back-bonding and increased Fe-CN o-bonding

character. The narrower line width of the ferricyanide is due to weaker solvent interactions.
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Figure 5.1. Linear Absorption Spectra of Ferricyanide in Formamide. (left) Vibrational and electronic
absorption spectra shown with formamide solvent subtracted, (right) ferricyanide molecular structure.

The electronic absorption spectrum of ferricyanide is characterized by four prominent
bands at ~23810 cm™, ~31250 cmt, ~33110 cm, and ~38460 cm™; the lowest energy region
is shown in Figure 5.1. Ferricyanide is a low spin d° octahedral complex due to strong ligand
field interactions from the CN ligands; one hold in a 3d-tog orbital of the ferricyanide electronic
structure results in a doublet ground state. The assignments of these electronic bands have been
given as resulting from d-d and metal-ligand charge transfer transitions.®13!* While the ground
electronic state symmetry is generally assumed to be octahedral, others have pointed out that
the uneven populations of the toq orbitals in the low spin d® system should result in weak Jahn-
Teller distortion.” This argument includes the T2q ® (g + t2g) Vibronic interaction for the 2Tg
doublet ground state with degenerate vibrations leading to a lowered symmetry and two

possible configurations of either Dan or D3, symmetry; the D3, geometry yields the larger
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stabilization energy for ferricyanide.”*>! Engel et al.” discusses that the single CN stretching
band observed in the IR spectrum is also consistent with the Ds. geometry and is adopted in

their analysis.

5.3 LMCT PHOTOPHYSICS IN FERRICYANIDE

The photoexcited relaxation processes surrounding the LMCT of solvated ferricyanide
have been the subject of much debate in the last decade.?*®” A paper published by Zhang et
al.® used polarization-selective transient-IR (tIR) spectroscopy to monitor the CN ligand
dynamics of ferricyanide in dimethyl-sulfoxide and acetonitrile solvents following LMCT
excitation at 400 nm. From a careful anisotropy analysis, these authors show that the initially
generated LMCT excited state has one CN stretching vibration with no anisotropy, suggesting
that the initially excited state preserves the octahedral symmetry of the ground state. The single
ESA band was reported to decay on a 5 ps timescale which occurred concomitantly with the
rise of two new ESA features; this observation was reported as strong evidence for the
reduction of the octahedral molecular symmetry of the excited state. As the authors
acknowledge, this symmetry reduction could result from either excited state electron
localization or relaxation from the LMCT excited state to a quartet, Ty, ligand field excited
state. The latter would lead to a Jahn-Teller distortion from the single electron in the eg level.
Comparing quantum chemical calculations of ferricyanide with [Ru(CN)s]*, the argument was
made that the similar behaviors of these two complexes supports the conclusion that electron
localization drives the appearance of the two new CN stretching bands because the much larger
ligand field splitting of [Ru(CN)s]* precludes the involvement of ligand field excited states. A
kinetic scheme was proposed consisting of initial electronic delocalization over all six CN

ligands followed by localization to one ligand driven by solute-solvent reorganization on a 5
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ps timescale. The two CN bands resulting from the reported localization then decay with a ~28
ps timescale.

More recently, the combination of ultrafast photoelectron spectroscopy and tIR
spectroscopy with two different LMCT excitations was used to study ferricyanide in water and
ethylene glycol.* These authors raised doubts about the symmetry breaking arguments used by
Zhang et al.’ in describing the electron/hole delocalization/localization dynamics. Using the
time-resolved photoelectron spectroscopy to resolve the time-dependent oxidation state of the
iron, Ojeda et al.* reported convincing evidence that the initially excited LMCT state decays
via back electron transfer (BET) within 1 ps, and that the appearance of two ESA features in
the CN stretching region correspond to the vibrationally hot, ground electronic state
ferricyanide, which relax on the picosecond timescales characteristic of vibrations. This
explanation is a strong departure from the localization/delocalization arguments made by
Zhang et al.®

The tIR spectra we collected on ferricyanide in formamide solution are presented in Figure
5.2. The same general features are present in our tIR spectra as discussed above; however, the
time scales appear to be shorter than those reported by Zhang et al. and Ojeda et al. The broad
initial absorption spanning most of the ESA region is present at early times and has largely
decayed within 1 ps, consistent with the BET rate reported by Ojeda et al.* Following this
broad absorption decay, the same spectral profile of two ESA features are observed to decay
on the several picosecond timescale and the ~20 cm separation of the hot vibrational states is
observed in our measurements. Generally, a solvent dependence could explain differences in
vibrational cooling timescales; however, Ojeda et al. point out that the vibrational relaxation

timescales following BET occur on essentially the same timescales in both water and ethylene
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glycol despite these two solvents having very different densities of states in this vibrational
region. The most significant solvent-dependent timescales reported by Ojeda et al. are the
electronic relaxation timescales during BET.* Importantly, their tIR studies show the presence
of a shoulder feature on the low-energy side of the GSB which they assign to low frequency

modes that are anharmonically coupled to the high frequency CN stretching motions. 718
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Figure 5.2. Transient-IR Absorption Spectra of Ferricyanide in Formamide. The contours are plotted in
AT/T and shown at 10% intervals; red = positive (bleach) signal and blue = negative (absorption) signal.
The schematic on the right depicts the generalized photophysics of Ferricyanide as described by Ojeda
et al.*. The blue LMCT excitation occurs instantaneously, leading to the decay of the excited state in
less than 1 ps via back electron transfer. The system then equilibrates from vibrationally hot states in
the ground electronic state on the several picosecond timescales.

The tIR data presented in Figure 5.2 more closely follows the explanation of Ojeda et al.*
and so the photophysical schematic in this figure presents the general photophysics assumed
in this treatment. There are obvious spectral distortions at very early delay times present that
span most of the vibrational domain which currently have unclear origins; although, a likely
explanation is due to solvent interaction persisting for ~200 fs as seen in the t2-dependent 2D
EV spectra below. The above discussion of ferricyanide has highlighted that the excited state

LMCT dynamics occur within the first picosecond before BET has depopulated the excited

LMCT states and that the LMCT is sensitive to solvent and may involve low frequency metal-
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ligand vibrational motions that anharmonically couple to the CN stretches. Along with this,
there remains the ambiguity of exactly how the excited LMCT states and the BET dynamics
should be described. In the following, 2D EV and 2D VE spectra collected prior to BET
completion (12 = 400 fs) are compared. With the goal of more accurately characterizing the
excited state ferricyanide system, the simple vibronic model Hamiltonian and accompanying
nonlinear response framework described in chapter 2 is applied to fitting the 2D EV and 2D
VE spectra iteratively; this represents a test to determine how well the characteristics of this

simplified model could be applied to the ferricyanide system.

5.4  COMPARISON AND FITTING OF 2D EV AND 2D VE SPECTRA

Initial 2D EV studies on ferricyanide have been reported for one delay time as a means for
demonstrating the 2D EV experiment in the condensed phase.'® Here, a more full discussion
about the 2D EV spectral signals of ferricyanide is presented. Courtney et al.!! demonstrated
the 2D VE experiment on ferricyanide, which showed the couplings between the high
frequency CN stretching motions and the LMCT transitions excited at ~400 nm. Although the
electronically resonant electric field is on the higher-energy side of the apparent LMCT band,
the 2D EV experimental spectra show no sign of the expected stimulated emission for a higher

vibronic level being excited (e.g., o, = w,, + @,, ) and the 2D VE spectra show a predominantly

positive GSB feature assigned as peak | using the labelling of chapter 2 (note: Courtney et al.
use different peak numbering from those used in this dissertation). Thus, peaks I and 11 describe

the contributions in the 2D EV and 2D VE spectra employing «,

lectronic

=@, electronic

transitions excited with 400 nm light.
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As chapter 2 describes, the 2D EV and 2D VE techniques mutually sample the same

molecular parameter space, but each technique complements the other through having greater
sensitivity to one subset of parameters to which the other is less sensitive. The ferricyanide
complex is currently the only molecule to have been studied using both techniques. The 2D
VE ferricyanide spectra reported by Courtney et al.** show a single prominent peak reflecting
a GSB for the CN stretching motion which is coupled with the LMCT transition. This is
characteristic of 2D VE peaks which have broadly overlapping, oppositely signed features in
the electronic probe domain;*!! the observation of a single peak reflects the relative strengths
of the two different Franck-Condon factors in the nonlinear vibronic responses of the ESA and
the GSB transitions. In this way, the observation of 2D VE signal becomes a sensitive reporter
on linear vibronic coupling (equilibrium displacement). The 2D EV spectra of ferricyanide
reported by Gaynor et al.® show separated GSB and ESA features along the vibrationally-
resonant domain; this peak separation due to quadratic vibronic coupling (frequency shifting)
upon electronic excitation is characteristic of 2D EV spectroscopy which exploits spectral
resolution of structural changes by using a vibrational probe. To compare these two
experiments of ferricyanide, a t2-dependent 2D EV data set was collected under identical
conditions to the spectrum described in chapter 3, and the 2D VE data set reported by Courtney
et al.™* was used. The delay time of 12 = 400 fs was chosen as it is furthest removed from
formamide solvent background signal while still being predominantly in the LMCT excited
state according to the timescales observed in the tIR experiments in Figure 5.2 and those
reported by Ojeda et al.* The experimental 2D spectra and the optimized 2D fits using the

vibronic Hamiltonian described in chapter 2 are shown in Figure 5.3.
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Figure 5.3. Fitting the 2D EV and 2D VE Spectra of Ferricyanide Iteratively with a Vibronic
Hamiltonian. The 2D EV spectra (left) and 2D VE spectra (right) as obtained experimentally (top row)
and simulated using the single mode vibronic Hamiltonian described in chapter 2. The experimental
spectra are collected at T, = 400 fs. The fitting procedure was optimized with residuals < 0.1. Fits to

data were optimized by floating the linear vibronic coupling parameter (1)®) with all other parameters

fixed in a nonlinear least squares algorithm for the VE spectrum; then fitting the 2D EV spectra using
the quadratic vibronic coupling parameter (1)) and the excited state vibrational dephasing parameter

(A) while fixing V' to the value obtained from previous the VE spectral fit. The anharmonicities were

given initial values to reflect the vibrational level separation observed in the tIR measurements; non-
Condon effects were not considered; the homogeneous broadening was assumed. Six iterations yielded

convergence. Optimized values are V=0.99, V) =-0.038, 1=1.62.

The extracted Hamiltonian parameters from fitting the 2D spectra include an excited state
frequency shift of A, =—40.3 cm™ and excited state anharmonicity of A,, =26 cm™. Since
there is no spectral distinction between the ground state anharmonicity and the excited state

anharmonicity in either 2D EV or 2D VE spectroscopy, the ground state anharmonicity must

be measured separately (e.g., in a 2D IR experiment) to know if the anharmonicity changes in
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the excited state.® The extracted 26 cm™ excited state anharmonicity compares closely to the
~28 cm™ anharmonicity obtained by comparing the hot vibrational peak separations of the tIR
ESA signals at T2 = 4 ps; this is a case in which the tIR spectra actually contain the ground state

vibrational anharmonicities due relaxation from a displaced excited state. The extracted V®

parameter suggests displacement of the CN stretching coordinate, Qcn (~0.99*Qcn), which is
consistent with the experimentally observed second and third overtone transitions present in
the ground electronic state at later t2 times. The excited state vibrational dephasing parameter
(A) suggests the excited state CN vibrational energy gap fluctuates substantially faster due to
the coupling with LMCT and BET processes; specifically, A= 1.62 reflects 62% faster
fluctuations. Altogether, this analysis builds up the photophysical picture that the LMCT
excited state has strong vibronic coupling through both linear displacement and frequency
shifting of the CN stretching coordinates. This is also reasonable when considering the nature
of the LMCT transition in light of the vibrational ground state features discussed for the IR
spectra. The LMCT transition promotes the reduction of the iron center, decreasing its effective
charge (3+—2+) which increases the metal-CN n-backbonding resulting in the red-shift.
Reducing the iron also yields a species that is more susceptible to solvent interactions from
reduced C o-donation to the iron center, suggested by a generally broader line width of
ferrocyanide,* which is consistent with the extracted A .

This gives the impression that the simplified single anharmonic vibrational mode on one
electronically excited state may be a somewhat decent description of the LMCT excited states
in ferricyanide, but there are some notable discrepancies of this simple model. The first, and
foremost, is that the electronic excitation profiles of the GSB and ESA peaks in the 2D EV

experiment do not have the same central frequency. In general, this could arise from multiple
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electronic states being present in the excited manifold (such as in Jahn-Teller systems) or
another vibrational mode that is coupled strongly with the electronic transition (such as low
frequency vibrations). These cases will both be discussed below in considering t2-dependent
2D EV spectral characteristics. Another major limitation of the simplified model is the
assumed homogeneously broadened linewidths which represent very different spectral
broadening mechanisms than appear to be present in the data. In particular, the resulting
Lorentzian linewidths have extended tails by comparison to the Gaussian line shapes resulting
from inhomogeneous spectral broadening. This aspect would also obscure low intensity
contributions on the wings of the main features which could arise from low frequency mode
couplings. Finally, there does appear to be some 2D correlated line shapes present in both the
2D EV and the 2D VE spectra, which implies inhomogeneous broadening mechanisms
contribute to the spectral dynamics.

The systematic fitting of the 2D EV and 2D VE spectra of ferricyanide discussed above
has demonstrated the benefits of having both spectra to use in tandem during analysis. Fairly
consistent results with many other experimental characterizations of ferricyanide are obtained
in this approach. The goals of this exercise were two-fold: 1) to see how accurately a very
simple vibronic model Hamiltonian could be applied to an excited state charge transfer system
of great interest, and 2) to demonstrate the benefits of using 2D EV and 2D VE spectroscopies
together to arrive at a more complete vibronic description of a molecular excited state.
Regarding the former, this simplified model performed moderately well but with some notable
constraints which were not surprising given previous work on LMCT dynamics of
ferricyanide.*” Including the more subtle details such as multiple electronic states or low

frequency vibrational modes suggested by these studies will require more complex models.
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The limits of the simplified single anharmonic vibration model will be discussed in terms of
the t2-dependent 2D EV spectral analysis below and the t2-dependent 2D VE spectra published

by Courtney et al.'!

55 LMCT DyNAMIcS VIEWED BY 2D EV SPECTROSCOPY

The 2D EV spectra of ferricyanide and the formamide-only spectra are shown for various
time points throughout the first 5 ps of the LMCT and its relaxation pathways. The solvent
contribution is very strong through the first 100 fs and remains present until 300 fs in t2. The
broad ESA shown in blue is centered at ws = 2067 cm™ which is between the CN stretching
frequencies expected for ferrocyanide (2034 cm™) and ferricyanide (2109 cm™) dissolved in
formamide,! but it is broad enough to cover effectively this entire range while in the LMCT
excited state. The reported ~0.5-0.7 ps BET rate is observed through the blue-shifting,
narrowing, and reduction in amplitude of the ESA after 1o = 500 fs. By 5 ps after LMCT
excitation, the hot vibrations in the ground electronic state are clearly viewed through the first
overtone. The ground state bleach is present at the fundamental CN stretch transition frequency
2109 cm'* and remains there for the duration of the LMCT dynamics.

As mentioned in the previous section, upon a closer look at the electronic frequencies of

the ESA and GSB peaks after the solvent signal has subsided, the @, peak maxima are different

for the GSB and the ESA. The electronic center frequencies during t are shown in Figure 5.5.
During the first 500 fs while in the excited LMCT states, the ESA and GSB features are

separated by ~100 cm™ in @,. There also appears to be a different time-dependent behavior
between the @, maxima of the ESA and the GSB peaks in the 2D EV spectra. The », maxima

of the GSB appear to monotonically decay during T2 whereas the o, maxima of the ESA appear
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to oscillate for the 2D spectra collected at T2 = 300, 400, and 500 fs, changing by ~40 cm™ at

each point. It is noted that the @, spectral resolution is 32.5 cm™ so the oscillations result from
a change in one pixel. At longer times, after BET has occurred, the @, splitting between the
GSB and the ESA increases to ~170 cm™.
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2150 VU @

w3

2000' ‘ . - - - T T T T T T T T T T T T T T
246 25 254 246 25 254 246 25 254 246 25 254 246 25 254 246 25 254 246 25 254

#4

2150 7 —
= 0 < ( 0
' = ] =
E 2100 3| = F - 0
v} ) >
E RS Sg pPe
= 2050 i~ at 1 -
*;m O ') i

A /] = <
2000 L = =

246 25 254 246 25 254 246 2.5 254 246 25 254 246 2.5 254 246 25 254 246 2.5 2.54
w, / (2mc x 104cm™)

Figure 5.4. Time-Dependent Relaxation Dynamics of Ferricyanide in Formamide Measured by 2D EV
Spectroscopy of the Cyanide Stretches. Ferricyanide (top row) and formamide-only (bottom row) 2D
EV spectra are presented at various points throughout the first 5 ps in 7. The contour maps are globally
normalized to the ferricyanide spectrum at 500 fs; the red contours are positive (bleach) signals and the
blue contours are negative (absorption) signals and are given at 10% intervals.

While the physical meaning for the ,-splitting after BET occurs is unclear, considering

the duration of T2 while LMCT is occurring is particularly interesting through a comparison of
the 2D VE experiments published by Courtney et al.!! In the 2D VE studies on ferricyanide in
formamide, the primary GSB feature was observed as shown in Figure 5.3, but an additional

ESA was also measured to be 59 cm™ red-shifted in the vibrational excitation domain, @, .
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Figure 5.5. Time-Dependent Shifts in 2D EV Peak Maxima in Electronic and Vibrational Dimensions.
The 12-dependence of the peak maxima in the (left) electronic excitation dimension (w1) and the (right)
vibrational probe dimension (®3) are shown for both the ground state bleach (red) and the excited state
absorption (blue) as data points. The lines are not analytical fits but only serve as guides to the eye.

The authors make an important conclusion from this measurement about the displacement of

the excited state and the mechanical coupling of a ~59 cm™ vibration referred to as v, _,, :
while the overlap between the |g;0) and |e;0") is greater than between the |g;1) and |e;1’)
states, the excitation of the v, mode affects the displacement to favor the overlap between
|9; (1—low)) and either |e;(1—low)") or |e;1').* These observations provide potentially crucial
context for interpreting the apparent trends in the @, peak positions shifting by a comparable
frequency difference (~40 cm™) in the 2D EV data. Since this v, ,, mode is observed in the
2D VE experiment as an ESA, it must originate from the |g;(1—low)) state as the authors

explain. Such a state is never involved in a 2D EV transition pathway unless

|9; (@—low))—|g;0) o k, T ; which is not possible because the observed 59 cm™ w, -separation

of the 2D VE features results in a vibrational energy difference ~10x larger than kpT. However,

if the transition observed in the 2D VE experiment was between |g; (1—low)) and |e; (1—low)')



170

, instead of |e;1'), it would suggest that this v, vibrational motion is relevant in the excited

CN—low
state; then the 2D EV experiment could measure dynamics that involve this ~59 cm™ vibration.

Since the t2-dependent @, frequency shifting in the 2D EV experiment are of comparable

magnitude to the 59 cm™ low frequency mode measured with 2D VE spectroscopy, it is
possible that the identified low frequency mode is also coupled to the excited state CN
stretching motions.

The 2D VE experiments on ferricyanide also reported a time-dependent shift in the
electronic peak maxima for the main GSB feature and attributed this to a t2-coherence between

| g; O) and other low frequency motions in the ground electronic state. Although 2D VE spectra

at only four time delays were reported, the electronic peak maxima measured at 72 = 100, 200,
300, and 400 fs suggests that roughly one cycle of the low frequency mode oscillates during
this 300 fs interval in t2. Assuming the 2 time points had properly sampled this low frequency
oscillation, this low frequency mode would have ~100-110 cm™ frequency. It is particularly

interesting to note that the @, separation between the GSB and the ESA features measured in

the 2D EV experiment (Figure 5.5) is comparable to this additionally reported low frequency
mode in the 2D VE experiment. There could be a more subtle connection between the two
experiments regarding this ~100 cm™ motion because the two experiments induce excitations
in opposite molecular degrees of freedom from each other. Thus, the nature of a T2 coherence
should be very different for the two spectroscopies unless the coherence propagates through
the 2D EV ground state bleach transition pathway.

The consideration of this ~100 cm™ motion may be more relevant in the context of a Jahn-
Teller distortion for 2D EV spectroscopy. Undoubtedly, the t2> coherence identified by

Courtney et al.!! highlights the presence of a ground state vibrational mode that is coupled
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with the LMCT transition. However, the 2D EV experiments discussed here do not seem to
measure a similar 100 cm* oscillation during T2 given the experimental data set presented in
Figure 5.4. Instead, the 2D EV measurements show similar splitting of two electronic bands
which is reminiscent of a Jahn-Teller effect in which a vibrational mode lifts the degeneracy
of two (nearly) degenerate electronic states. In general, vibronic couplings play major roles
during Jahn-Teller dynamics.’® In these systems, the correlations between the electronic
motion and the vibrational motions, especially those active in the Jahn-Teller dynamics, should
be strong. As such, it may be reasonable to expect a correlated 2D line shape to reflect the fact
that these two degrees of freedom are very strongly dependent on one another. The center line

slopes of the GSB and ESA peaks are shown in Figure 5.6 for the 2D EV spectra at 12 = 300,
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Figure 5.6. Center Line Slopes of the Ferricyanide 2D EV Spectra of the CN Stretches. (top row) The
ground state bleach features are shown and the (bottom row) excited state absorption features are shown
for 2 = 300, 400, and 500 fs.
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400, 500 fs and the fitting parameters are given in Table 5.1. Notably, the excited state center

line slopes appear to oscillate while the ground state center lines maintain a constant slope
during the LMCT process. Although the three 2D EV spectra have only sparsely sampled the
LMCT dynamics, the change in the slope for the ESA as a function of these three 12 delays
seems like it may have undergone roughly a half cycle in 150-200 fs. If this is accurate, it
would imply that the electronic-vibrational correlation is oscillating on a ~300-400 fs time
scale; this is a very tentative observation. That the GSB appears to maintain some electronic-
vibrational correlation is also interesting. Another perspective on these center line slopes could
be that they result from the passage through the conical intersection connecting the excited
LMCT states and the hot vibrational ground states during the BET process. While a complete
treatment of 2D EV line shapes through conical intersections has not been fully worked out,
some initial experiments and theory suggest this type of center line slope may indicate such a
dynamic.?%22 Finally, the possibility that excited state solute-solvent reorganization during

LMCT and BET is driving the observed 2D line shape changes cannot be discounted.?

Table 5.1. Center Line Slope Fitting Parameters. The (w1, ®3) coordinates for the peak maxima in the
range 24800 cm™* < w1 < 25200 cm* for both the ground state bleach and the excited state absorption

are obtained and fit to the first order polynomial: S__ (@,) =mx(S,__ (@) +Db.
Ground State Bleach (w3 = 2105-2115 cm™)

300 fs 400 fs 500 fs

m (cm) 0.0032 0.0028 0.0037

b (cm™) 2029.5 2041.2 2018.2
R? 0.89 0.78 0.87

Excited State Absorption (w3 = 2060-2070 cm™)

300 fs 400 fs 500 fs

m (cm) 0.0027 0.0078 0.0008

b (cm™) 1998.6 1870.3 2044.8
R? 0.88 0.95 0.21
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5.6 DiscussioN AND CONCLUSIONS

The ability to test out different vibronic coupling model Hamiltonians through a joint
analysis of 2D EV and 2D VE spectroscopies on the same sample can be particularly
advantageous. While the LMCT dynamics of ferricyanide may be decently modeled through a
simple vibronic Hamiltonian, a more in-depth Hamiltonian including at least one low
frequency vibration and perhaps more than one electronic excited state will be needed to more
completely model these dynamics. The advantage of using both 2D EV and 2D VE
spectroscopies to identify vibronic coherences and the presence of low frequency vibrational
motions in either the ground or excited electronic states is also emphasized in this chapter
through the consideration of time-dependent spectral features from both techniques. The time-
dependent peak maxima and line shape analysis may prove useful for identifying multiple
electronic excited states that have well-defined vibronic couplings in (pseudo) Jahn-Teller
systems. Although further work is needed to solidify the relationships between center line
slopes, passages through conical intersections, and non-adiabatic electronic dynamics in 2D
EV and 2D VE spectra, there is clearly evidence in the ferricyanide 2D EV spectra to suggest
that excited state vibronic couplings play active roles in the ligand-to-metal charge transfer,
and likely the back electron transfer, in this solvated complex. Improvements to the work
presented in this chapter could confirm and more rigorously quantify the experimental trends
described through the time-dependent frequency shifts and center line slope analysis.

Repeating these measurements with finer time resolution in 12, finer @, resolution, and perhaps
with polarization-selectivity to view any o,- dependent anisotropy should be productive and

illuminating.
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Chapter 6. POLARIZATION-SELECTIVE MULTIMODE TWO-
DIMENSIONAL ELECTRONIC-VIBRATIONAL
SPECTROSCOPY

The work presented in this chapter is being prepared for publication:

1) Gaynor, J.D.; Khalil, M. “Polarization-Selective Multimode Femtosecond Coherent Mixed-
Frequency Spectroscopy: Two-Dimensional Electronic-Vibrational” (in preparation)

6.1 INTRODUCTION

As studies of excited state dynamics of molecules start to probe more than one vibrational
coordinate, it is important to broaden the theoretical framework for 2D EV and 2D VE
spectroscopies to include more than one vibrational mode. Surely, much more complicated
spectra will result when many different modes are relevant during excited state dynamics. An
experimental approach that can be used to great simplify spectral interpretation is a
polarization-dependent experiment in which the linear polarization of the incident electric
fields are judiciously chosen to obtain molecular-frame information. To map these types of
experiments onto the molecular frame, the orientational response of the 2D EV signals must
be discussed. This chapter extends the treatment of one displaced, frequency-shifted
anharmonic oscillator that is vibronically coupled in the excited electronic state to now include
two vibrational modes. Whereas only the nonlinear vibronic response was explicitly treated in
chapter 2, here the nonlinear orientational response and the nonlinear vibronic response for the
multimode system are treated explicitly. The spectral manifestations of Duschinsky mixing
and non-Condon effects are specifically discussed and the molecular-level descriptions of these

phenomena are investigated in-detail.
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6.2 MULTIMODE VIBRONIC HAMILTONIAN

Our previously described vibronic material Hamiltonian and interaction Hamiltonian for a

molecular system consisting of a single vibrational mode and two electronic states* (i.e., the

ground state, |g), and the first excited state, |e)) are extended here to describe the same
system but now with two vibrational modes of interest: g and g,. The vibronic Hamiltonian,
H, . isdefined as the sum of the ground and excited state Hamiltonians, #,, =H +H,

. The ground electronic state Hamiltonian, #_, takes the form of the sum of two bilinearly

coupled anharmonic oscillators:

P P
H,(0,0)=5"—+-"-+V,(0,0) (6.1)
i J
he' hao! 1/, .
V,(Q,0)==0'+—1Q/+ 5,00, +g(hcoi 2,0 +ha'g @) (6.2)

Equations (6.1) and (6.2) express the k™" reduced vibrational coordinate Q, =, /%% for

the k™" molecular vibrational coordinate (g,) where m_is the reduced mass and w; is the
natural oscillator frequency, and 2 is the momentum operator. Throughout this discussion
k €1, as only two vibrational coordinates are explicitly considered, though this Hamiltonian
may be expanded to include more than two vibrations. The ground state potential, V (@,.€,),
is represented as two cubic anharmonic oscillators that are coupled through a bilinear

interaction. The cubic anharmonicity coefficients, g, and g, are dimensionless and related

to the third order derivative of IV, (¢,,@,) with respect to each vibrational coordinate evaluated
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at its equilibrium position. The dimensionless bilinear coupling coefficient, B , reflects the

extent of vibrational mode mixing in the ground electronic state and is related to the second

order mixed partial derivative of V (@,,@ ) with respect to both vibrational coordinates. The
excited electronic state Hamiltonian, # , is expressed as /, elevated in energy by the
electronic energy gap between ‘g> and ‘e>, and it includes linear and quadratic vibronic
coupling with respect to both @ and @, in the electronically excited potential, V,(€,,Q,):

2 2

P )
H=—""-+—"-+V(Q.,0) (6.3)
° 2m, 2m erTe

J

V.(Q,Q)=V,(0Q,Q)+hw,
+ha!V"Q, +ha!VQ, (6.4)

ho’ ho’
i \)(2))2 ()2 (2)
+ 2 ])[,i Qi + 2/ ]}/'/ Q/ +1}1’/ QI‘Q/"

The electronic energy gap between the lowest vibrational levels of the harmonic ground

and excited electronic states is given by 7. . The linear vibronic coupling parameters, 1

and Vj‘”, are dimensionless and they reflect the linear coupling strength of the respective

vibration to the electronic transition which results in excited state equilibrium displacement of

each vibrational coordinate. The dimensionless quadratic vibronic coupling coefficients, V7
and V/(f) relate the quadratic perturbation of V(@ ,Q ) with respect to each vibrational

coordinate which results in a frequency shift of the respective vibration in the electronic excited

state. An additional quadratic perturbation to V (@,,@ ) that is linear in @ and @ is

represented by the dimensionless quadratic vibronic coupling coefficient, V<f) and results in



179
vibrational mode mixing due to the electronic excitation. Thus, V' reflects the extent of
Duschinsky mixing present in a multimode vibronically coupled molecular system. The linear

and quadratic vibronic coupling coefficients are proportional to the first and second order

derivatives of V,(@,,@,) with respect to the appropriate vibrational coordinates, respectively.

The complete material Hamiltonian includes / , ~and Hamiltonians describing the bath

(H,) and the system-bath interactions ( A, ). Considering a molecular system in solution, the

“bath” may include the solvent and all other intramolecular solute degrees of freedom excluded

from #_ . H_ describes the interaction between the bath and the multimode vibronic

vibronic

system; this interaction can result in energy shifting of vibronic eigenstates and it may
influence molecular relaxation dynamics. As in our treatment of one vibration,* we follow the
method of Sung and Silbey? to describe the complete material Hamiltonian. We assume the

bath to be harmonic and that the system-bath interaction is linear in the bath coordinates and

diagonal in the vibronic system eigenstate basis. In this way, A reflects the vibronic

frequency fluctuations induced by the system-bath interaction.? As in the one mode treatment,
we use analytical energy gap correlation functions to incorporate the pure dephasing effects of
the system-bath interactions including: electronic dephasing, vibrational dephasing, and
electronic-state-dependent vibrational dephasing.

The light-matter interaction between the vibronic system described above and the laser

pulses is included through an interaction Hamiltonian, A4,

H =-M-E(k,w,t) (6.5)

int
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where the system dipole operator, M, is defined as M=ZZ‘a(r,Q)>/f'b <b(r,0)‘ with the
a b

vibronic system eigenstates represented by |a(r,@)) and |b(r,@)) , and the transition dipole

matrix elements for transitions between these eigenstates is given by x*”. The vibronic
eigenstates are written as Born-Oppenheimer adiabatic eigenstates® which depend on both
electronic coordinates, r, and the reduced vibrational coordinates for all system vibrations, Q

. As in the one mode case,’ the vibronic eigenstates used in the two mode system also may be
considered eigenfunctions of a dynamical Schrédinger equation in a basis spanning a complete
electronic space for each vibrational coordinate, as described by the “Born Representation”

defined by Ballhausen and Hansen.* We denote an eigenstate of the ground electronic state (

g ) with vibrational quanta in @, (v, =0,1,..,m) and vibrational quanta in ¢, (v, =0,1,..,n)
as ‘g;vl,,vj>. Likewise, an eigenstate of the excited electronic manifold (e ) with vibrational

quanta in @ (v,'=0',1",..,m") and vibrational quanta in @, (v,'=0"1"..,n") is denoted

ev, ',v/. > :
Separating the transition dipole moment into the sum of operators for the electronic and

vibrational coordinates, the transition dipole moment explicitly accounts for both the electronic

and vibrational transitions in the multimode vibronic system of interest (i.e.,

M= Me/ec(r)JrMW,b(Q)).5‘7 The nuclear dependence of the electronic transition dipole moment

is made more explicit by letting M, (r)=M_(Q) and Taylor expanding M_(Q) over a

specific vibrational coordinate about its equilibrium nuclear configuration, @, .’

M, (@=4"+ 5 4Q, +. (6.6)
kei,j
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The expansion coefficients in equation (6.6) are expressed as #§§)=M9g(00) and

eg aQ

k

oM
uy :[—5’] . The Franck-Condon limit is obtained when linear (y;)) and higher order
Q

terms in equation (6.6) are negligible. We explore the breakdown of the Condon approximation
and how non-Condon effects manifest in polarization-selective 2D EV spectra of multimode

vibronically coupled systems by treating the nuclear dependence of the electronic transition

dipole moment explicitly up to the first order. The first order terms in M_ (Q) are referred to

as Herzberg-Teller vibronic coupling terms as this formulation parallels the Herzberg-Teller
adiabatic approximation.*” As in the single mode vibronically coupled system, non-Condon
effects may result in “intensity borrowing” from other vibrational levels within the same
vibrational mode. An interesting consequence of defining a vibronic system with two coupled
vibrational modes is that non-Condon effects may also contribute intensity from vibronic
eigenstates in which the electronic transition drives a change in the vibrational quanta of the
other vibrational mode (equation (6.9)). Thus, the 2D EV peak intensities are proportional to
the Franck-Condon factors for a corresponding vibronic transition, as well as potentially
complicated intensity contributions from Herzberg-Teller vibronic couplings that will be
system-dependent. Transitions in which the electronic state remains unchanged are also

considered explicitly by writing the vibrational transition dipole moment as

MV,-b(Q)EMV,V,,m(Q) to specify the ‘g;vi,vl,>—>‘g;m,n> vibrational transition where
me{v,v,£1} and ne{v, v £1}. Similarly, the vibrational transitions of the excited

electronic states are denoted M , (¢)=M . (Q) for the

'v.'m'n
J

e;m',n'> transitions

Vi

ev,\v, '> —

where m'e{v,',v,'+1} and ne{v ' v 't1}. The electrical anharmonicity experienced by the
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nuclei during a vibrational oscillation in a given electronic state is accounted for by Taylor
expanding the vibrational transition dipole moment as performed in for the single vibrational

mode case.!

6.3 POLARIZATION-SELECTIVE 2D EV SPECTROSCOPY OF A MULTIMODE

SYSTEM

In the single mode case treated in chapter 2, a simplified interpretation of the desired third

order material response, R®, was obtained by assuming the relatively slower reorientational
dynamics of a condensed phase molecule and the comparably faster vibronic motions are
separable based upon their timescales. In this limit, each possible quantum evolution pathway
through the system vibronic eigenstates driven by sequential field-matter interactions can be
written as the product of the nonlinear vibronic response and the nonlinear orientational
response. On this basis, the orientational response was neglected and only the vibronic
response was treated in chapter 2. The vibronic response and the orientational response are
explicitly treated in this chapter. Each possible pathway can still be represented by a Liouville
pathway; there are eight distinct Liouville pathway types which group into four pairs of

complex conjugate field-matter interaction pathways for a third order response function.>*°

Therefore, by summing over all « possible third order transition pathways, R® may be

expressed:

- 4
RO(z,,7,r)=Y % ¥ (X.)"(z,1,1,)
a=11JKL a,b,c,d
(6.7)
xR (z,,7,,7,).
The nonlinear orientational response, ¥(z,,7,,7,), is atensorial quantity which accounts

KL

for the sequential projections of the four linearly polarized electric fields in the fixed laboratory
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frame onto the fixed molecular frame as each successive field-matter interaction with a
transition dipole occurs during a specific vibronic transition pathway. The indices (a,b,c,d)

denote the vibronic eigenstates involved in the vibronic transition pathways accessed through

sequential transitionsvia M_, M |

i

, and M, o The time dependence of Y(z,,7,,7,)

UKL

includes molecular orientational diffusion between field-matter interactions. The indices

{1,/],K,L}ye{X,Y,Z} are a permutation of the electric field polarization over the laboratory

frame coordinates (X,Y,Z). From the initially isotropic orientational distribution of molecules
in the ensemble, each linearly polarized electric field selects a subset of molecules from the
evolving orientational distribution. Given a combination of three incident pulses with fixed
linear polarization, the directional components of the orientational response for a specific
transition pathway depend upon the fixed molecular frame directionality of the molecular
transition dipoles connecting the vibronic eigenstates. Thus, the orientational response for a
particular vibronic transition pathway is calculated by defining the orientation of the four time-
ordered transition dipole operators within the fixed molecular frame and then performing an
orientational average to transform the motion of the molecular frame into the laboratory frame.

The transformation of the orientational motion of the molecular frame into the laboratory frame

is achieved by expressing ¥ (z,,z,,7,) as a four-point joint probability function where the

L
conditional probability relating an initial orientation of the molecule to its orientation sometime
later is evaluated for each field-matter interaction. The solutions to various orientational
diffusion equations and the accompanying conditional probability functions are well
known.>2 We assume the molecular system of interest behaves as a symmetric diffuser in

isotropic media; the analytical expressions for ¥**(z,,z,,z,) and the calculation of the

JKL

orientational response are detailed in the Appendix. A more complete treatment of orientational
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response in third order nonlinear spectroscopy is beyond the scope of this work, but may found

in references®1315  The aim of the current discussion is to understand what structural insights

can be obtained for a multimode vibronically coupled system as defined by # ,  through

polarization-selective 2D EV spectra.

The polarization-selective 2D EV pulse sequence is shown in Figure 6.1(a) and an

illustration of the molecular transition dipoles of # ,  considered here are given in Figure

6.1(b) which can be selectively probed.

(a) (b) z!
t t t.=0
! C 3, } Molecular
i ! Frame

2777 / /‘ /

(parallel)
ZZYY
(crossed) '/ / I

Figure 6.1. Polarization-Selective Multimode 2D EV Spectroscopy Overview. (a) The 2D EV
experimental pulse sequence includes the first electronically resonant pump pulse, E1 (wave vector ki,
blue), incident on a sample at time t; triggers an electronic coherence oscillating at an electronic
transition frequency. After a coherence time, 11, the second pump pulse, E> (K2, blue) is incident at time
t> which collapses the electronic coherence into populated states that evolve during the pump-probe
delay time, t,. The vibrationally resonant probe pulse, Es (ks, green), interacts with the sample and
emits the third order signal field, Esig (Ksig, purple), from which the changes in the vibrational spectrum
due to the electronic perturbation are extracted. The two linear polarization combinations considered
here are the “parallel” polarization with all fields parallel in polarization, and the “crossed” polarization
in which the probe field is perpendicularly polarized to the pump fields. (b) The dipole orientation
within the molecular frame, and its relative orientation within the laboratory frame. Each dipole
moment is defined in the main text and illustrated in Figure 6.2. Integrating over Euler angles (a, B, v)
transforms the molecular frame motion into the laboratory frame.

X (Laboratory Frame)



185

The orientation of the dipoles are fixed within the molecular frame and defined by their relative
orientation. The laboratory frame coordinates (X,Y,Z) are shown in gray with the Euler angles
(a, B,y ) that describe the relative orientation of the molecular frame and the laboratory frame.
Most generally, the relevant dipoles which fully describe a system with two coupled vibrational

modes in the ground and first excited electronic states include: the fundamental electronic

dipole, x*, for the ‘g;00> N

e;0'0’> transition; the electronic dipole for transitions into “hot”

vibrational states, x* and u* for the respective transitions ‘g;00>—>

e;1'0'> and

‘g;00>—>

e;0'1'> , the vibrational dipoles x, and ux for the ground state transitions
|£:00) —|£;10) and |g;00) —|£;01); and the vibrational dipoles z, and . for the excited

state transitions

e;0'0'>—>

e;1'0'> and

e;0'0'>—>

e;0'1'> . It is assumed that the mechanical

anharmonicity does not alter the directionality of the vibrational transition dipole moments

significantly (e.g., that 4, also describes the

e;1'0'>—>

e;2'0'> transition dipole, etc.).

Table 6.1. Dipole angle definitions specifying the relative dipole orientation in the molecular frame.

Angle Dipoles
0% % L
o wE L
6 wEly,
% HELH,
0, uczu,
9 KLU,

Under this description, the effects of vibronic couplings and non-Condon effects are explicitly

included as a non-zero angle between x* and either 4 or w* is allowed, and the changes



186

of a vibrational transition dipole moment due to electronic excitation is included when  # 1,
or u # u,.. The angles which define the relative orientation of the dipoles in the molecular

frame are arbitrary but fixed and they are listed in Table 6.1.

The nonlinear vibronic response, R*“(z,,z,,z,), is a scalar quantity which accounts for
3 2 1

the vibronic dynamics within the molecular frame of the multilevel vibronic molecular system

defined by # . In general, R”“(z,,z,,z,) for a particular 2D EV transition pathway is

composed of (i) exponential functions with oscillating frequencies corresponding to the

coherences and population dynamics during the three experimentally controlled intervals,

those during 7, and 7, resulting in the @, and w, peak positions in the 2D EV spectrum, (ii)

the product of all four transition dipole moments accessed by the field-matter interactions
which contribute to the 2D EV peak amplitude, and (iii) the vibronic dephasing function which
governs the 2D EV peak line shape. An in-depth discussion of the vibronic response for a
single IR-active vibrational mode vibronically coupled to two electronic states is found in
reference® and detailed in chapter 2; this chapter extends that treatment to include two coupled
IR-active vibrational modes. The signal contributions from the nonlinear vibronic response and

the nonlinear orientational response are each discussed in more depth in the following sections.

6.4 NONLINEAR VIBRONIC RESPONSE SIGNAL CONTRIBUTIONS

The eigenstate representation of a system with two coupled IR-active vibrations and two

vibronically coupled electronic states as described by A

vibronic

is given in Figure 6.2(a). The

vibronic eigenstates are shown as solid black lines with the respective ket notations to the left

in gray (e.g., |€;0'0)). For reference, the harmonic states in both |g) and |e) are shown as
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(2) (b)

Vibronic Energy Dipole
Levels Moments
, . ﬁ o ol lin
le; 0'2) j ===
le; 1'1") PECrr s : :r’f— A ”
€20y A, === .. 4 A
e; 0'1) T Teg ] I 1
le; 1'0°) w.
A i A ¢ l
le; 0'0") [ i
S B) My by
e mn
Weg e ”jeg
g;02) 7 Aj+ =
|g; 11) —_L --------- "TA”
9:20) | = SECEEE) A
|g; 01) -_ I
1g; 10) e
4 w. 1 l
gooy Y ¥y v ' Yvy
' eg _
|g; mn) |9) Uy
— \/ibronic States - - - - Harmonic States

- Unshifted States (V=V=V\"=0)

Figure 6.2. Two-Mode Vibronically Coupled Eigenstate Basis and Dipole Moments. (a) The vibronic
energy levels for the two coupled, displaced, frequency-shifted anharmonic oscillators system
described by Huisronic. The ket notation describes the vibronic eigenstates; ground electronic state = g,
excited electronic state = e, vibrational quanta of oscillator i in g (¢) = m (m’), vibrational quanta of
oscillator j in g (¢) = n (n’); weg= electronic energy gap; wi(w;) = fundamental ground state vibrational
transition frequencies; i’ (w;”) = fundamental excited state vibrational transition frequencies; Ai(Aj) =
ground state anharmonicities; Ajj = ground state mixed anharmonicity; Aegi (Aegj) = excited state
vibrational frequency shifts; A; (A;) = excited state anharmonicities; and App = shifting due to
Duschinsky mixing. (b) The transition dipole moments are defined for both electronic and vibrational
transitions considered in this treatment.

dashed lines to represent the effect of anharmonicity (£,,,&, #0). Considering the ground

'/

electronic manifold first, the fundamental vibrational transition frequency of @ (i.e.,
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‘g;00> —>‘g;10>) isreferred to as o, ; similarly, e, for vibrational coordinate @ . The shifting
of the overtones for », and o, (i.e., ‘g;20> and ‘g;02>) due to the anharmonicity of these
vibrational coordinates are given by A and A , respectively. The common two-guantum
eigenstate to both @ and @, is ‘g;11> and it is shifted by A due to the mixed anharmonicity

arising through the ground state bilinear coupling term, B, . This ground electronic state

manifold consisting of two coupled anharmonic oscillators is identical to the well-established
eigenstate basis typically used to interpret 2D IR spectra.’®

In the excited electronic manifold, the two coupled anharmonic oscillators are depicted

with quadratic vibronic coupling resulting in the excited state frequency shifting of @, and @,

. The unshifted states are shown as dotted black lines in Figure 6.2(a) to reflect the quadratic

vibronic coupling effect on the vibronic eigenstates. The first vibrational transition frequency

in |e) for @ (Q,) is denoted o,'(@,') where @,'=w,+A_ ( o'=w+A_ ) and the

ez
frequency shift A_ (A, ) is proportional to the quadratic vibronic coupling coefficient Vi
(V/ff)) in /. Like the ground state, the excited state anharmonicities are represented by
A, and A . For simplicity, this treatment assumes A =A_ and A =A  as the only cubic

perturbations to V,(@,,@,) are included through V (@,,@,). However, the Duschinsky mixing

of @ and @, is included through V' and results in the shared two-quantum state

e1'1")
shifting in energy by A .. Here we have assumed that the two anharmonic oscillators are both

linearly displaced and have red-shifted frequencies in the excited electronic state. We also
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assume that electronic excitation results in Duschinsky mixing of @, and @, due to stronger

coupling in the excited state such that A <A .

6.4.1 Peak Positions

A cartoon schematic of an absorptive 2D EV spectrum for the system described above is

shown in Figure 6.3(a). The peaks depicted are those which would arise from electronically

resonant electric fields (E, and E,) with center frequency @, and bandwidth 2e to allow

resonant transitions into higher lying vibrational states of both @, and @, (where wi < wj).
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Figure 6.3. Multimode 2D EV Signals Schematic. (a) A schematic illustration of the dipole allowed 2D
EV signals appearing for a two-mode vibronically coupled system described by Hyisronic and the energy
level schematic given in Figure 6.2(c). The absorptive peaks are symmetric and result from equally
weighted rephasing (R) and non-rephasing (NR) signals at the same (w1, ws) coordinates; phase twisted
peaks result from unequally weighted R and NR signals; red = positive signal [ground state bleaches
(GSB) and excited state stimulated emissions (ESE)], blue = negative signal [excited state absorptions
(ESA)]. The peak numbering scheme is described in the main text and Table 6.2. (b) Double-sided
Feynman diagrams of rephasing pathways for selected 2D EV peaks. Electronic excitations (ki and ko,
blue); vibrational interactions (ks, green); emitted signal (ksig, purple).
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The vibrationally resonant field (E,) is assumed to have sufficient bandwidth to excite one-

quantum transitions only and a spectrum containing the vibrational transition frequencies of

interest. The fully absorptive spectrum results from the sum of the rephasing (R,

k  =-k +k,+k,) and non-rephasing (NR, k =+k —k, +k,) signal pathways, which
differ by the phase of the oscillation propagating during the z, coherence period. When a R
and NR signal pathway with the same (w,,,) coordinates are equally weighted, their sum

results in a symmetric peak without any phase twist, as shown in Figure 6.3(a) (e.g., peak /7).

By comparison to the one mode case where five distinct peaks with equal R and NR

pathways contribute to the spectrum,® many more peaks result from expanding A

vibronic

include two vibrational modes. An additional set of peaks “/—V " arises from transitions
exclusively involving the second vibrational mode that are analogous to the single mode case.
New contributions to the 2D EV spectrum also arise from transition pathways which involve
vibrational transitions in both vibrational coordinates, some of which have unequal humbers
of R and NR pathways that are dipole allowed. Peaks with phase twist (i.e., unmatched R or

NR pathways resulting in elongated peak shapes) are generated by vibronic transition pathways
in which a coherent superposition during the typical “pump-probe delay” time (z,) exists.
Thus, these peaks should oscillate in amplitude at the frequency difference between the excited
state vibrations, @ '—w," resulting in a dynamic 2D EV line shape during t2.

The appearance of more features arising in the two-mode 2D EV spectrum requires a more
specific peak labelling scheme than was sufficient in our previous treatment of the single

vibrational mode.! In general, there are six categories of 2D EV transition pathways that are

designated by a Roman numeral as described in Table 6.2.
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Table 6.2. A Multimode 2D EV peak categorization legend.
GSB = Ground State Bleach; ESA = Excited State Absorption; ESE = Excited State Stimulated
Emission.

+ Peak IV is further distinguished by an ESA which does not access the shared excited state |e;1'1 '>.
+1 Peak VI is further distinguished by an ESA which accesses the shared excited state e;1'1'>.
Peak Signal Type _
electronic
Number
I GSB W
eg
I ESA )
eg
Il GSB > o
eg
v ESA >w '
eg
vV ESE > o
eg
VI ESA > M
eg

In addition to categorizing the type of transition pathway with a Roman numeral, further
specification of the eigenstates involved in the transition pathway is required to uniquely
identify 2D EV signals appearing at particular (@, ,) coordinates in the 2D EV spectrum. To

(13521

this end, we employ the following scheme: a subscript of “i” or “J” indicates which vibrational
coordinate has a different quantum number between the two states in the coherent

superposition during 7 ; likewise, a superscript indicates the oscillator with a different
quantum number during z,. If both vibrational coordinates do not change in quantum number

during either period (e.g., | £;00) —

e;0'0'> ), then the corresponding subscript or superscript

is omitted. Rephasing double-sided Feynman diagrams for each type of pathway are given in
Figure 6.2(b) as an example. We note that in all bra-ket notation and Feynman diagrams used,

the vibrational quanta are given from left to right in the order of increasing fundamental
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transition frequency. Since we have assumed o, <w, the first vibrational quantum number

[13%2]

followed by the quantum number (n) for oscillator “j”.

[13%2]
1

(m) 1s given for oscillator
The peak labelling scheme used here is consistent with the single mode case presented
previously,® it has merely been expanded. For example, the ground state bleach (GSB) peak /

from reference® still has the same Roman numeral but is now further specified with a

superscript, such as //. The other analogous GSB peaks in the two-mode case are peaks ///'

and 111/.’ , but the new GSB peaks in a multimode 2D EV spectrum contain different subscripts
and superscripts (//// and 111;' ) because the two coupled oscillators share a common ground

state, ‘ g;00>, allowing different vibrational coordinates to participate in the same vibronic

transition pathway. The different features arising from vibrational transitions in the excited

electronic state have also expanded in the two-mode case. While peaks /' and /I’ are
essentially no different than in the single mode system, the two mode system permits more

features to appear when the electronic excitation populates higher lying vibrational states (e.qg.,

=, +,"). The excited state vibrational frequency shift (A, and A_ ) canstill be

electronic

directly read off of the 2D EV spectrum as the difference between peaks /7 and 7/ of either

vibrational mode. Equally-weighted R and NR contributions still yield symmetric features for

peaks /V and V' (similarly, /V/ and V). However, a shared common ground vibrational

state in the electronic excited state,

e;0'0'>, allows for additional excited state stimulated

emission (ESE) pathways to contribute R and NR signals at different (o, ,®,) coordinates —

i.e., rephasing peaks V/," and I/ with unique 2D EV coordinates and additional non-rephasing

signals to peaks I/ and Vl,". The excited state anharmonicity (referredtoas A, , in reference?,
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but now specified as A, or A ) of either vibrational coordinate is directly accessible by the

difference in @, positions of peaks /I’ and V" or IV/’ and V/," . An entirely new set of excited

state absorption (ESA) peaks appear in the two-mode case indicated by Roman numeral I’/

because an additional shared vibrational state in the excited electronic state exists for the two

coupled anharmonic oscillators:

e;1'1'>. A notable feature of peaks Vl/f' and V7’ is they are

composed of two transition pathways which do not propagate in a coherent superposition

during z, which should facilitate a reliable measurement of the population dynamics of

e;1'1'>. This particular state is interesting for two reasons: 1) it is a vibronic eigenstate which

is likely to facilitate excited state vibrational energy transfer because it is common to both

vibrational coordinates, and 2) its c, position directly reports on A which is proportional to

vibronic "

the strength of Duschinsky mixing and the V' termin A,

6.4.2 Peak Amplitudes

The amplitudes of the 2D EV peaks are dependent on the ground state population of

molecules, (i.e., in ‘g;00><g;00‘) and the strength of the four transition dipole moments that
are accessed by the field-matter interactions during a vibronic transition pathway. It is assumed
that w,0 >>Kk,T where x, is Boltzmann’s constant, so all molecules in the ensemble of
interest begin in ‘g;00><g;00‘ . The explicit treatment of both the electronic transition dipole

moment and the vibrational transition dipole moment in the interaction Hamiltonian allow for

considering the nuclear dependence of the electronic transition and the electrical anharmonicity
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of a vibration in an excited electronic state. The electronic transition dipole elements are

expressed,

eg _ ,,(0) .
lLl - /’leg <g’vlvl

ev,'v, '>+,u§1) D <g;viv/. }Qk ev,'v, >+ (6.8)

g kei,j

To zeroth order, M_ (@) is independent of the nuclear degrees of freedom when only

) #0 in equation (6.6). In this limit, the Franck-Condon approximation is valid and the

electronic transition dipole moment strength is modulated by the square of the overlap integral

of the two vibronic eigenstates involved in the transition. Thus, the peak amplitudes are

2
0
H,

2
e.8

proportional to

2
Y7, <g;v,v, e;v,'v_'>‘ from the electronic excitation. When the
i i J

electronic transitions are dependent on the nuclear coordinates, then ,u;) # 0 in equation (6.8)

and the relative amplitudes of the 2D EV peaks will vary from the amplitudes expected from
the Franck-Condon factors. This represents the breakdown of the Condon approximation, in
which case non-Condon effects can contribute intensity to 2D EV peaks. An important
distinction between systems in which one versus two coupled vibrational modes are considered

arises in the form of the first order non-Condon effect. By treating the vibrational coordinate

as a ladder operator, the following expression for the first order contribution to x“¢ becomes

(€3]

H,

ev,'v, > :ﬂ;) Rg;vaf e, tD)'v, >
e;vl.'(v/. il)ﬂ.

> <g;vl_vl_

kei,j

. (6.9)

+< gy,

Equation (6.9) reflects the fact that the presence of first order non-Condon effects can result

in amplitude “borrowing” from other vibrational levels of the same vibrational coordinate and
additional amplitude from the overlap integrals involving the other vibrational coordinate.

[7332)
1

Thus, the displacement of anharmonic oscillator “i” may contribute intensity to a 2D EV peak
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(1344

that primarily involves anharmonic oscillator “j”, and vice versa. Although it is not explicit in
equations (6.8) and (6.9), it seems reasonable that the amplitude borrowing between oscillators

should depend on how strongly coupled the two anharmonic oscillators are, which may be

possible through a more robust definition of the expansion coefficient, . The 2D EV peak

amplitudes are also affected by the electrical anharmonicity of a vibrational coordinate in either
electronic state, which arises from the nonlinearity of the vibrational transition dipole moment.
The vibrational transition dipole moments are assumed to scale harmonically before being

transformed into the vibronic eigenstate basis using the same transformation matrix used to

obtain the diagonalized vibronic eigenstates.>*> Generally, we assume that the effects of M,
are more significant than those of M, and M . . .. As in the single mode case, the

comparison of oppositely signed peak amplitudes of the excited electronic state features will

reflect the electrical anharmonicity of |e).

6.4.3 Peak Line Shapes

The 2D EV line shapes are influenced by the system-bath dynamics which are described

by a nonlinear dephasing function for each vibronic signal pathway, #*““(z,,z,,z,). As in

the single mode case, the homogeneous dephasing limit is assumed where the energy gap
fluctuations of transitions between vibronic eigenstates are faster than the timescale of our
measurement and that the fluctuations in mechanical anharmonicity of both electronic states
are negligible. Therefore, the energy gap correlation function and the homogeneous dephasing

functions are defined similarly to chapter 2 but extended and adapted for the two-mode case.
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Instead of specifying the eigenstatesaand b in & (¢) and T, ,, we simplify the notation
in a similar fashion to reference! by specifying the transition frequency between the correlated

eigenstates: ez =|;00) -

00",  i=|g;00)->|g;10),  j=|g;00)—>|g;01),

I'=

e;0'0'> N

e;1'0'>, and j'=

e;0'0'>—>

e;0'1'>. The same energy gap auto-correlation

functions as in the single vibrational mode case are present for two coupled vibrations: the

electronic transition frequency fluctuations (& . ), the ground electronic state vibrational
frequency fluctuations for both oscillators (¢, ., ¢ ), and the excited electronic state frequency

fluctuations for both oscillators (¢, ., ¢, ). The energy gap cross correlation functions relate

frequency fluctuations between different degrees of freedom, which can either be between
electronic and vibrational transitions or between transitions in different vibrational modes. The

latter is new to the multimode vibronically coupled system and defined as

¢, =(00,(6)00,(0)). (6.10)
A complete list and definitions of the energy gap correlations is given in the Appendix. We
further simplify the dephasing functions by defining a proportionality constant for each
vibrational mode which relates the ratio of the electronically excited state fluctuations to those
in the ground electronic state

ow (t
: 0.8 (kei,)). (6.11)
ow, (t)
In this way, the electronic-state-dependent vibrational dephasing is explicitly included in the
2D EV line shapes and inherently measured by the line widths of the various peaks in a 2D EV

spectrum. The nonlinear dephasing functions for the dipole allowed transitions all reduce to

the same form as those for the single vibrational mode case discussed previously.t
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It is interesting to note that a correlated (or anti-correlated) line shape may be present in

the multimode 2D EV spectrum even within the homogeneous limit due to unequal

contributions of R and NR pathways at particular (@, ,w,) coordinates. For example, consider
peak V7’ in Figure 6.2(a) which has a positively correlated line shape in a 2D EV spectrum

when T, is such that the

e;0'1'><e;1’0" coherence is constructively interfering. As discussed

above, these contributions will necessarily oscillate at the difference frequency between o'
and ' during z, resulting in a dynamic center line slope across the bandwidth of this peak.

The appearance of this dynamic is inherently linked to the Duschinsky mixing because the

oppositely signed ESE, peakV’’, will have the same oscillatory behavior and can cancel out

part of the dynamic signal in peak V7] if A = does not sufficiently separate these two peaks in

6.4.4 Duschinsky Mixing

The discussion of peak positions in the multimode 2D EV experiment above highlighted

the fact that peaks V7 ] and V7’ may be particularly interesting because they are potentially

strong reporters on the excited state vibrational mixing, also known as Duschinsky mixing.!®
In the language more common to 2D IR spectroscopy, direct measurement of these peaks

would provide the excited state “mixed anharmonicity” from the peak splitting A, which is
directly dependent on the strength of the 1) vibronic Hamiltonian parameter. The language

from 2D IR is applicable here because this Duschinsky mixing term has the same form as the

bilinear coupling term, B

ij!

of two coupled anharmonic oscillators in the ground electronic
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state;"® 1) is simply the excited electronic state equivalent of B, . However, peaks | and Il

for both modes will also be sensitive to Duschinsky mixing of these vibrations because this
changes the character of the vibration. Such a mode mixing will result in the splitting of the
eigenstate energies as expected in a simple two state system.!” Thus, Duschinsky mixing
effects can be present in both the one-quantum vibrational manifold or the two-quantum
vibrational manifold of the excited electronic state.

A comparison of the effects from ground state vibrational mixing (B #0) and
Duschinsky mixing () #0) is provided in Figure 6.4; the splitting due to state mixing is
given for both electronic states in (a) and simulated 2D EV spectral slices at o, = o, for

various H parameters (b) show the trends in peak splitting for the single quantum

vibronic

manifold. In these simulations, both vibrational modes are red-shifted in the excited state by

30 cm™ when B, =V =0. However, the positions of peaks |'and I’ move to lower and
higher frequencies, respectively, as the magnitude of B, ; increases (shown by the dashed lines

in Figure 6.4); likewise, excited state peaks II' and Il' respond in the same way as the

magnitude of Viy‘f) increases (solid lines, Figure 6.4). In other words, the ground and excited
state vibrations split from their A_, and A_ , values as a result of additional perturbation from

either the bilinear or Duschinsky mixing changes the curvature of the potential energy surfaces;

the Duschinsky mixing (h{‘f)‘ =60) results in an 8 cm™ shift of peaks Il' and 11’ from their

unmixed equivalents (same peaks in gray) and the bilinear mixing in 2-3 cm shifts. It is noted

that the B, perturbations very slightly affect the ESA peaks in these simulations because

V,(Q.Q,) is expressed to first order as V, (Q,Q,)+%a] with excited state vibronic
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perturbations resulting in the 11 / V% terms including some character of the B, ; perturbation

in the excited state vibrational frequencies.
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Figure 6.4. Duschinsky mixing effects in nonlinear vibronic response of single vibrational quantum
manifold. (a) Both ground state (bilinear) and excited state (Duschinsky) mixing of vibrational modes
resulting in vibronic eigenstate energy splitting within each manifold. 2D EV simulated spectral slices

at o, =, for positive (b) and negative (c) vibrational mixing parameters. These simulations do not
include orientational response; the following simulation parameters were used: a)eog = 25500 cm; @’
=1650 cm™: a)j°=2150 cmt; YO :Vj‘l) =0; V@ :VL? =-60; | B, | Vi’(jz) |= 60. Bilinear and
Duschinsky mixing were introduced separately with the other set to zero to clarify effects.

While the shifts in peak positions respond to the magnitude of either ground state or excited

state vibrational mixing, Figure 6.4 indicates that the peak amplitude ratios |%j and “%I"
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can be used to discern the sign of B, and V¥ respectively for the case that w <, as
discussed here (the ratios may need to be inverted if @, > w,). The change in the amplitudes of

the peaks will be influenced by the fact that the vibrational mixing is resulting in shifting

vibrational frequencies that change A_ for each mode and affect the signal overlap of the GSB

and ESA. Thus, some change in signal intensity will be due to more or less signal cancellation.
However, the effect of a mechanical coupling between these two vibrational modes in either
electronic state will result in a change in the vibrational dipole moment due to mixing the
vibrational wave functions, as shown in Table 6.3 and Table 6.4 below.

Table 6.3. Comparison of Calculated Dipole Moments for Different Vibronic Hamiltonian Parameters.

Vi#0 | Ly | _yo +B B
" (only) N H - -

|9;00) —|€;0'0") | 0.9979 | 0.9978 | 0.9978 | 0.9980 0.9978
|9;00) —>|g;10) | 1.0051 | 1.0051 | 1.0051 | 0.9352 1.0728
|e;0'0") —>|e;1'0) | 0.9953 | 0.8586 | 1.1235 | 0.9953 0.9953
)

|g;00) >|g;01) | 1.0041 | 1.0041 | 1.0041 | 1.0542 0.9495
|€;0'0") —>|e;0'1) | 0.9964 | 1.0887 | 0.8879 | 0.9964 0.9964

Table 6.4. Ratios of Calculated Dipole Moments for Different Vibronic Hamiltonian Parameters.

(2)
Ratio Yoy #0 +Vi,(12) _Vi,(jZ) +B, -B,
(only)
%_ 1.0010 1.0010 1.0010 0.8871 1.1299
j
% 0.9989 | 0.7887 1.2653 0.9989 0.9989
i

Importantly, these differences in peak amplitudes among peaks with the same excitation

frequency will not show any relative amplitude difference due to non-Condon effects — rather,
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they will all be affected by the same amplitude scalar from M, ; this isolates this particular

effectto M, ,, and M

vi'vj,m'n

6.5 NONLINEAR ORIENTATIONAL RESPONSE SIGNAL CONTRIBUTIONS

The separation of nonlinear vibronic response and the nonlinear orientational response
implies that the transition dipole moments can be written as vectoral quantities, possessing

both direction and magnitude. Up to this point, the transition dipole moments, 4*°, have

referred to the magnitudes of the transition dipole matrix elements which have only been
included as scalars of 2D EV signal amplitudes. However, the complete transition dipole

moment, p*’, is expressed as the product of a unit vector i*"and its magnitude

ua’b — }':la,bﬂa,bl (612)

As the molecular insight contained within the nonlinear vibronic response function,

R,***(z,,7,,7,), was discussed in-depth for the multimode system above, this section will

abcd
UKL

4 -
focus only on the orientational response, > > > (¥.)"(z,,z,,7,), contributions to R®.

a=11/KL a,b,c,d
The evaluation of the sum over the orientational response indices (1,J,K,L) can be simplified
by considering symmetry relationships for isotropic media to yield the four non-vanishing

Y Y and Y

zzYy ! zYzy ! ZYYz !

tensor components: Y.

7777 !

three of which form the independent basis

for the all parallel response: Y,,,, =VY,,., + Y, +Y,y,, .12 Similarly, the response orthogonal to

2272

the Z direction in the laboratory frame (Y,,,, =Y,,,, + Y., + Y., ) Yields a total of eight non-

vanishing tensor components which could potentially contribute to a single vibronic transition

pathway.
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Assuming an initially isotropic distribution of molecules, each incident electric field
projects out an orientational subset of molecules from the evolving orientational distribution.
This orientational response is then calculated by first expressing each of the four time-ordered

transition dipole moments in the fixed molecular frame (i, j,k,l € X, y,z) where x,y,z are unit

vectors of the fixed molecular frame. After projecting each of the transition moments onto the

molecular frame, an orientational average transforms the molecular frame motion into the

laboratory frame. The sum i differentiates the four vibronic transition pathways (paired with

a=1

their complex conjugate) according to the interaction sequence of the incident fields:

() (7070 7) = 2V () [0 T [0 ek o T] (6.19)
() (20 7,7) = 2V () [T [0 F][ a0 k][ T] (6.14)
() (07 m) = 2V () [0 [ ek T] (.19)
(e (007 7) = 2V 7m) [0 T ][0 L k[ T] - (6.16)

Each of the four projections of the transition dipole moments onto the molecular frame indices
reduces the expression in terms of directional cosines defined by the dipole moments illustrated
in Figure 6.1(b) and the angles given in Table 6.1. The indices (a,b,c,d) represent the four
vibronic eigenstates accessed during a particular vibronic transition pathway; the transition

dipole moments are specified in this way (e.g., i*" is for the transition between |a) and |b)).

The cosine and sine functions are evaluated for the correct angles between the involved
transition dipole and the molecular frame coordinates for each non-vanishing tensor

component given above. The transformation of the orientational diffusion within the molecular

frame into the laboratory frame is achieved through the Y™ (z,,7,,z,) scalar factors which are

1IKL
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defined by a four-point joint probability function of conditional probability distributions for an
ensemble of symmetric diffusers.2'%131% The conditional probability distributions are
expressed in terms of Wigner rotation matrices with time-dependent expansion coefficients
that can be simplified to only depend on a rotational quantum number and the orientational

diffusion coefficient, D

or !

of a symmetric diffuser.®2° The orientational part of the response

function, Y (z,,7,,7,), for a specific transition pathway with projections onto the molecular

frame coordinates (i,j,k,1), is determined by selecting a specific set of laboratory frame

polarization directions of the incident electric fields, (1,J,K,Le X,Y,Z ) where X, Y, and Z

are laboratory frame unit vectors; see Table 6.5 for these values of the non-vanishing tensor
elements.

Table 6.5. Non-vanishing tensor elements and the orientational part of the response function for the
parallel polarized experiment (IJKL = ZZZZ) and the perpendicularly polarized experiment (IJKL =
YYZZ), for the two orthogonal dipole directions in z and y within the fixed molecular frame. The

diffusional correlation functions are given by c,(r) =exp[-2D,,z] and c,(z) =exp[-6D, r]. When

orientational diffusion is much slower than the vibronic dynamics, D, — 0 and c,(z), c,(z) > 1.

Y,,,, (parallel) Y,.,, (perpendicular)
Tensor Orientational Part Tensor Orientational Part
Element Element
7 1221 1 4 7 2222 1 2
Yzzzz §C1 (Tl)cl(TS)(l—'_gCZ (Tz)j szz §C1 (z-l)cl (73) 1_EC2 (Tz)
7 Yy = W 1 2
Yzzzz 0 YYYZZ § C, (Tl)cl (Ts) 1- g C, (Tz)
7 yyzz 7 2zyy 1 2 7 yyzz 7 22yy 1 1
Yzzzz = Yzzzz 5 G, (Tl)cl (Ts) 1- g C, (Tz) szz = szz § C, (Tl)cl (Ta) 1+ g C, (Tz)

77 7 vz 1 7 y2 7 7yz 1
Yzzyg :Yzézy; EC1(71)C1(73)C2 (Tz) YY\y(zy; :waz; _%CI(TI)Cl(T:S)CZ (Tz)

Z: 7 yzz 1 7 yiz 7 2yyz 1
Yzzyzyé :Yzéz; Ecl (Tl)cl (Tg)cz (Tz) YY\y(z; :wazyz _%Cl (71)(:1 (Ts)cz (Tz)
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Note that the non-vanishing tensor elements in Table 6.5 are only given for the polarization
geometry in which ki and ko have the same linear polarization; a complete set of non-vanishing
tensor elements for experiments in which these fields have independently controllable
polarizations can be found elsewhere.*®2! Typically, the orientational diffusion is much longer
than the timescales of the vibronic dynamics of interest, so the orientational parts of the
response function simplify even further. These values can be used directly in equations (6.13)
-(6.16) along with the directional cosines to obtain the orientational response for each vibronic
transition pathway in a multimode 2D EV experiment.

Using these expressions, the polarization-selective 2D EV signals for specific peaks in the
2D EV spectrum may be calculated. The expressions for the parallel and perpendicularly
polarized orientational response can be used to derive the typical expressions for a
depolarization ratio and the anisotropy parameter may be obtained. As an example, the
orientational responses for the fully absorptive (R+NR) peak 11’ are calculated below where

a=|g;00), b=|e;0'0", c=|e;0'1") and d=|e;0'0") and a =1 specifies the Liouville

transition pathway followed by this vibronic transition (see chapter 2).

(Y30 = Vi (cos*(6,)) + Y (sin* (6,)) |

+[ Vi (cos*(6,)) + Y2 (sin*(6,)) | (6.17)
2
- E(20032(6’].,) +1)
(Y =[ Vs (cos® (6,)) + Yo (sin*(6,)) ]
[ Vi (cos*(0,) + Yz (sin*(6,)) | (6.18)

2 .,
:E(1+sm ©,))
For a pump-probe experiment and a 2D experiment in a pump-probe geometry, the

depolarization ratio obtained for peak 11’ from equations (6.17) and (6.18) is
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(Yl)YYZZ _ 2—C0822((9j,) (6.19)
(V) 1+2c0s°(6,)

and the anisotropy is obtained from the ratio of the anisotropic response (Y,,,, —Y.,,,) and the

isotropic response (Y,,,, +2Y.,, )
Yzzzz _YYYZZ 1 2
=2 Nz —_(3c0s°(0.)-1 6.20
Y, +2Y, (3c0s'(6,)-1) (6.20)

2272 Yyzz

These equations yield the familiar range of anisotropies of r = 0.4 for transition dipole moments
that are parallel and r = -0.2 for orthogonal dipoles.!32223

Table 6.6. Angular dependence of peaks in 2D EV spectroscopy. Each peak is labelled if it occupies a
distinct (w1,m3) peak position; multiple Liouville transition pathways can contribute to the same peak.

Peak Label | S0 | pepencience | Label | type | Dependonce
|’ GSB 6 ' ESA 0.
E GSB 6, I’ ESA 0,
1 GSB 6,67 \'A ESA 6,67
1/ GSB 0,,0" v/ ESA 0.,07
11 GSB 6,07 VI ESA 0..6°
1’ GSB 0,67 VI ESA 6,07
v, ESE | 6.6°.6,,6° vI! ESA | 6,.6,,6°.6°
v/ ESE | 6,.6°.6.6° | VI ESA | 6,.0.6°.67
V. | ESE | 6.0.8°.0
V| ESE | 6.6,.07.67

Notably, from the anisotropy, one can extract the angle between two different dipole moments
directly. However, it is important that the peak amplitudes are not convoluted with different
transitions but rather spectrally isolated in order to accurately extract the dipole moment angle

from the anisotropy. This is satisfied for the orientational response of peak 11’ because it has
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angular dependence of only one angle (&, ) between the transition dipole moments x* and

4, - The angular dependence of all dipole-allowed 2D EV peaks is given in Table 6.6.

6.6 POLARIZATION-SELECTIVE 2D EV SPECTRAL SIMULATIONS

The nonlinear vibronic response and the nonlinear orientational response can be used as
defined in the above sections to simulate the parallel and perpendicularly polarized 2D EV
spectra. The same vibronic Hamiltonian parameters still affect the vibronic couplings, non-
Condon effects, and Duschinsky mixing; the dipole moment angles are now additional input
parameters integrated through the nonlinear orientational responses that allow for simulating
orientationally specific 2D EV signals.

In the 2D EV simulations below, the following parameters were used unless otherwise
noted: o’ = 1650 cm™, @° = 2150 cm™, @ =26500cm™, B =0cm™, g,=0.255and g,
= 0.228 which yield 25 cm™ ground state anharmonicities, excited state displacements from

linear vibronic couplings )= 0.68 and V= 0.88, quadratic vibronic coupling from 1) = -
0.006, V? =-0.070, 1)'? =-0.080 resultingin A_, =62cm™, A_. =37cm’, A ,=24cm?,
A,=21cm? and A, =12 cm™; non-Condon effects are excluded (& =0) unless otherwise
noted. The dipole angles used were the following unless otherwise specified: 6 = 35° 6, =
65° 0. =45° . =55° 6° =67 =0° The resulting system being simulated can be described

as a system of two displaced, frequency-shifted, anharmonic oscillators that are uncoupled in
the ground state but become coupled upon electronic excitation through Duschinsky mixing;
the angles between the electronic and vibrational transition dipole moments also reflect that

delocalization occurs upon excitation as the vibrational dipole moments become more isotropic
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(i.e,, 6,,0, approach the magic angle, 54.7°). The parallel (ZZZZ) and perpendicular (ZZYY)

simulated spectra are shown in Figure 6.5.

Parallel (ZZZZ) Perpendicular (ZZYY)
2150t t+
0.2
- &G T e =2
E 2050} L4 | 0.1
ll.:.l 4
~ 1650% 7% ¢ 0
—
3
’ L 0.1
1550f M - 02

2.5 26 2.7 x10% 25 26 2.7 %x10%

w, /2mc(cm™) w,/2mc(em™)

Figure 6.5. Polarization-Selective Multimode 2D EV Spectral Simulations. The parallel polarized 2D
EV spectrum (left) and the perpendicularly polarized 2D EV spectrum (right). The spectra are globally
normalized to the ZZZZ spectrum; the color map spans +0.2 in order to view the features from the hot
vibrational manifold in the excited state more clearly. The contour lines are at 2% intervals spanning [-
0.2:0.2]; dashed = negative, solid = positive.

While the simulated 2D EV contour plots are not the most obvious way of viewing
differences in intensities, the general aspects of the simulated system described above can still

be discerned qualitatively. The vibrations in the ground electronic state should display stronger

polarization-dependence because 6 and 6, are closer to parallel (0°) and perpendicular (90°),

respectively, than their corresponding excited state dipole angles. Hence, the ground state

features for the g, coordinate should give stronger responses for the parallel polarized
spectrum and vice versa for the g, coordinate in the perpendicular polarized spectrum. This is

observed by comparing peaks | and IlIl between the vibrational coordinates; the ZZzZZ

spectrum shows stronger peaks | and Il at ws = wi = 1627 cm™ than for peaks | and 11l at
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w3 = wj = 2127 cm™ whereas the opposite is true for the ZZYYY spectrum. Consistent with this,
the excited state absorptions show closer amplitudes between the two differently polarized
experimental spectra because the vibrations become more isotropically oriented upon
electronic excitation. These angles were chosen in this simulation to demonstrate moderate
shifts in dipole angles and a delocalized electronic excited state. However, the maximum
polarization-selectivity (i.e., maximum contrast between parallel and crossed polarized
signals) for a peak with a single angle dependence would occur if the vibrational dipole
moment was either completely parallel or completely orthogonal with respect to the electronic
transition dipole moment. As the angular dependence includes more than one angle, the

polarization-selectivity of the 2D EV signal becomes more complicated.

6.6.1 Comparing tIR and 2D EV Anisotropies

Considering the peak intensities and anisotropies along particular slices in the polarization-
selective 2D EV spectra yields a more direct comparison of the polarization-dependent
responses. Figure 6.6 shows anisotropies as a function of vibrational probe frequency, ws,
calculated using equation (6.20) which become ill-defined as spectral intensity tends toward
zero leading to asymptotic behavior.?* As the tIR spectrum is obtained by integrating over the
excitation frequency dimension, w1, the tIR anisotropy has been calculated accordingly. The

2D EV anisotropies have been calculated using spectral slices at o, =@, (25180 cm™),
o, +o, (26740 cm™?), and o, +w, (27260 cm™) to show the various signals that are

convolved in the tIR anisotropy.
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Figure 6.6. Comparison of tIR and 2D EV Anisotropies. (a) Transient-IR anisotropy calculated from
summing over the parallel and crossed 2D EV spectra. The 2D EV anisotropies for (a) £* excitation

at o, =aw, (25180 cm?), (b) ° excitation at @ =, +a@, (26740 cm?), and (c) u;° at
@, = o, +, (27260 cm™). In all plots, the blue solid (dashed) lines are the ZZZZ (ZZY'Y) signal

intensities obtained from simulated 2D EV spectra in Figure 6.5, the red lines are the anisotropies where
the spectral regions of tIR and 2D EV signal have been emphasized and the regions where the
anisotropy is ill-defined have been suppressed.

Generally, the differences between the tIR signal amplitudes and the @, -dependent 2D EV

signal amplitudes shows that an inaccurate assessment of the excited state molecular structure
would be obtained from the tIR signal alone. In fact, the strongest ESA feature peaks at w3z =

1564 cm™ as shown by u* excitation (Figure 6.6b), but the positively signed ESE signal
arising from g excitation destructively interferes with the ESA signal to minimize its

intensity overall in the tIR spectrum. From the tIR spectrum alone, the ESA peak maximum at
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1541 cm™* suggests that the excited state vibrational frequency shift is 24 cm™ larger because

the frequency separation of the tIR bleach and absorption maxima s actually equal to A_; +A,

. Moreover, the ~10 cm™ vibrational bandwidths defined in this simulation allows for the peaks

to be somewhat distinguished in the simulated tIR spectrum but in practice, smaller A_; and/or

A, values and even slightly broader vibrational line widths would wash out this vibrational

spectral resolution. This effect is clear in ESA peaks for the tIR spectrum of mode j (2050 cm”
< w, <2100 cm™) in Figure 6.6(a).

In addition to the spectral intensities, the anisotropy values are of interest to understand
orientational information of the relevant transitions within the molecular frame. The ground

state bleach anisotropies for both vibrational modes (@ = 1627 cm™, o, = 2125 cm™t) have the
correct anisotropy values, r(w,)=0.2 and r(w,) = -0.08, as expected for § =35°and 6, =

65°, respectively. This is due to the fact that the only convolved spectral features are the same
type of transition (GSB) and the simulations have assumed that there is no orientational
dependence of the electronic transition dipole moment arising from exciting hot vibrations

(i.e,, 6° =67°=0). The o -dependent anisotropy analysis below shows that the tIR and 2D EV

anisotropies would not be the same for the GSB peaks if the direction of the electronic
transition dipole moment carries nuclear coordinate dependence.

For the same reasons that the tIR intensity profile of the ESA features resulted from
different types of transitions significantly overlapping, the ESA anisotropies will also be very
poorly represented in the tIR anisotropy. Since the electronic transition dipole moments do not
include any nuclear coordinate dependence in the simulations shown in Figure 6.5 and Figure

6.6, the only angles which contribute to the anisotropy values of the various peaks should be
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6, =45°and @, = 55° yieldingr=0.11 and r = 0.00, respectively. These values are recovered

directly in the 2D EV slices (Figure 6.6(b-d)), but not as clearly in the tIR anisotropy (Figure
6.6(a)). Notably, there are overlapping ESA and ESE peaks for each vibrational coordinate

with angular dependence on both 6, and @,.. In these cases, the anisotropy should tend toward

a value roughly in between the anisotropies for these two dipole angles separately.
By separating out the wi-dependent pathways in the 2D EV experiment, the separation of
spectral contributions arising from differently overlapped peaks in the ws domain can be

achieved. For example, consider the anisotropy resulting from w* excitation (Figure 6.6(c)).
The ESA feature has contributions from peaks 1V.' (main peak at 1541 cm™) and VI, (shoulder
peak at ~1551 cm™) while the rise of the ESE from peak V,' is clearly separated (positive peak
at 1564 cm™). Since peaks 1V," and V,' contain the strong @, angular dependence, the prominent
ESA and ESE features have anisotropies of ~0.1 (note that the 6, angular dependence arises
in V,'through one NR pathway which has both 6. and 6. dependence which is a very small
contribution overall to the total anisotropy). However, the ESA shoulder peak from V1. drops

the anisotropy to 0.06 before the zero-intensity crossing results in the asymptote between the

ESA and ESE regions. This anisotropy results from the fact that peak V1. is composed of only
one NR transition pathway that depends on both ¢, and 6, because this transition pathway
proceeds in the coherence superposition |e;1'0"(e;0'1'| during z,. Thus, the dependence on

both vibrational coordinates brings the anisotropy of VI to 0 <r < 0.1 which can be resolved

in the 2D EV anisotropy.
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6.6.2 Non-Condon Effects in 2D EV Anisotropy

Performing the 2D EV experiments in a polarization-selective manner allows for the
advantage of viewing electronic-excitation-dependent orientational effects through the «,-
dependent anisotropy. Figure 6.7 compares the peak intensities for the parallel and
perpendicular polarization configurations as well as the anisotropy for slices in the 2D EV

spectra taken at the ground state vibrational frequency , =@ = 1627 cm™. The three peaks
arise from electronic excitation of the dipole moments: x* (25180 cm™), 4 (26740 cm™),
and £ (27260 cm™). The appearance of non-Condon effects are observed in the spectral
intensities and the anisotropies through both a scalar dependence (when ,ué;) #0) and an
orientational dependence (when 7 =0 or & #0). These two types of signal contributions

can be separated using polarization-selective 2D EV measurements and analysis of the
anisotropy. Importantly, the electronic transition dipole moments are vectoral quantities and
so any nuclear dependence of the electronic transition dipole moment can appear as both a
scalar contribution to peak intensity typically considered in the Franck-Condon picture and as
an orientational contribution represented in this treatment by the electronic transition into hot
vibrational states in |e> having a different direction than the % excitation (i.e., 8° =0 or
g7 #0).

The same simulation parameters as used in the Figure 6.5 and Figure 6.6 were used to
simulate the 2D EV spectral slices shown in Figure 6.7 except for the parameters related to the
non-Condon effects (see Figure 6.7 caption). The simulations without any non-Condon effects

are shown in gray and the scalar contributions from non-Condon effects are shown in black.

Comparing the black and the gray spectra for both ZZZZ and ZZY'Y shows that when linear
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and higher order expansion terms of M, (Q,Q,) are non-zero, the peak amplitudes increase

more for peaks resulting from * or 4 excitation than for . excitation.
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Figure 6.7. Non-Condon effects viewed through excitation dependent 2D EV anisotropies. All spectra
result from 2D EV slices at ws = 1627 cm™ (ground state vibration of mode i). Four different simulations
are shown for (a) ZZZZ (b) ZZY'Y and (c) the anisotropy: gray = [6° = 0°, 6= 0°, )= 0]; red = [

g7 =10°, 6= 0", ﬂe(;) = 0]; blue (dashed) = [67 = 0°, 8" = 10°, ,ue(;’z 0]; and black = [6 = 0°, 6°
= 0° pg)=0.15]. Note the difference in signal intensity axes in (a) and (b).
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This intensity borrowing is consistent with the breakdown of the Condon approximation and
affects both ZZZZ and ZZY'Y spectra equally, as is seen through a constant anisotropy value
(~0.2) for both black and gray spectra in Figure 6.7(c). This effect is the same as described for
the one mode case in chapter 2.1

The orientational effects from any nuclear dependence of the electronic transition dipole
moment may be observed clearly in the excitation-dependent 2D EV anisotropy. These effects

are observed through comparison of the red (6 = 0) and dashed blue (& = 0) polarization-

dependent spectra and they are emphasized in the anisotropy. In both parallel and
perpendicular polarized spectra for peak 1', no difference in intensity is observed when
orientational non-Condon effects are introduced because the electronic excitation dipole

moment is x* which connects the common vibrational ground state in each electronic state.
There is a difference observed for peaks 111! and III} because they have electronic excitation
dipole moments which can be affected by the dependence of either coordinate i (111) or
coordinate | (IIIJ‘.) during the electronic transition. When 67 =0 (& #0), the amplitude of
peak 1l (1117) is greater than in the absence of orientational non-Condon effects for the

parallel polarized 2D EV signal and lesser in amplitude for the perpendicularly polarized
signal. This can be rationalized by considering the depicted dipole moments in Figure 6.1(b);
the projection of the vibrational transition dipole moment onto the electronic transition dipole
moment is greater when the electronic transition experiences orientational non-Condon effects.
Thus, the parallel polarized signal will be stronger than the perpendicularly polarized signal.

The anisotropies show a very clear shift from 0.2 to 0.3 due to the presence of orientational
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non-Condon effects in Figure 6.7(c). These simulations demonstrate the polarization-

sensitivity of orientational non-Condon effects in 2D EV spectroscopy.

6.7 DISCUSSION

In general, the above analysis shows that 2D EV spectroscopy can be very useful for
isolating the presence of Duschinsky mixing and non-Condon effects in condensed phase

molecular ensembles. These topics are discussed more broadly in the following paragraphs.

6.7.1 Selection Rules in Multimode 2D EV Spectroscopy

The vibronic selection (or propensity) rules for 2D EV and 2D Vibrational-Electronic
spectroscopies were established through the theoretical treatment of one displaced, frequency-
shifted anharmonic oscillator in chapter 2. These rules were constructed based upon
systematic simulations of the 2D spectra in which the effects of simulation parameters on the
peak positions, amplitudes, and line shapes were analyzed. These same rules still govern the
multimode, polarization-selective 2D EV signals as well. However, the presence of two
anharmonic modes that are coupled in the excited state through Duschinsky mixing also has
the potential to reveal 2D EV signal in the absence of any other type of vibronic coupling. This

is justified because the Viff’ term clearly has the ability to affect both the position and the

amplitude of 2D EV peaks as discussed above. This effect manifests as a splitting between the
excited state vibrational signatures (e.g., peaks IlI' and I1') , which would be sufficient to
separate even an overlapping GSB and ESA peak if the quadratic perturbation parameter was

equal to zero (W, V% =0) . Moreover, since the Duschinsky mixing effect can be considered

to arise from the vibrational transition dipole moments, a difference in amplitude between

peaks |1 and Il for either vibrational coordinate could also contribute to an observed 2D EV
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signal even with a fairly small frequency shift. It is still noted that the Duschinsky mixing
effects would still likely contribute signals of much weaker magnitude than would be observed

if the pure quadratic vibronic coupling (¥\?, %) was non-zero. Thus, Duschinsky mixing is

also a sufficient condition to contribute 2D EV signal.

6.7.2 Duschinsky Mixing and Non-Condon Effects

Considering all of the factors governing the amplitudes of multimode 2D EV signals, one
sees that both scalar and directional contributions are included as a result of the transition
dipole moments being vectoral quantities. As discussed in the above sections, the presence of
Duschinsky mixing contributes additional amplitude through the vibrational transition dipole
moments as well as energetically splits vibronic eigenstates resulting in new peaks being

measured (through contributions to A, A, ,, or A,.). This effect can be largely considered

egi?t Deg j
a molecular structural modification of the nuclei in the excited electronic state because their
motion is not completely separable from the motion of the electrons. While this effect has
largely considered through the scalar contributions as shown in Figure 6.4, it is not
unreasonable to expect that a Duschinsky mixing of vibrational modes should also affect the
direction of the vibrational transition dipole moment since the character of the two excited state
vibrational modes is being mixed.

The non-Condon effects are very different because they concern the nature of the electronic
transition, rather than explicitly the vibrational motion. As shown above, the nuclear
dependence of the electronic transition dipole moment can be broken down into both a scalar
contribution that is independent of dipole orientation and an orientational contribution. The
scalar contributions arise from the magnitude of the electronic transition dipole matrix element

when the expansion of the electronic transition dipole moment about the relevant nuclear
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coordinate includes non-zero linear and higher order terms. These types of contributions would
be most easily discernible through a peak amplitude ratio of two peaks in a vibronic
progression of the relevant nuclear coordinate. However, some a priori information regarding
what the true displacement of the electronic potentials is would likely be necessary to confirm
that a measured peak amplitude ratio reflects a non-Condon effect; otherwise one could not
distinguish a non-Condon effect from a linear vibronic coupling. The orientational response
may provide a more direct way to view a non-Condon effect through the excitation dependent
anisotropy; the most clear measurement would still require a polarization-selective experiment
that can excite at least two peaks in a vibronic progression so the comparison between the two
peaks’ anisotropies can be made.

While the scalar and directional aspects of the signal contributions from Duschinsky
mixing and non-Condon effects in multimode 2D EV spectra are quite clearly decoupled from
one another in this analysis, the more likely scenario will have these effects more strongly

coupled in real molecular systems and many of these effects could also be time-dependent.

6.8 CONCLUSIONS

The vibronic contributions to polarization-selective multimode 2D EV spectra have been
investigated in this chapter in detail. While many more interesting molecular phenomena can
occur when more than one vibrational mode is relevant during excited state dynamics, the
resulting spectral signatures can also become much more complicated. This analysis has
decoupled the nonlinear vibronic response from the nonlinear orientational response and
treated each part of the molecular response separately. The separate contributions from
Duschinsky mixing and non-Condon effects within either, or both, of the nonlinear vibronic

and orientational responses as discussed here provides a simplified guideline for which some



218

polarization-selective 2D EV experimental spectra may be interpreted. While these
contributions have only been considered in this chapter for 2D EV spectroscopy, they are all
directly translatable to an interpretation of 2D Vibrational-Electronic spectroscopy, as was
done in Chapter 2 for the single vibrational mode. In fact, applying a more subtle interpretation
of the orientational and scalar contributions of non-Condon effects in the 2D VE spectroscopy
of charge transfers in mixed valence complexes is beginning to prove fruitful.?® This chapter
provides a theoretical framework for understanding how the more subtle details of Duschinsky
mixing and non-Condon effects may appear in polarization-selective multimode 2D EV

spectroscopy.

6.9 APPENDIX

6.9.1 Multimode 2D EV Energy Gap Correlation Functions

The vibronic transition frequency correlation functions that are accessed for 2D EV

spectroscopy of a system with two coupled anharmonic vibrations (i and j) are defined as:

O EICCIN LI ()

&30 = (00451500 (1)80,5, 10 (0))

Copes (1) = (00,0500 (V00,0106 (0))
Cogi (1) = (80,00,00 (1)00,1.05(0))
G (0) = (00,15 0000 (1) 50,1150 (0) )
Cogs (1) = (00,0400 00,0, 05, (0))
&30 = (80,0000 (1)50,01.04,5(0) )

é/lj (t) = <5a)e1'0',90'0'(t)5a)90'1',90'0'(0)>
where the energy gap of the two states that is fluctuating is specified by the two states given in

(6.21)

the subscripts. The two mode dephasing functions are obtained in the same way as described

for the one mode system discussed in Chapter 2.
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6.9.2 Two Mode Transition Pathways and Orientational Response

The vibronic transition pathways for the multimode 2D EV spectroscopy are organized by
the four vibronic eigenstates involved in the Liouville pathway (a,b,c,d), the general type of

third order Liouville pathway as defined in the Chapter 2 appendix (R , ne1-4) for rephasing

(R) and non-rephasing (NR), the non-vanishing  tensor  components

{zz22, 22yy, 2y2y, 2yy7, YYYY, YYyZZ, yzyz, yzzy}, and the dipole angles for the light-matter
interactions composing the pathway (6,, mel—4). Generalized expressions for the

orientational response of each pathway are given which can be used in conjunction with the
defined angles for each pathway to obtain the specific orientational response of each transition

pathway.

Table 6.7. Ground State Bleach Multimode Vibronic Transition Pathways

Peak qufg\éveay . ;%r;%rms Vibronic States Angles
R | NR |a) |b) c) dy 6|6 |6]680
K Rs | Ra | zzzz,yyzz ||9;00) | |9;10) ||g;00) | |e;0'0") | & | - - -
' | Rs | Ra | zzzz,yyzz | |9;00) | |9;01) | |g;00) | |&00) | 6, | - | - | -
' | Rs | Rq @is) ||g;00) ||g;10) | |g;00) | |es10N |6 | 62| - | -
W) | Rs | Re | (all8) |]9;00) | |g;01) | |g;00) | [e;10") [ 6, | 67 | - | -
N | Rs | R @) ||g;00) ||g;10) | |g;00) | |e;01) |6 | 62| - | -
M | Rs | R (all 8) |9;00) ||g;01) | |g;00) | |e01) | 6, | 6° | - | -
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Table 6.8. Excited State Stimulated Emission Multimode Vibronic Transition Pathways

Peak P?%Lay Tensor Vibronic States Angles

R [ NR | COMPONENtS T4y T |b) c) ) oo el]oa
V/ |[Ra | Rt | (all8) ||9:00) | |&1'0%) | |e;0'0% | [e2'0%) | 6. | 6
Vi [ . | Ri| (a8 |]|g;00) | |e01) []e;0'0" | [e10) | 6. | 6, | 67| 6
V! | R | Ry (all 8) |9;00) ||e;0'1) | |e;0'0") | |e;01) | &, | &
Vi | R @iy [[g:00) [[er0) [[e00) [[e01) [ o, [ 6 [0 [oF
Vi |Ro| - @) ||g;00) ||e10Y ||e;0'0% | |e;0L) |6 | 6. | 6% |6
V/ | R | - @lg) |]g;00) ||e;01) ||e;0'0") ||es10) |6, | 6 |67 | 6
Table 6.9. Excited State Absorption Multimode Vibronic Transition Pathways
Peak qufg\éveay Tensor Vibronic States Angles

R | NR [ COMPONENts 4 b) c) d) |ale]e]oa
N | R | R | zzzz, yyzz | |9;00) | |€;0'0") | |&;1'0") | |e;0'0") | 6.
7 | R | R | zzzz,yyzz |]9;00) | |e;0'0") | |e;0'1") | |&;0'0%) | 6,
V' | R | RS (all 8) |9;00) | |&1'0) | |&;2'0") | |e;1'0") | 6, | 6
IV [R"[R"| (all8) |]g;00) | |e;0'L) | [e;0'2) | |e;01) | 6, | 6
Vil | - |RS (all 8) |9;00) | |e;01) | |e11) | |e1'0) | 6. | 6, | 67 | 67
Vil | - | R (all 8) |9;00) | |e;1'0") | |&1'1) | |es01) | 6, | 6. | 67 | OF
VL |RO|IRS| (all 8) |g;00) | [e;0'1") | |e1'1) | |e;01) | 6, | €°
VIL | RS- (all 8) |9;00) | |e;1'0%) | |&1'1) | |e;01) | 6. | 6, | 6° | 6F
VI! |R| RS (all 8) |g;00) | [e;1'0") | |e;1'1) | |es2'0") | 6, | 6
VI | RS- (all 8) |9;00) | |e;0'1") | |g1'1) | |es2'0) | 6, | 6. | 6° | 6
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The generalized orientational response functions for parallel (Y,,,, ) and crossed (Y,

YYzz )
polarized experimental geometries are given below; they are differentiated by the angular

dependence and the non-vanishing tensor components contributing to the signal.

Table 6.10. Orientational Response Functions for Parallel and Crossed Polarization Configurations.

Angular Number

Dependence of
(# of Tensor = Yoz
angles) Comps.
7777 1 2 1 .,
' —|2cos°(6)+1 —|[1+sin* (6,
T 2080 +1] [Lesin®(0)]
1 2 2
—[cos*(6,)(cos"(6,) +1)+ 1
2 (all 8) 15[ (0 (cos'(@:) +1) %[3—cos(2(6§—62))]
cos’(,) +sin(26,)sin(26,)]
1 [12(cos(6,) cos(6,) cos(d,) cos(d,) )+ | 1
60 —[cos(0,-6,+6,-6,)+
cos(6,+6,-0,-6,)+ 20
4 (aII 8) COS(@l—HZ +93_04)+ 005(91_‘92_93+94)]_

cos(6,—6,-6,+6,) - %[005(6?1 +6,-6,-6,)]
3(cos(6,+6,+6,+6,))]
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POLARIZATION-SELECTIVE TWO-DIMENSIONAL

ELECTRONIC-VIBRATIONAL SPECTROSCOPY

The work presented in this chapter has been published in the following paper:

1) Gaynor, J.D.; Petrone, A.; Li, X.; Khalil, M. “Mapping Vibronic Couplings in a Solar Cell
Dye with Polarization-Selective Two-Dimensional Electronic-Vibrational Spectroscopy”
Journal of Physical Chemistry Letters 2018, 9, 6289-6295.

7.1  INTRODUCTION

The metal-to-ligand charge transfer (MLCT) excited states of transition metal complexes
are widely used for light-harvesting and photocatalysis.}* Understanding the ensuing ultrafast
relaxation dynamics of the initially excited singlet MLCT state to a triplet MLCT state via
intersystem crossing (ISC) or to other singlet excited and ground MLCT states via internal
conversion is crucial for developing better photo-sensitizers. Considerable research efforts are
being directed at understanding the role of coupled vibrations, solvent dynamics, spin-orbit
coupling and the available excited density-of-states in determining the ultrafast photochemistry
of transition metal complexes.>*® The ability of 2D EV spectroscopy to provide a correlation
map between electronic and vibrational degrees of freedom in excited states,*®'” and its direct
sensitivity to measuring vibronic couplings,*® makes it an ideal technique to study photoexcited
energy and charge transfer dynamics in transition metal complexes.

A famous molecular photo-sensitizer system is the Ru-centered compound known as “N3”
[Ru(dcbpy)2(NCS)-], [dcbpy = (4,4’-dicarboxy-2,2’-bipyridine)], which is particularly good at
transferring electron density via excited MLCT states that are excited by UV-Visible radiation.
N3 belongs to a broader class of transition metal compounds undergoing rapid and complex

charge transfer (CT) dynamics which can be dictated by structural rearrangement and solvent
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environment.®® The rich photoexcited dynamics reported for N3 in solution®*? and on
semiconductor substrates®?’34 suggest that many states in the excited *MLCT manifold
participate in various CT and relaxation pathways available to N3. Evidence for nonergodic
electron transfer and the involvement of nonthermalized vibronic states within the excited
IMLCT manifold have also been reported for N3.2"3%%¢ How might vibronic couplings dictate
ultrafast photoexcited CT dynamics in this system? Invoking the analogy of Chapter 1, who
are the main players in N3’s photophysical dynamics, and how do they play their game of
ultrafast photoexcited charge transfer?

In this chapter, polarization-selective 2D EV spectroscopy is used to directly correlate
specific IMLCT states with vibrations in the 3MLCT manifold following photo-excitation of
the aqueous, fully-deprotonated form of the famous photo-sensitizer, N3*. As detailed in
chapter 2, the 2D EV spectrum measures IR-active vibrational changes due to electronic

excitation as a frequency-frequency correlation plot of the electronic excitation frequencies (

,) and vibrational detection frequencies (w,).!**"*"* While the one-dimensional analog,

transient-IR (tIR) spectroscopy, lacks the excitation spectral resolution afforded by 2D EV, it
provides a necessary starting point for this investigation by identifying structural differences
between the ground state and the excited 3MLCT states probed. In the following, we discover
experimental evidence for vibronic couplings in N3* between several excited MLCT states
and vibrational modes observed in the lowest energy *MLCT state for 2 = 2 ps. This is
effectively a static snapshot of the vibronic couplings present in the 3MLCT manifold during

non-equilibrium relaxation. As Figure 7.3 reveals, there are many players! Distinct o, -

dependent features of 3MLCT vibrational modes in the polarization-selective 2D EV spectra

are associated with different initially-excited *MLCT states based on the agreement of
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measured and ab initio calculated angles between the electronic and vibrational transition
dipole moments probed during the experiment. The electron density reorganization upon
exciting the associated *MLCT states lends insight into the microscopic nature of the vibronic
couplings used by photoexcited N3* to transfer energy. A more fundamental point made by
these spectra is the fact that the vibronic states in the singlet and triplet manifolds of N3* must

be very strongly mixed, which likely facilitates its <100 fs ISC dynamics.

7.2 MATERIALS AND METHODS
7.2.1 N3* Sample Preparation

The N3 dye (cis-Bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(ll))
was purchased from Sigma Aldrich (703206 Alrdich) and used without further purification. A

40 mM sample was prepared in agueous 300 mM NaOH (pH~13) solvent to fully deprotonate

N3 and form N3*. Samples for experiments probing the o,=2000-2200 cm? region were

prepared using deionized H-0 as solvent, while those probing the w,=1250-1620 cm* were

prepared in D20. A sample flow cell (Harrick) with a 25 um path length (25 um Teflon spacer
(Lebow) sandwiched between 1 mm and 2 mm CaF> windows) driven by a peristaltic pump
was used to refresh the volume of molecules illuminated by every laser shot (>1 kHz).
Additionally, the sample cell was raster scanned in the orthogonal plane to beam propagation
to refresh the illuminated region of the sample cell window which avoided sample build up
inside the confined sample flowing volume during long laser runs. The sample was enclosed
in a septum-capped vial with needle-connections to the flow cell tubing to minimize solvent
evaporation during experiments; the samples with D,O solvent were sealed carefully and

stored in separate dried chamber. The N3* purity was confirmed by UV-Vis and FTIR spectral
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measurements during several experiments with the same samples. UV-Vis and FTIR spectra
taken before and after each experimental run confirmed there was no photodegradation during

the tIR and 2D EV experiments.

7.2.2 Instrumental Details

The instrumental configuration used for the experiments presented in this chapter can be
found in chapters 3 and 4. These tIR and 2D EV experiments used the broadband UV source
generated using the multi-plate method. Two plates (BK7, VWR International micro cover
glass, 22 x 30 x 0.14 mm set at Brewster’s angle) were used in all data collection in this chapter.
The pump spectrum and intensity were checked before and after each experimental run (~8
hours for tIR, ~3 hours for 2D EV) to monitor its stability; the spectral shape was very robust
over several days of experiments and the intensity was not observed to fluctuate more than
expected laser drift over long periods. The broadband UV pump spectrum used in this
experiment is shown in Figure 7.1(a) (FWHM = 19 nm or 1210 cm™, ~125 nJ/pulse, 1/e? beam
diameter at sample = 250 pum). After several experimental runs, the plates were translated
vertically to refresh the regions incident with the beam and avoid damage. The OPA/DFG
generated mid-IR probe source (~325 nJ/pulse, 1/e? beam diameter at sample = 200 um) with
polarizers set as described in chapter 3. The pump power dependence of the signal is shown in

the following chapter; all signals measured are linearly dependent with pump pulse power.

7.2.3 Transient-IR Data Collection and Processing

The tIR data in the charge donor region (2000-2150 cm™) was collected by averaging 15

scans over the pump-probe delay (z,) range [-1,100] ps with 1500 laser shots averaged at each

time point and the spectrometer grating centered at 4.8 um (~6.5 cm™ spectral resolution in
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this region). The frequency axis in this region was calibrated using the CN stretching
frequencies of an aqueous solution of Fe''(CN)s and Fe'"'(CN)s (100mM each), and the CN
stretch of the N3*. The tIR data in the charge acceptor region (1250 — 1620 cm™) was collected
in the same way using three grating positions (6.5, 7.0, and 7.5 pm; 2-4 cm™* spectral resolution
in this region) to span the probed IR region. The spectra were stitched together and averaged
to obtain the full spectrum in post-processing. The IR frequency axis in this region was
calibrated using the absorption peaks of a polystyrene film. In all experiments, the data were
divided by a well averaged spectrum (5000 laser shots) of the N3* sample with the pump

blocked to obtain AT/T. All tIR data presented in this chapter were collected with pump and

probe polarizations parallel to one another (S

777 )

7.2.4 2D EV Data Collection and Processing

The 2D EV data is obtained by collecting a pump-probe spectrum at a fixed pump-probe
delay (z,= 2 ps) and as a function of the delay between the two pump pulses (z, ). Six z, scans
with 1500 laser shots averaged for each difference spectrum at every r were collected; a well

averaged sample spectrum with the pump blocked is used to obtain AT/T as described for the

tIR data above. For each scan, the 2D EV signal is isolated from the constant (7, -independent)
pump-probe signal by subtracting the constant offset at long 7, delays for each pixel in the
spectrally detected data, while the slowly varying, 7, -dependent pump-probe signal is removed

during Fourier transform processing. The 7, delay was scanned over [0,80] fs in 0.33 fs steps

for the charge donor region and scanned over [0,150] fs in 1.25 fs steps for the charge acceptor

region to expedite data acquisition. The time-domain (r,) data is zero-padded out to 2048
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points, and a hyperbolic tangent apodization function is applied to smoothly transition the data

to zero at long 7 delays before Fourier transform processing. Each scan is Fourier transformed

to obtain one 2D EV surface, and then all six surfaces are averaged to obtain the 2D EV spectra

shown in Figure 7.3.

7.3 LINEAR SPECTRA: FTIR AND UV-VIS

Calculations of N3 and related compounds discuss the complexity of CT in dense excited
IMLCT and *MLCT manifolds.'1>3-41 The two lower energy electronic absorption bands in
N3% at L = 500 nm (20000 cm™) and 372 nm (26880 cm™) arise from *MLCT excitations in
which electron density with mixed Ru-(NCS)2 character is transferred to the n* orbital of the
dcbpy ligand and the highest energy band at A < 330 nm (30303 cm™) is due to n—m* dcbpy
intraligand transitions.® The N3* electronic absorption bands are blue-shifted with respect to

the neutral N3 due to a higher energy LUMO for the deprotonated complex leading to higher

energy m-m* transitions.**** Many ground-to-n" excited state (S, —S ) transitions into

IMLCT states underlie these absorption bands (e.g., see the N3* absorption spectrum, Figure
7.1(a)). Our experiments excite the low-energy edge of the N3* electronic absorption band
centered at 26880 cm™ to populate as many *MLCT states as possible using the broadband UV
pump pulse. Vibrational modes reporting on both the Ru-(NCS), charge donor segment and
the dcbpy charge acceptor segment on the N3* molecule are then probed with a mid-IR pulse
to correlate as many *MLCT states as possible with the excited state CT processes. The
spectrally overlapped symmetric and asymmetric CN stretches of the NCS ligands compose

the FTIR peak at ~2120 cm™ (Figure 7.1(b)) and report on the N3* charge donor region.
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Figure 7.1. Linear absorption of N3* and laser pulse spectra. A) Electronic absorption spectrum of N3*
(black, solvent-subtracted) in basic, aqueous solution (pH~13) with the spectrally broadened UV pump
spectrum (shaded blue) used in the tIR and 2D EV experiments overlaid to highlight the excitation
region. The time-dependent (TD)-B3LYP/def2-SVP calculated electronic absorption spectrum (red, a
Gaussian broadening has been applied with a FWHM = 0.18 eV, intensities are normalized for
comparison to the experiment; see Appendices for further details) for the optimized N3* minimum

geometry is reported along with S —.5 predicted oscillator strengths (red sticks). The transitions
associated with the observed 'MLCT states are denoted by *, see discussion. The computed spectrum

is within ~0.1 eV accuracy with respect to the experimental spectrum; N3* structure is inset. B) The
solvent-subtracted FTIR spectra for both vibrational regions probed in the experiments; mid-IR probe
spectra used in the experiments are overlaid (green).

Several dcbpy vibrational modes report on the charge acceptor region, such as bipyridyl (bpy)
ring modes (1400-1550 cm™?) and the carboxylate (COO) symmetric and asymmetric stretches

at 1375 cm™ and 1596 cm'?, respectively.?? Density functional theory (DFT) calculations and

time-dependent DFT (TDDFT) computed electronic excited state structures using the Gaussian
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electronic structure program* confirm our spectral assignments. We note that this
computational analysis, described in detail in sections 7.9.3 and 7.9.4, is helpful for interpreting
the experimental data, although neither explicit dynamical effects involving non-adiabatic

processes, nor matrix elements between vibronic wavefunctions are included here.

7.4 IDENTIFYING SOME OF THE PLAYERS: TRANSIENT-IR SPECTROSCOPY OF

AQUEOUS N3*

The tIR spectra shown in Figure 7.2 reflect the CT from the Ru-(NCS)2 to the dcbpy ligands

as expected. In the lowest energy 3MLCT, the CN stretches shift to lower frequency by 50-70

cm™ to form the excited state absorption (ESA) features collectively labelled v, » which is

consistent with bond weakening due to the removal of electron density from the charge donor
region. The arrival of electron density to the dcbpy ligands is reflected as the bpy ring modes
all shift to higher frequencies by ~45 cm™ while the COO stretches lower in frequency by ~50
cm® due to the increased aromaticity of the dcbpy ligands. The anharmonic coupling of the

SMLCT symmetric and asymmetric CN stretches is stronger than in the ground state which
splits these ESA features, yet they are still not spectrally isolated in the vibrational domain, w,
. While the COO asymmetric stretch (1596 cm™) and a dcbpy ring mode (1545 cm™?) features
overlap in the 3MLCT, the COO symmetric stretch red-shifts into a spectrally isolated region

(ESA, 1328 cmt) and is labelled v, The calculations show that v consists of one dcbpy-

localized COO symmetric stretching modes out of four similar modes involving the four
different carboxylates; the other three carboxylate modes are closely spaced and overlapped
with the four ground state symmetric stretching carboxylate modes spanning 1365-1385 cm™.

An additional, spectrally isolated bpy ring mode (ESA, 1271 cm™) localized to one dcbpy
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ligand blue-shifts into the probe window and is labelled v, (see Figure 7.10). The v and
v, modes are spectrally isolated, direct reporters on the N3* charge accepting region and

will be the focus of the polarization-selective 2D EV analysis below.
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Figure 7.2. Transient-IR (tIR) spectroscopy of N3*. A) Full tIR spectra of the charge donor region (top)
and acceptor region (bottom). B) Time traces reflecting the charge donor (green) and charge acceptor
dynamics (purple); raw data shown as circles, fits are solid lines, £ 1 standard deviation shown by
shaded region. (C) tIR spectra at 1o = -1 ps (black), 2 ps (red), and 100 ps (yellow). The excited state
absorption (ESA) peaks of interest for the polarization-dependent 2D EV analysis are highlighted by

green dashed arrows: @, = 1271 cmt, bpy ring mode with CH wag (V) o, =1328 cmt, COO
symmetric stretch (v, ); and o, = 2050 cm?and 2070 cm™?, asymmetric and symmetric CN stretches,
respectively (collectively v ). The ground state bleach (GSB) features are: @, = 1375 cm?, COO
symmetric stretch; o, = 1405 cm™, 1435 cm™, and 1545 cm™, bpy ring modes; o, = 1596 cm, COO
asymmetric stretch; o, = 2120 cm?, CN symmetric and asymmetric stretches. See text for discussion

of tIR spectral shifts. D) Calculated difference IR spectrum between the ground state, S, and the

lowest energy triplet state, 7" . Note: the calculated lowest energy triplet state is referred to as “7" ” and
the experimental measurements refer to the lowest energy triplet state as “*MLCT”.
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The tIR dynamics of N3* reported here are consistent with reports of sub-100 fs ISC and

formation of the vibrationally excited *®MLCT manifold which relaxes over picoseconds.® The
picosecond (ps) relaxation dynamics are debated in the literature.>* Typically, three decay
components are reported in the 1-2 ps, 7-10 ps, and >50 ps ranges for the N3-TiO2 system.
Interligand electron transfer has been reported to have a 20 ps time scale in solvated N3.28 The
tIR spectra (Figure 7.2) at 2 ps and 100 ps delays demonstrate that most molecules probed are

at, or near, the 3MLCT minimum by 2 ps (see section 7.9.2 for fitted tIR time traces). The
calculated difference spectrum (.5, —7", Figure 7.2(b)) provides strong qualitative agreement
with the measured tIR spectra and supports our vibrational assignments in S and SMLCT. We

note that explicit treatment of hydrogen bonded water molecules solvating the carboxylates
can partially account for the discrepancy between calculation and measurement (Figure 7.7-

Figure 7.8).

7.5 IDENTIFYING MORE OF THE PLAYERS: POLARIZATION-SELECTIVE 2D EV

SPECTRA OF AQUEOUS N3*

The tIR data highlight the difference in N3* IR-active vibrations between S and the
3MLCT state, but the information regarding which S, — .S excitation is correlated with the

observed changes in the vibrational structure is unresolved. The 2D EV experiment directly

accesses this information. The vibrational modes assigned in the tIR experiment will also be
observed in the o, dimension of 2D EV spectra along with information in the @, dimension
regarding to which § —.5 excitation these vibrations are correlated. Additional insight is

obtained by collecting the polarization-selective 2D EV response.®”*® By measuring the 2D

EV signal with the polarization of the pump and probe pulses parallel (S,__) and
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perpendicular (S, ) to one another, the anisotropy parameter (r) can be measured. For a

spectrally isolated signal, r is related directly to the angle & between the transition dipole

. 1
moments for the pumped and probed transitions through r=E(3cosz(9)—1) 6 We measure

the relative angle (¢”) between the initially excited S, — S electronic transition dipole
moments (uj:) and vibrational transition dipole moments () of spectrally isolated dcbpy

vibrations in the 3MLCT using polarization-selective 2D EV spectroscopy. These
measurements provide a static snapshot of the vibronic couplings present in N3* at a 12 delay
time of 2 ps, which is before rotational reorientation is expected to affect the anisotropy

measurement in N3 and similar Ru compounds,?®47 and after the vibrationally excited *MLCT

has substantially relaxed.>*> Agreement between calculated and measured 6’7 allows for
associating 2D EV peaks with different «, frequencies to different S — .S excitations.
Figure 7.3 shows polarization-selective 2D EV spectra. Clear @, -dependent ESA signals
for v, are measured and two peaks are observed in the S (@, =24480 cm?, 25110 cm™),
(w,=24600 cm™, 25010 cm™), and S (@, =24550 cm™, 25060 cm™) spectra. The o,

SZZ YY

profile of the v, ESA is polarization-dependent with distinct features in the S

2777

(@,=24410

cm?, 25110 cmY), §

zzYY

(w,=24940 cm™), and S_ (@,=25000 cm™) spectra, where the
dominant o, peak is at ~25000 cm* with a weaker shoulder toward the lower o, -frequency

peak observed predominantly in .S . Itis noted that the 50 cm? o, resolution and a slightly

narrowed pump spectrum between the different experiments accounts for the small variation

ins__and S __ peak positions.

7777
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Figure 7.3. Polarization-selective 2D EV spectra. a) 2D EV spectra collected with pump and probe
pulses with parallel (.5, ) and crossed (.5, ) relative polarization; the color maps for spectra with
the same «, region are comparable using the corresponding color bar. b) The isotropic 2D EV spectrum

(5. =S

iso 2777

+25 ) with white boxes highlighting signals used in the dipole angle analysis described
in the text (v, =1; v

o= 23 and v =4). Box 1 corresponds to *MLCTc, box 2 to *MLCTa, and

boxes 3 and 4 correspond to *MLCTg; see text for full discussion of these *MLCT states. Excited state
absorptions are negative (dashed contours) and ground state bleaches are positive (solid contours) in
all spectra; note the difference between color maps for the lower and upper panels. The color gradient

changes every 5% of the max absolute value signal (of both .S and S in A) within the @, region

indicated; the contour lines begin at £ 10% for clarity and are plotted at 5% intervals thereafter.

The o, line shapes for the v ~and v, features suggest that the charge acceptor region of

the N3* is coupled to at least two excited *MLCT states; | will refer to these two states as

“IMLCTA” (excited in the range @, = 24400-24700 cm™) and “*MLCTg” (excited in the range
o, = 25000-25300 cm™) in the following discussion. The experimental spectra show that Voo
(v,,) is strongly (weakly) coupled to ‘MLCTa and that v and v, are both strongly

coupled to *MLCTg. The S, excitation frequency of the v ESA is centered at w, = 24870
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cm! and reflects another *MLCT state vibronically coupled with the N3 charge donor region,

which will be referred to as “*MLCTc”. The broad, mildly polarization-dependent electronic

excitation observed for v_ is consistent with CT from the NCS ligands being delocalized over

many excited *MLCT states, likely including *MLCTA and MLCTg. By contrast, the

excitation profile of v__and v_  suggests there are at least two distinct IMLCT states, or two
well-defined trajectories through the excited state manifolds participating in ISC. The
correlation between three distinct o, bands and the vibrational signatures measured in the
SMLCT state at r,= 2 ps indicates that at least three IMLCT states are directly coupled to the

lowest energy *MLCT state through different N3* vibrations. In contrast to vibronic coupling

information obtained from resonance Raman excitation profile analyses where the vibrations

coupled to the S5 — .S excitation are enhanced, the 2D EV spectra in Figure 7.3 highlight

vibronic couplings between 3MLCT state vibrations and initially excited *MLCT states.

7.6 COMPARISON OF EXPERIMENTAL AND CALCULATED TRANSITION DIPOLE

MOMENT ANGLES
Comparison between experimental and calculated values of 6 are used to associate .S

states likely involved in the S —.5 transitions with the features corresponding to *MLCTa,

IMLCTs, and *MLCTc in the 2D EV spectra (see Table 7.1 below and comparison details in

section 7.9.4). The calculated vectors for the S —S electronic transition dipole moments and

the derivative of the calculated lowest energy triplet (7 ) electric dipole moment with respect

to the assigned normal modes are used to obtain the calculated dipole angles discussed here.

The angles measured for the v and v, modes will be relatively unconvoluted because they



237

are spectrally separated in both the electronic and vibrational frequency dimensions which
should provide accurate experimental measurement of 6?;; . The difference between the highest
and lowest excitation energies for the associated 5 — S transitions should be ~450-650 cm"
! as observed in the @, peak separation for excitations into *"MLCTa and *MLCTg. The
corresponding transition energies for S states associated with the coupled IMLCT states
should also scale as *MLCTa < 'MLCTc < !MLCTs to be consistent with trends in @, peak
maxima observed in the polarization-dependent 2D EV spectra. Direct agreement with
calculated 9;; is not expected due to spectral convolution of the symmetric and asymmetric

CN stretches composing v, .

Table 7.1. Comparison of Experimental and Calculated Relative Dipole Angles, 9;; (degrees).?

& Calculated angles refer to the angles formed between the vibrational transition dipole moment vectors
(calculated as the derivative of the electric dipole moment for the optimized 77 geometry with respect
to atomic displacements of the normal modes) and the electronic transition dipole moments relative to

the optimized S geometry for the S —.5 electronic transition to compare with the excited state

absorption 2D EV signals v and v, .

Vopy Voo Sn _So
_ - 53.3 53.1 53.1

o 0 +6.8 +3.8 3.7 -
L

S >S5 53.5 53.7 24770 cm.
e}
<5} -1
g 5 5., 535 53.7 25420 cm
3 S 5§ 535 53.7 25790 cm't
© 0 15
© S 5. 535 53.7 26050 cm'L

The computed and experimental agreement of 53° (Table 7.1) is strong for the angles

between . and yjn" for the 5 —{s,,5,.,5,5,} electronic transitions (see Table 7.4 and

4’
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Table 7.5 for all experimental and calculated angles). The frequency differences ‘58 -5,

650 cm™, and |S, —S_[= 630 cm™ suggest that *MLCTa and *MLCTg could reasonably be

associated with either S, and S, ors, and S, . However, since the S =S excitation
frequencies imply that the singlet state energies scale as 5, <5 <5 _, the experimentally

observed trend (i.e., 'MLCTa < *MLCTc < MLCTg) is maintained when *MLCTa, !MLCTsg,

and IMLCTc are associated with .S

14"

S

17!

and S _, respectively. While this analysis describes

general characteristics of the coupled *MLCT states, it does not provide definitive tMLCT state
assignments. The explicit consideration of solvation, vibronic matrix elements, non-adiabatic
dynamics, and spin-orbit coupling dynamics are required computationally to make definitive

assignments of the coupled *MLCT states observed in the experiment.®1:14154041 However,
the agreement between measured and calculated 6’;; strengthens the experimental evidence
for at least three different excited *MLCT states being coupled to the MLCT manifold through
these vibrational modes. Notably, the v and v, modes are vibronically coupled to two
different initially-excited *MLCT states, while the v, is coupled to an additional IMLCT state.
There is no requirement for v or v_, to be coupled to the same IMLCT states as v, but

such couplings would be consistent with the <100 fs electron transfer dynamics reported in

N3.% The weaker bpy modes (@,= 1400-1500 cm™) also provide qualitative support for

vibronic coupling signatures from three *MLCT states measured in our experiments.



239
7.7 THE NATURE OF THE IDENTIFIED VIBRONICALLY COUPLED STATES
FACILITATING ULTRAFAST PHOTOINDUCED CHARGE TRANSFER

An effective electronic absorption spectrum of the sub-ensemble with this vibronic

coupling is formed from 2D EV slices at the v and v, vibrational frequencies (Figure 7.4).

2.4 244 248 2.52 2.56
w, /2mc (x10* cm™)
Figure 7.4. Visualizing electron density trends for vibronically coupled *MLCT states in N3*. Slices
from the isotropic 2D EV spectrum at the v, and v_  vibrational frequencies from Figure 7.3 show

the e, dependence of these vibronically coupled modes more clearly. The *"MLCTa and *MLCTg states
described in the text are shown for the corresponding @, peaks, and the calculated natural transition
orbitals (NTOs) for the S, — .5 transitions that are associated with these states through the dipole

angle analysis are indicated by the dashed gray arrows (top left= 5 — 5 andtopright=5 —J5

, see all calculated NTOs in S.1.). For the calculated states, the isodensity (0.03) contour plots of the
electron NTOs for the analyzed electronic transitions (the corresponding hole NTOs all have a similar
spatial distribution localized on the Ru-(NCS); region are also reported in the S.1) and dipole moments
are shown to emphasize the asymmetric electronic distribution on the charge accepting region. The

calculated transition dipole moments ,uj:" (or ,uj: ) M, and g areoverlaid onthe 7' optimized
geometry; the dipole magnitudes are not to scale. Cartesian axes are specified for the NTOs and for the

dipole angle plots in the top left; the electron donor plane formed by the Ru-(NCS); is in the plane of
the page for the dipole angle plots.
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The electron-hole natural transition orbital (NTO) pairs*® associated with the excitation into

S states reflect the electron density reorganization upon exciting states that likely participate

in CT through vibrational modes localized to the charge accepting dcbpy ligand (see Figure
7.12 for all NTO pairs). Thus, the calculations help develop insight into the CT process by
informing experimentally observed trends. In particular, the electronic transition dipole
moments of the associated states all lie in the electron donating plane formed by the Ru-
(NCS)2, and the majority of electron density following excitation resides on dcbpy rings
directly opposing NCS ligands — effectively in this plane, as well. One emerging picture from
this analysis includes the excited *MLCT states with significant electron density in this electron
donating plane participating strongly in CT through these vibronically coupled degrees of

freedom.

7.8 CONCLUSIONS

An understanding of the ultrafast excited state dynamics and relaxation time scales in N3
and other transition metal complexes has resulted from theoretical investigations and extensive
time-resolved experiments from the UV to the mid-infrared spectral ranges.?>2"-28:4950 \whijle
transient X-ray methods have begun developing a molecular level description of these
processes in N3 using atomically specific signals,?#? further development is needed to fully
describe ultrafast intramolecular CT in terms of the interplay between valence electron density
rearrangement and molecular structural shifts. The polarization-selective 2D EV study
presented here directly contributes toward this end by measuring correlations between *MLCT
vibrational modes localized to the charge donor and acceptor regions of N3% with several
initially-excited *MLCT states. | emphasize that these experimental spectra provide direct

evidence that the vibrational modes localized to the charge donor and charge acceptor regions
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of N3* play a role in coupling the *MLCT and 3MLCT manifolds. The dipole angle analysis

shows that the *MLCT states with electron density in the plane of the charge donors will
strongly participate in ultrafast CT dynamics due to vibronic coupling with the SMLCT
vibrational modes. Our results suggest that the observed vibronically coupled degrees of
freedom likely facilitate the well-known ultrafast ISC of N3.

The 2D EV spectra presented in this chapter describe a static snapshot, which successfully
identifies some of the major players in the photoexcited charge transfer behavior of N3*. To
monitor how the identified vibronically coupled states actively participate in the charge
transfer, a t2-dependent series of 2D EV spectra is needed; this is the subject of the following
chapter. As demonstrated here, polarization-selective 2D EV spectroscopy can be used to map
intramolecular CT within the molecular frame and provide physically intuitive molecular
insight.

Relating the information presented in this chapter back to the analogy of chapter 1: the 2D
spectra in Figure 7.3 are analogous to looking at a 2D spectrum of the correlated motion
between the Liverpool players and the football where t” and t’” are only at the very beginning
and at the very end, respectively, of the play in which Liverpool scored their goal. Surely, this
spectrum would show which players move with the ball in a meaningful way, but it would not
be clear how the players moved during that play and why their motion was meaningful for
ultimately defeating Manchester United. To answer these more pressing questions, many 2D
spectra are needed. The first spectrum will be where ©° and 1’” begin as effectively the same
interval at the very beginning of the play, the next 2D spectrum will be collected such that the
end of 7’ is the beginning of t°’, and so forth. With a collection of 2D spectra spanning the

entire range of the match play during Liverpool’s goal, an in-depth analysis of how the goal
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happened will become possible. In essence, having now identified some major players during
the play, the following chapter can build on this chapter to give a detailed account of
Liverpool’s goal from the perspective of the correlated motion between a major player (which

turns out to be the v_,, mode) and the ball (which are both the MLCTa and MLCTg excited

electronic states).

7.9 APPENDICES

Normalized Probe Intensity

7.9.1 Linear Spectra with Solvent

FTIR Spectra, 40 mM N3*, 25 ym Path Length FTIR Spectra, 40 mM N3*, 25 pm Path Length
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Figure 7.5. FTIR spectra of N3* without solvent subtraction. A) Charge acceptor region; the solvent is
300 mM NaOH dissolved in D,O. B) Charge donor region; the solvent is 300 mM NaOH dissolved in
H.O. The N3* solution are the solid lines, the solvents are the dashed lines, and the probe spectra are
shown in green.

7.9.2 Transient-IR Analysis

The two time traces for the tIR data discussed in Figure 7.2 were fit to a Gaussian function
convoluted with the sum of two exponentials to check that our data is consistent with reported

N3 relaxation time scales, which has the form:
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where A; and A; are amplitude factors for the two convolutions, B is the temporal FWHM of

the Gaussian instrument response function, to is time zero, z,  is the ~ picosecond time

constant of one exponential decay and z, is the ~ nanosecond time constant of the second

exponential decay. An additional constant offset (C) was also considered in fitting, but did not

significantly change the fitting results. Table 7.2 gives the parameters obtained for the

optimized fits of these two time traces. The 95% confidence interval is given for each fitting

parameter, all time values are in units of picoseconds.

Table 7.2. Transient-IR Time Trace Fitting Parameters
COS / Cm_1 Al 7'-slmrl' AZ T[ong B t C ad]uSted RZ
2070 -0.0004 | 0.999 -0.0068 1.6E4 0.358 -0.078 -8.2E- 0.9725
+0.00061 | £1.52 +0.00017 | £23.7E4 | +0.054 +0.017 5+1.4E-4
1328 0.0024 2.7 -0.016 1.6E4 0.45 0.037 - 0.9936
+0.0003 | #0.76 | #+0.0002 | +6.8E4 | +0.039 +0.010
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Figure 7.6. Transient-IR of Solvent Only. A) D,O used for charge acceptor tIR and 2D EV
measurements. B) H,O used for charge donor tIR and 2D EV measurements. The color maps are the
same as the tIR contour plot in Figure 7.2(a) for comparison. Note the different time scale plotted for
solvent only runs versus the N3* tIR data shown in the N3* tIR data.

7.9.3 Computational Methods

Computational studies were performed using the Gaussian electronic structure package.*
The electronic structures were obtained by solving the Kohn-Sham equation using the hybrid
Becke, 3-parameter, Lee-Yang-Parr (B3LYP) density functional %% with the def2-SVP *
basis set and associated electronic core potential (ECP) for Ru.>® Aqueous implicit solvent
effects were taken into account by the Conductor-like Polarizable Continuum Model (C-PCM).
56-58

The cis-Ru(dcbpy)2(NCS).* (termed N3*) was optimized in both low-spin singlet ground
state (So) and the lowest lying metal-to-ligand charge transfer triplet state (T). Geometries were
considered optimized when both the forces (maximum and RMS force, 0.000450 and 0.000300
Hartree/bohr, respectively) and displacement (maximum and RMS displacement, 0.0018 and

0.0012 bohr, respectively) values were below the threshold criteria. Vibrational frequencies
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were calculated to both verify that structures were at minima on their corresponding potential
energy surfaces and to compute the subsequent infrared (IR) spectrum.

The electronic structures of excited states (transition energies, oscillator strengths, and
ground to exited state transition electric dipole moments) were calculated using the time
depend density functional theory (TDDFT) within the linear response framework.>®-5! Density
functional theory (DFT) and its time-dependent version have shown to be effective for
theoretical characterization of many Ru complexes in different environments?262-¢8 and the
vibrational dynamics of transient species.®>"” The role of range separated hybrid functional
has also been shown to be not mandatory for the accurate description of the electronic
excitations in the pumping region for similar Ru compounds. 2 In addition, the level of theory
employed has been proven to be accurate for the structural characterization of both the So and
T states in water solution along with their related X-ray transitions.®’

The ground (So) to the corresponding n-th singlet excited states (Sn) electronic transition

dipole moments yj: for the excited states overlapping with the pump spectral line shape were

computed referring to the optimized So geometry. The vector representing the electric dipole

moment derivative with respect to the corresponding normal modes 4, in the T state were

also calculated referring to the optimized T geometry. The angles between these vectors were
analyzed and compared to the experimental ones, making sure that both the orientation of the
two different reference geometries (So and T) employed the same coordinate frame and
maximizing their overlap in the space, given the limited geometric changes between these two
minima.

Effects including explicit solvation on the vibrational structure of the Ru complex were

also investigated by optimizing and computing the vibrational spectrum for both Sp and T
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Ru(dchpy)2(NCS).* by explicitly solvating each carboxylate group with two water molecules
(a total of eight water molecules) still in the presence also of implicit solvent. This systems is
referred as Ru(dchpy)2(NCS)2*-(H20)s.

Natural transition orbitals’® (NTO, plotting only the most dominant hole/electron pair for
each corresponding excitations) were calculated to provide a simpler orbital interpretation of
the electronic excitations. This technique is particular useful for metal-to-ligand charge transfer
excitations.”® This analysis was performed on the optimized So geometry. Molecular orbital

visualization was carried out using GaussView 5.0b (Gaussian, Inc.).



247

30004 — Ru(dcbpy)z(NCS);_ So
A e RU(dCbpY)5(NCS), ™~ (H,0)g
) J
©
=
S 2000
X
2
2
$10004
£
1000 1250 a 1500
Wavenumber (cm )
3000+ —Ru(dcbpy)z(NCS)zqi SO
_ s RU(dCbpy) 2(NCS), - (H;0)g
[1})
©
s
S 20001
X
2
2
& 1000-
£
1750 ) 2000
Wavenumber (cm )
3000] —Ru(dcbpy),(NCS),* So
_ _‘-‘-‘-.---w-‘-Ru(dcbpy)z(NCS)z4-‘ (Hz20)g
(]
©
=
S 2000-
% £
oy
e
§1000-
£
0

2250 j
Wavenumber (cm )
Figure 7.7. B3LYP/def2-SVP IR spectrum for the ground state singlet So Ru(dcbpy)2(NCS),* in water
using implicit solvent (full line) and explicit water molecules (Ru(dcbpy)2(NCS),~(H20)s, dotted lines)
in the region from 1000-1550 (upper panel), 1550-2100 (middle panel), and 2100-2450 cm™. The higher
energy region is not showed for simplicity. A Gaussian broadening has been applied with a full width
half maximum value of 4 cm™.
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Figure 7.8. B3LYP/def2-SVP IR spectrum for the lowest lying triplet (T) Ru(dcbpy)2(NCS).* in water
using implicit solvent (full line) and explicit water molecules (Ru(dcbpy)2(NCS).~(H20)s, dotted lines)
in the region from 1000-1550 (upper panel), 1550-2100 (middle panel), and 2100-2450 cm™. The higher
energy region is not showed for simplicity. A Gaussian broadening has been applied with a full width
half maximum value of 4 cm™.,
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Figure 7.9. Ball and stick representation of the So optimized geometry for the Ru(dchpy)2(NCS).*-
(H20)g cluster at B3LYP/def2-SVP level. Ruthenium in turquoise, carbon in dark grey, oxygen in red,
nitrogen in blue, sulfur in orange, and hydrogen in light gray.

Figure 7.10. Overlap of Optimized Sp and T Geometries with Same Cartesian Orientation Enforced.
The two optimized geometries (So and T) are overlapped to show minimal deviations; these structures
were used for dipole angle comparison.
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Figure 7.11. Displacement vectors of the analyzed normal modes for the lowest lying triplet for the
Ru(dcbpy)2(NCS),* at B3LYP/def2-SVP level. Ruthenium in turquoise, carbon in dark grey, oxygen
in red, nitrogen in blue, sulfur in orange, and hydrogen in light gray.
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Beginning NTO Arriving NTO Dipole Angles

Figure 7.12. Natural Transition Orbitals (NTOs) hole-electron pairs relative to the optimized So
geometry along with the calculated dipole angles overlaid on T optimized geometry. The columns are
grouped by the hole NTOs, electron NTOs, and Dipole Angles; and the rows are grouped by the

corresponding arriving S, states for each §, — 5 transition. ,uj" dipoles are the blue arrows and x
arrows are green. The Cartesian orientation are the same for all hole and electron NTOs, and the dipole

angle figures all have the same Cartesian orientation and have been set with the Ru-(NCS); plane to be
in the plane (YZ) of the page.
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Table 7.3. Computed TD-B3LYP/def2-SVP transition energies and corresponding oscillator strengths
relative to the electronic excitations from the ground state singlet optimized structure for the for the
Ru(dcbpy)2(NCS),*. The corresponding arriving state are reported in the first column.

Arriving State Energy (cm™) Oscillator Strength (a.u.)
S8 2.477 * 10 0.012
S9 2.499 * 10* 0.003
S10 2.499 * 10* 0.000
S11 2.502 * 10* 0.002
S12 2.502 * 10* 0.000

S13 2.506 * 10* 0.056
S14 2.542 * 10* 0.003
S15 2.579 * 10* 0.002
S16 2.585 * 10* 0.014
S17 2.605 * 10* 0.069
S18 2.629 * 10* 0.019

7.9.4 Transition Dipole Moment Angle Analysis: Comparing Experiment and Calculations

The polarization selective signals were used to determine the relative angles between the

electronic and vibrational transition dipole moments of the transitions contributing to the

measured signals in the electron donor and acceptor regions. For a given peak at (@, , @,), the
2D area of the greatest ~10% (within spectral axes resolution) of the isotropic signal was used
to obtain an averaged anisotropy parameter, r, and a relative dipole angle, vag , between the

involved dipole moments using the anisotropy relations discussed in the main text. For

example, r for the 2D EV ESA of the v, mode coupled to the higher energy singlet state
centered at (25060 cm?, 1330 cm™) was determined by averaging r over the 2D spectral area

([24830,25210] cm', [1328,1336] cm™). Then this 7 value yielded a & of 53.1° between
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the initially excited S —.S electronic transition dipole moment and the v_ = vibrational

dipole moment of the system measured at z,= 2 ps, the standard deviation of @’ over the

coo
integrated 2D region is reported. Table 7.4 contains all of the experimentally measured
information relevant for calculating the &’ ; the frequencies are in cm™ units and angles are in
degrees.

Table 7.4. Experimentally Determined 9;; from 2D EV Anisotropy.

(frequencies in cm?, angles in degrees)
#Maximum peak intensity for corresponding isotropic 2D EV peak.

. o, Integration (1) o, Integration

a r g’ (exp)

max

1271 | [1268,1275] | 25000 | [24870,25110] | 0.0534 | 0.0142 | 53.3+6.8
1330 | [1328,1336] | 24550 | [24420,24720] | 0.0996 | 0.0160 | 53.1+3.8
1330 | [1328,1336] | 25060 | [24830,25210] | 0.1099 | 0.0160 | 53.1+3.7
2051 | [2045,2063] | 24870 | [24630,25120] | 0.1763 | -0.0306 | 57.9+3.5
2070 | [2063,2083] | 24870 | [24630,25120] | 0.1784 | -0.0583 | 60.9+3.4

The angles between the calculated S — S electronic transition dipole moments and the
vibrational transition dipole moments in the lowest energy *MLCT (7 ) were compared to the
experimental 49;; to understand the experimentally measured transition dipole moments

involved during the tIR and 2D EV experiments. The satisfactory agreement between the

calculated and measured electronic absorption spectrum (accurate to within ~0.1 eV) justified
limiting our consideration of S states which have S — S transition energies reasonably
within, or close to, the experimentally used UV pump spectrum; these states are given in Table

7.3. The calculated transition dipoles and angles were obtained as detailed in Computational

Methods below. It was important to ensure that the Cartesian reference frame for both



254

optimized S and 7" geometries were the same, and that the optimized geometries deviated

minimally (overlapped maximally) from each other to extract physically meaningful 9;;
reflective of the angles measured experimentally. Since the measured anisotropy, r,
corresponds to four projection angles (6°7,-0",z+6’",7—0’" ) in the molecular frame, it
should be understood that the measured angles reported in Table 7.4 are technically one of four
possible angles observable.” To compare calculated angles consistently with the experimental
result, each calculated electronic transition dipole moment was assumed to also have a solution
pointing in the opposite direction and rotated by = radians; thus, 180° was subtracted from all
calculated angles larger than 90° for comparison. This treatment presents all possible
projections angles for a measured anisotropy to be compared directly between experiment and
calculation. Table 7.5 presents all of the information relevant from the calculated dipole angles
as described above.

Table 7.5. Calculated 9;; Between ,uj: and g for Vibrational Modes in 7" . Pink region is the

. . S, . . . . . S, . .
intersection of the My and 4, each table element in this region is the corresponding & given in

b = sym asym 1 511
degrees. ” v_ denotes the averaged v>" and v angles for a given M

0’ (calculated) (°)
n (SII _50) / Cm71 VB’PY VCOO V;;m V;;ym VCN °
7 2.356 * 10* 65.1 54.9 87.0 5.9 46.5
8 2.477 * 10* 53.5 53.7 3.0 88.6 45.8
9 2.499 * 10* 85.9 4.7 87.4 20.7 54.0
10 2.499 * 104 56.2 65.6 24.6 66.3 454
11 2.502 * 10* 84.2 73.0 87.3 18.6 52.9
12 2.502 * 10* 55.9 50.5 17.0 75.3 46.2
13 2.506 * 10* 88.1 77.0 87.5 23.5 55.5
14 2.542 * 10* 53.5 53.7 3.0 88.6 45.8
15 2.579 * 10* 53.5 53.7 3.0 88.6 45.8
16 2.585 * 10* 80.3 88.5 87.9 37.8 62.9
17 2.605 * 10* 53.5 53.7 3.0 88.6 45.8
" 118 2.629 * 10* 75.7 64.8 87.1 8.0 47.6
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Chapter 8. VIEWING MULTIDIMENSIONAL ULTRAFAST
PHOTOCHEMICAL PROCESSES: VIBRONIC
COHERENCE EVOLUTION IN N3*

The work presented in this chapter has been published in the following paper:

1) Gaynor, J.D.; Sandwisch, J. W., Khalil, M. “Vibronic Coherence Evolution in
Multidimensional Ultrafast Photochemical Processes” Nature Communications 2019 10, 1,
5621.

8.1 INTRODUCTION

The complex choreography of electronic, vibrational, and vibronic couplings used by
photoexcited molecules to transfer energy efficiently is remarkable, but an unambiguous
description of the temporally evolving vibronic states governing these processes has proven
experimentally elusive. Photoexcited charge and energy transfer are essential steps in many
natural and artificial light harvesting processes'* which often rely on transition metal
complexes with characteristically dense manifolds of charge transfer excited states.>' The
orchestrated molecular motion of charge and energy transfer can involve structural
rearrangement, spin-vibronic interactions, and a dynamic solvent environment. These aspects
make transition metal systems fundamentally interesting and challenging to understand. A
wealth of experimental and computational studies on Ru-centered complexes have measured
their photoexcited dynamics following singlet metal-to-ligand charge transfer (MLCT)
excitation such as ultrafast intersystem crossing (ISC). These past studies have established that
the excited triplet MLCT states can provide sufficiently long-lived charge separation to yield
a useful chemical potential for energy harvesting applications.'?*® Yet, an essential open
question remains: What intramolecular coordinates define the trajectory of a photoexcited

complex’s evolution into these desirable long-lived charge separated states? To answer this
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question, a continually advancing spectroscopic toolbox is required to move beyond measuring
kinetics of photoexcited states towards building detailed molecular-level descriptions of
important charge and energy transfer mechanisms utilized by transition metal complexes.!®-23
Exciting progress in experimental techniques is making investigations related to the following
questions tractable: How do specific molecular coordinates control photoexcited energy
transfer dynamics? What role do vibronic couplings and coherences play during photoexcited
energy transfer and relaxation?

In this chapter, the complete capability of multidimensional (2D and 3D) EV spectroscopy
is showcased by directly following vibronic coherence evolution in the photoexcited aqueous
N3* molecule while it undergoes ultrafast ISC and nonadiabatic internal conversion (IC). This
chapter of my dissertation describes the first demonstration of 3D EV spectroscopy.?* Building
on the polarization-selective 2D EV investigations in chapter 7, the dynamics of the identified
vibronically coupled states are now monitored throughout the first 2 ps of their photochemical
reactivity. An in-depth characterization of an excited state vibrational wavepacket is discussed
in photoexcited N3* as it propagates during the initial 600 femtoseconds (fs), answering an
outstanding question about the wavepacket’s existence within the N3 triplet manifold.
Consequent energy transfer from the initial vibrational wavepacket to a second coherence is
observed, which propagates further for ~1 picosecond (ps). Interestingly, the electronic
character of the evolving secondary coherence oscillates between two different MLCT states
with 340 = 40 fs periodicity. Our measurement identifies this as a vibronic coherence
promoting nonadiabatic IC. We simulate the experimental result and extract the 50 cm™

nonadiabatic coupling driving IC during the excited state triplet relaxation. This study provides
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an unambiguous view of a photoexcited vibronic mechanism driving long-lived charge

separation in the famous solar cell dye-sensitizing molecule.

8.2 THREE-DIMENSIONAL ELECTRONIC-VIBRATIONAL SPECTROSCOPY

The dimensions of multidimensional Electronic-Vibrational spectroscopy are

schematically laid out in Figure 8.1. As a third-order nonlinear technique, there are inherently

three dimensions of the desired third order molecular response function, R® discussed in
chapter 2, which can be resolved. The EV pulse sequence in Figure 8.1(a) is identical to the
pulse sequence showed in chapter 2 with the additional details of a population decay
superposed with a coherent oscillation shown in gray to propagate during t2. This dynamical
information depicted during 12 represent what we call the third dimension of EV spectroscopy
(which will, ironically, be referred to as “w2”). Typically, this third dimension only
parametrizes a single 2D EV spectrum (i.e., a 2D EV spectrum is viewed at a single point in
12). The 1D (Figure 8.1(b)) and 2D (Figure 8.1(c)) spectra have already been discussed in-
depth in previous chapters. Presented here is 3D EV spectroscopy (Figure 8.1d), where
vibronic couplings between three disparate molecular coordinates are resolved: electronic
excitations (wa1: 24,100-25,500 cm?), low frequency vibrations (0 < w2 < 0-833 cm™), and high
frequency vibrations (w3: 1,250-1,500 cm™). A real-time microscopic view of photochemical
reactivity may be obtained by following the temporal evolution of the vibronic states measured
in the 3D EV spectrum. As depicted in Figure 8.1d, vibrational coherences (red/yellow spheres,
L1/L1”) can be directly identified by an electronically-localized 3D EV feature and its time-
dependent behavior (L1 (red) —L1” (yellow)) characterized through its w>-dependent spectral

phase. Population and coherence transfer (blue and purple spheres, L.) between vibronic states
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Figure 8.1. Multidimensional Electronic-Vibrational (EV) Spectroscopy. In each technique, the pulse
sequence (a) induces an electronic excitation (pumps: ki, k2) and measures a high frequency vibrational
response (probe: ks) in a sample. Consider a system where one high frequency vibration (H)
vibronically couples to two electronic excited states (A, B) and to two low frequency vibrations (L,
L,) in A and/or B. (b) The pump-probe experiment (1D EV) measures the H vibrational spectrum (ws)
and kinetics during its relaxation times (z2). At a given 7 delay, (c) the 2D EV experiment resolves the
electronic excitation spectrum (w1) for H, defining the excited vibronic eigenstates (y(t)) by the
couplings between H, the ground electronic state and either A or B. Collecting 2D EV spectra over a 7
range measures population relaxation and coherent superpositions of eigenstates. The latter manifest as
peak amplitude modulations; a FT over z; yields a (d) 3D EV spectrum where coherences (rainbow-
colored spheres) separate in . from population decays (black spheres) according to their beat
frequency. The w- frequencies can indicate low frequency vibrations (L1, L2) coupled with vibronic
eigenstates. Time-dependent 3D EV features, such as frequency shifts of low frequency modes as
generally indicated by L; moving to L1’ in the w; frequency space, report on the temporal evolution
and non-equilibrium relaxation of the vibronic eigenstates during photoexcited processes (depicted by
the sphere coloration gradient).
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can follow IC from the perspective of specific molecular coordinates that may be directly
involved. Vibronic coherences can also be identified through out-of-phase oscillatory
dynamics between different 3D EV features. In this way, the 3D FT experiment can unveil
additional dark coordinates actively coupling the two motions measured in the 2D experiment,
as well as coherences between molecular states facilitating energy transfer. While 3D FT
studies have yielded exciting insight related to vibrations driving singlet fission,® quantum
coherence in photosynthesis,?® and tracking excited state photoisomerization,?” no reported
study previous to the work presented in this chapter?* had fully exploited the potential of 3D
FT spectroscopy to most completely describe molecular eigenstates in terms of three

energetically disparate molecular coordinates.

8.3 MATERIALS AND METHODS

8.3.1 Sample Preparation

The aqueous N3* sample was prepared, characterized, and used in the same way as detailed

in chapter 7.

8.3.2 Experimental Details

The same experimental configuration used for the polarization-selective 2D EV
experiments in chapter 7 was used here, except the relative pump and probe polarizations were
set to magic angle (54.7°) polarization to measure the isotropic response directly. At the
sample, the pump beam was measured to be 240 nJ/pulse focused to a 220 pum diameter; the
probe was measured to be 480 nJ/pulse focused to a 195 um diameter. The instrument response

subsided by 12 = 200 fs, as measured by solvent response and a non-resonant Si tIR signal (see
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Figure 8.9). A complete description of the data acquisition and processing is given in sections

8.12.2-8.12.4.

8.4 THE MLCT STATES AND THE HIGH FREQUENCY VIBRATIONAL REPORTER

As discussed in chapter 7, aqueous N3* has two !MLCT electronic absorption bands
centered at 20,000 cm™ (500 nm) and 26,880 cm™ (372 nm). The *MLCT absorption consisting
of a dense manifold of MLCT excited states results in electron density with mixed Ru-(NCS):
character shifting to a dcbpy m* orbital.>?® The 3MLCT excited state manifold is also dense,
which contributes to ultrafast ISC on a timescale comparable to one or two vibrational periods
of the ligand high frequency vibrational modes.®23> The excited state intramolecular charge
donor-acceptor dynamics are followed vibrationally here. The principal high frequency
vibrational signatures of the excited electronic states for both the charge donor and acceptor in
the N3* transient-IR (tIR), or 1D EV, spectra (see section 8.12.5, Figure 8.13, and Table 8.3)
were identified in chapter 7.2° A closer look at the tIR spectra (Figure 8.13, section 8.12.5)

shows that the vibrational linewidth of the symmetric stretching carboxylate mode (v, w3 =

1,328 cm™) narrows on a similar timescale to the growth of the ESA, within the first few
picoseconds, while the other principal charge donor vibrational modes maintain constant
vibrational linewidths. This is characteristic of a vibration undergoing non-equilibrium
relaxation and experiencing a time-dependent distribution of varied environments. Thus, the

V.o Mode is expected to be most sensitive to the relaxation dynamics occurring during the
initial 2 ps of non-equilibrium relaxation in the excited state. The v, will be the high

frequency vibrational reporter of interest, through which the initial ultrafast excited state

relaxation dynamics will be viewed.
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In the previous chapter, we discovered that two excited electronic states with *MLCT
character *MLCTA and MLCTg) are vibronically coupled to charge donor and acceptor
vibrations within the excited triplet manifold, likely facilitating ultrafast photoexcited charge
transfer.?® Now, 3D EV spectroscopy is used to measure the time-dependent modulation of the

vibronic couplings between v_, and both MLCTa and MLCTg due to low frequency

coo
vibrational modes throughout the initial 1500 fs of the photochemical reaction. Here we omit
the spin label to reflect that MLCTa and MLCTg are strongly spin-mixed states, which is
expected from computational work on similar complexes®® and supported in our data by a

consistent w1 peak maxima of v ., (section 0 and Figure 8.18). The ground state bleach (GSB,

positive signal) and excited state absorption (ESA, negative signal) of the carboxylate region

are shown in the 2D EV spectra (Figure 8.2a) with the MLCTa, MLCTg, and v__, transitions

coo

highlighted.

8.5 TIME-DEPENDENT AMPLITUDE OSCILLATIONS IN 2D EV SPECTRA

Nontrivial 2D EV amplitude modulations are observed over the initial 1,500 fs of the z.

delay. The oscillatory amplitude of the 2D EV peak for v, vibronically coupled with MLCTs

is highlighted in Figure 8.2a. To observe the amplitude modulations more clearly, the
exponential population kinetics are subtracted to obtain the residual amplitude of the integrated

2D area (w1, ws) for the greatest ~10-15% signal of the 2D EV peaks measuring the v .,

vibronic coupling with MLCTa and MLCTg (gray in Figure 8.2b and e, respectively; see Table
8.2). In accord with previously reported wavepacket formation in N3,%2 two different 7 ranges
of the residuals are temporally selected (red and blue; Figure 8.2b and e) and Fourier

transformed to identify the principal low frequency components modulating the 2D EV signal
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within those 7> ranges (Figure 8.2b-g). The details of the Fourier transform analysis are given
in sections 8.12.3-8.12.4. Careful consideration of instrument noise is required as the
oscillations are weak compared to the population decay. Hence, | only consider the w> features

most prominently above experimental noise (i.e., v,, , and v,

«u_npy ) IN Figure 8.2c-d and Figure
8.2f-g. The noise floor is set by performing the identical FT analysis on the 2D EV spectral
region where the signal level is < 5% of the maximum 2D EV signal (Figure 8.12). | have
excluded features at w2 > 790 cm™ given the 833 cm™ Nyquist sampling limit and the features
approaching 0 cm™ (DC limit) due to imperfect population Kinetics subtraction. During early

relaxation times (0<z2<600 fs, Figure 8.2c and f) a peak at w2 = 340 cm™ is measured only for

the v.,, vibration of MLCTs character. The electronically-localized nature of this excited

vibrational wavepacket reveals a stricter electronic characterization of this previously reported
wavepacket.!? At later relaxation times (400<z,<1,500 fs) a low frequency vibrational mode at

w2 = 742 cm is clearly coupled to the v, vibration of both MLCTa and MLCTg character.

These spectra show a markedly different vibrational and electronic character of the measured
coherences between the early and later relaxation periods.

Previous calculations®® of the lowest energy triplet state vibrational spectrum of N3*
(section 8.12.11 and Figure 8.19) and resonance Raman experiments®3! aid the assignment of
the 340 cm™ mode and the 742 cm™ mode as involving the stretching coordinate between the

Ru and the dcbpy nitrogens (respectively called v, , and v, here), with the v,

Ru—bpy Ru—bpy

primarily localized to the dcbpy ring. A recent surface-hopping trajectory calculation on
[Ru(bpy)s]?*, a molecule similar to N3, included on-the-fly, spin-orbit coupling and found

low frequency vibrations analogous to v, and v, . promoting ultrafast ISC due to excited

state mixing.
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Figure 8.2. Low frequency amplitude modulations in two-dimensional electronic-vibrational (2D EV)
spectra. (a) r>-dependent 2D EV spectra show oscillatory amplitude; notably, the v, (ws=1,328 cm

1) excited state vibration characterized by MLCTg (w1 = 25,200 cm'?) excitation. Contour lines: solid
(dashed) = positive (negative) signal, 5% intervals beginning at £10%. Residual intensity of the

integrated (w1, ws) 2D peak area for the v ., coupled to the (b) MLCTa (w1 = 24,700 cm™) and (e)

MLCTg electronic excited states (gray, circles). Temporal filtering (dashed) isolates early relaxation
times (0 < 72< 600 fs, red) or later relaxation times (400 < 7> < 1,500 fs, blue) to identify transient, low
frequency amplitude modulations in either time range. Fourier transformed (FT) spectra of the
temporally-filtered [(c) early = red; (d) later = blue] 2D residuals of MLCT a excitation show principal

low frequency components (i.e., v, and/or v, . ) responsible for the 2D EV peak amplitude

modulation. Corresponding FT spectra for MLCTg excitation are shown in (f) and (g). In all FT spectra,
the gray spectra are the background (no EV signal); the shaded regions represent + 1 standard deviation
from the average data (shown by circles). See sections 8.12.3-8.12.4 for discussion of data processing.
Number of (w1, ws) points: MLCTa = 45; MLCTg = 24; Background (signal < 5% max) = 3295.
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To understand the ligand’s role in realizing long-lived charge separation, the relevant
electronic and vibrational coordinates and their couplings must be mapped out. From Figure
8.2 the vibronic eigenstate basis explored here for N3* is established and consists of: the
excited electronic states (MLCTA/MLCTg), the charge-accepting high frequency vibration (

Veoo ), and the low frequency vibrations (v, , V..., )- An effective Hamiltonian for a

Ru—bpy

(state #)
8 B;0,0,1)
A \(OO
7 A;0,0,1)
T
6 = 1. B;0,1,0)
- coo Ru-bpy]
& 5 B;1,0,0)
[} .
8| 4 ey A
3 B;0,0,0)
2 A\ A"1 ’O’O> AEelec
Ru-N
) 1 |A;0,0,0)

Figure 8.3. Vibronic eigenstate basis and energy level diagram. The measured eigenstate basis of N3*
is cast in terms of |elec;v 14 ,vm> where elec = A (MLCT 4, purple) or B (MLCTg, blue) and

Ru-N’" Ru-bpy

the three following quantum numbers relate the quanta in each of the vibrational modes listed in
increasing transition energy. The relative energies are derived from the multidimensional EV

measurements: AEeec = 500 cm™ from w1; v, , =340cm?and v, =742 cm™ from wz; and v,

Ru—bpy CO0
= 1,328 cm* from ws. The eigenstates are numbered in increasing energy for reference throughout the
discussion. The N3* structure (top) schematically depicts the electronic excitation (light blue) and the
vibrational motions involved with photoexcited charge transfer. The vibrational mode arrow colors

correspond to the respective transitions given in the energy level diagram below.
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complicated, multi-coordinate system is distilled down to these measured vibronic eigenstates.
For simplicity, I introduce the eigenstates and a density matrix element notation for use in the

remaining  discussion: p,, (r,) =|a(z,))(b(z,)| specifies a density matrix element and

a,be{1-8} are the numbered vibronic eigenstates given in Figure 8.3 (e.g., the v,

coherence is represented: | 5;0,0,0)(5;1,0,0

:p35)'

8.6 EARLY TIME DYNAMICS: ELECTRONICALLY-LOCALIZED EXCITED STATE

VIBRATIONAL WAVEPACKET

The 3D EV experiment provides a more complete description of the vibronic states
involved in the coherent superposition composing the MLCTg excited state vibrational

wavepacket measured at w, = 340 cm™. The red w, spectrum in Figure 8.2f demonstrates that
the 2D EV peak intensity oscillations at early times arise from the p,_ density matrix element.
The time-dependence of the frequencies in the vibrational wavepacket can be characterized by

Im[FT(S(z,))]
Re[FT(S(z,))]

the spectral phase, ¢(w,)= tanl[ j , Where S(z,)is the 2D EV residual signal

during 0 < 2 < 600 fs for MLCTg shown in Figure 8.2e (red). The group delay is obtained

from the spectral phase and is defined as, 7 (w,)= —d¢(w%w . Plotting 7, (®,) with the w2

2
spectra, as shown in Figure 8.4, nicely illustrates how the w> frequencies of this initially excited
wavepacket change during the initial 600 fs of non-equilibrium relaxation.
The spectral phase contains time versus frequency information of a wavepacket; for

example, a quadratic variation in ¢(w) corresponds to a linear group delay because the
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frequencies of the wavepacket are changing linearly in time (see section 8.12.6 and Figure

8.14(a) and (b)).
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Figure 8.4. Early MLCT relaxation dynamics: electronically-localized excited state vibrational
wavepacket. The w, spectral amplitude (black; FWHM = gray arrows) of the MLCTg excited state

vibrational wavepacket arises due to coherence between the v, and one quantum of a Ru-N stretching

mode (v, , = 340 cm™) within the excited state manifold. The zg-dependence of the w frequencies
composing the wavepacket (green) indicate blue-shifting as the wavepacket propagates. Although the
analytical form of z_(ew,) depends heavily on the polynomial function used to fit ¢(w,), the blue-

shifting behavior of the wavepacket is consistent across many functions. See section 8.12.6, Figure 8.14
and Table 8.4 for spectral phase fits.

Notably, the extracted group delay (Figure 8.4, green) resulting from the best fit of the spectral
phase is positive and predominantly quadratic within the w> region defined by the spectral
FWHM (gray arrows). Interestingly, this form of the group delay describes the wavepacket
shifting to higher frequencies (300 cm™ — 370 cm™ over 140 fs — 520 fs in 7q) in time. The
blue-shift of the vibrational frequencies as a function of =, is also revealed through a sliding
window short time Fourier transform analysis (Figure 8.15). We attribute the change in
vibrational frequencies to the non-equilibrium relaxation of the excited wavepacket with

respect to the v, coordinate measured experimentally during 0 < 72 < 600 fs. This dynamic

Ru—N
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blue-shift is suggestive of a rapid vibrational relaxation of the highly excited v, _, coordinate

Ru—-N

on MLCTg down the multidimensional anharmonic potential of the v, . Similar observations

Ru-N
of blue-shifting of vibrational modes on photoexcited multidimensional surfaces have been
made in organic complexes®? and in reports of bridging cyanide ligand vibrational relaxation
in mixed-valence complexes during photoexcited charge transfer.>® Consistent with earlier
studies,? the initial wavepacket has largely disappeared by 600 fs as shown by the absence of

an w2 = 340 cm™ peak in Figure 8.2d and g and it reflects the diminishing of the p_ density

matrix element, triggering subsequent electronic delocalization.

8.7 LATER TIME DYNAMICS: VIBRONIC COHERENCE AIDS NONADIABATIC

INTERNAL CONVERSION

The later time (400<z2<1,500 fs) dynamics utilize different low frequency vibrational mode

couplings with the vibronic states. The w2 = 742 cm™ features in Figure 8.2d and g demonstrate

that v, has a time-dependent coupling with v.,, and participates in the p,, and p,_

coherences. The v, mode also changes the Ru-N (of dcbpy) distance, emphasizing the

Ru—bpy
importance of this coordinate for ultrafast relaxation in N3*. Since the w2 spectra (Figure 8.2)
lack dynamical information occurring on shorter timescales within the 400<z,<1,500 fs period,
a careful time-frequency analysis® (Figure 8.5a,b) is used to resolve oscillatory electronic

character of the coherences involving v, . Proper selection of the temporal filter used in our

Ru—bpy

analysis is required to extract the transient v, dynamics and reasonably interpret the result

Ru—bpy
(section 8.12.7). Importantly, the w2 spectra during the later time period (400<z,<1,500 fs,

Figure 8.2d and g) show that the data sufficiently resolve only one low frequency mode
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Figure 8.5. Later MLCT relaxation dynamics: nonadiabatic internal conversion through vibronic
coherence. (a) Residual intensity (gray) of the integrated (w1, ws) 2D peak areas for the vcoo Vibration
with MLCTa (top) and MLCTg (bottom) character; data is offset for plotting. Examples of the temporal
filters (purple/blue, dashed) used in short time FT analysis (FWHM = 120 fs, centered at zeenter (tOp
axis)) of the z,-dependent residual intensity. The purple window (zcenter = 710 fs) highlights the Vru-bpy
(742 cm™t) coherent beating with vcoo having exclusively MLCT a character while at a later delay (zcenter
= 850 fs) the blue window shows the vru-bpy COherence having exclusively MLCTg character. (b) Short
time FT results reveal the oscillatory electronic character of the vru.bpy COherence signature between
MLCTaand MLCTg with 340 + 40 fs periodicity. (c) Simulation of the coherence block in the Redfield

relaxation tensor for p , (purple) and p, (blue) during z> with an 800 fs coherence decay time where

w14 = w3s = 742 cmt and a 50 cm™® nonadiabatic coupling reproduces electronic oscillatory behavior
for the vibronic coherence involving vru-bpy With MLCT aand MLCTg (data offset). See section 8.12.9
for discussion of Redfield relaxation dynamics and section 8.12.8 for simulation details.
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coupling: the v mode at 742 cm™ which has a vibrational period of 45 fs. This is a case

Ru—bpy
where a reliable time-frequency analysis is obtainable with a sliding window short time Fourier
transform (STFT) method.®® A temporal window that targets the presence of 45 fs oscillations

in the z>—dependent data is used to understand the dynamical behavior of the v, mode (see

Ru—bp
section 8.12.7 and Figure 8.16 - Figure 8.17 for extensive discussion of temporal windowing).
This STFT analysis provides a stand-alone interpretation of the data because only one low
frequency mode is relevant in the later time data as identified in Figure 8.2d and g, which is
independent of the time-frequency analysis used in Figure 8.5. It is worthwhile to note here
that the STFT method becomes less suitable as multiple frequency components contribute to a
time-dependent signal of interest. This is because no single temporal window can be optimal
for resolving many different frequency components in a time-frequency analysis, especially if
they vary significantly in frequency and transient behavior. For those complicated cases, more
advanced time-frequency transforms are required for reliable interpretation.®® From our STFT
analysis, a vibronic coherence is uncovered persisting throughout this later ~1 ps of relaxation

which facilitates nonadiabatic IC.

The p, coherence appears (Figure 8.5b, blue) as the initially excited wavepacket
diminishes. Thereafter, the p, coherence transfers to p,, - changing in electronic character
from MLCTg to MLCTa by > = 650-700 fs. This oscillatory dynamic continues for ~1 ps, as
the amplitude of the p, and p, coherences oscillate out-of-phase with periodicity of 340 +
40 fs. To quantify this dynamic, the time-dependent behavior of p, and p,, is simulated as

an isolated two-level system where a 50 cm™ nonadiabatic coupling reproduces the 340 + 40

fs Rabi-like oscillation seen in the experimental data (Figure 8.5c; section 8.12.8). Here the
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observed Rabi-like oscillations result from the vibronic coherence transfer between p, and

36
1014'

8.8 SPECTRAL DECONVOLUTION WITH 3D EV SPECTROSCOPY

One advantage to fully resolving the third order vibronic response function is that spectral
features which are spectrally convolved in 1D and 2D spectra may be separated if they behave
differently during t2. This can be viewed directly by considering slices of the 3D EV spectrum
at particular w> frequencies, as shown in Figure 8.6 below. Although the high frequency

vibrational reporter of central interest in this 3D EV analysis has been the v, centered at o,

coo
= 1328 cm™, this carboxylate symmetric stretch is only one of four similar modes involving
the carboxylates in N3%. The TDDFT calculations in chapter 7 show that all four modes are
nearly degenerate in the ground electronic state, composing the FTIR feature at 1375 cm™.
These modes split in the excited triplet state, resulting in one mode significantly red-shifted to
1328 cm™ and the other three more or less overlapped with the ground state modes.
Experimental evidence to support the calculation is present in both the tIR data and the 3D EV
data. The tIR time trace for the GSB at w3 = 1375 cm™ in Figure 8.13 shows a decay in signal

on the same timescale as the 2.7 ps growth of the v, ESA at 1328 cm™ which strongly

suggests there are, in fact, other ESA features of the same character underlying this GSB. The

3D EV spectrum in Figure 8.6 below, particularly the w2 slices at the v,,_, and v

Ru—bpy
frequencies, shows spectral features that span more than just the v, in ws. The amplitude of

the contours shown in the w> slices is also lower in the region where the positive GSB features
appear in the 2D spectra (~1370-1380 cm™) but stronger on the wings, emphasizing that these

signals are from electronically excited state vibrations. This strongly suggests that all of the



278

carboxylate vibrational modes are sensitive to the same dynamics reported here for only the

but this mode is simply a more distinct signature to analyze.
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Figure 8.6. Full 3D EV Spectrum of Aqueous N3*. (a) The complete third order vibronic molecular
response is plotted in its three frequency dimensions. (b) Slices at the vrun (red) and vry-ppy (DlUe and
purple) of the 3D EV spectrum. The time-dependent 3D frequency correlation between MLCT a,
MLCTag, Vcoo, Vrun, and Vru-npy are described by the peaks at ws ~1328 cm™. Evidence for the other
carboxylate modes is present in the 1350 cm™ < w3 < 1400 cm'* range. The coloration depicts the time
dependence, as schematically illustrated in Figure 8.1. On this scale, 0 < red < blue < purple in 12
according to the timescales discussed in the chapter. Note: the dimensionality of this plot does not allow
for representing the nonadiabatic internal conversion between MLCTa and MLCTg during the later T2
period, which is shown in Figure 8.5.
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8.9 NONSECULAR RELAXATION IN THE 3D EV SIGNALS: COHERENCE-TO-

POPULATION TRANSFER

The discussed dynamics occur during 72 while many vibronic eigenstates are involved with
the ultrafast intersystem crossing and relaxation within the triplet manifold. The center

frequency and bandwidth of the pump pulse (see Table 8.1) in these experiments is sufficient

to excite the following elements of the density matrix p ~where a,b<{1,2,3,4,5} as defined
in Figure 8.3. The coherences observed during 7> result from excitation of density matrix
elements in which a=5b. However, the density matrix elements that correspond to the v,
vibrations measured in ws are p, and p_. The vibrational probe center frequency and
bandwidth require that the system be in a population ( p,, or p,, ), rather than a coherence, in
order for the v, to be detected at ws = 1328 cm™ throughout the duration of the experiments.
In other words, the probe bandwidth requires the transitions induced by the third light-matter
interaction (+ks) tobe p, —=—>p  or p, —=>p _ because it is insufficient to both collapse

the initially excited coherence and induce the first vibrational excitation of the v, (e.g.,
P — P, )- Thus, I suggest that a coherence-to-population transfer must occur during z to

account for the observed signals. This is a nonsecular relaxation pathway, &,_.., where wss —

5337
w33 = v, ,, (340 cm™)that drives the early time excited state vibrational wavepacket dynamics

(0<12<600 fs); a representative double-sided Feynman Diagram for this pathway is given in
Figure 8.7(a).
Whereas for the later time relaxation dynamics the excitation pulse center frequency and

bandwidth is less important for determining the observed coherence during 2, the probe pulse
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center frequency and bandwidth still restrict the observable transitions in the same way as at

early times. In these instances too, coherence-to-population transitions p,, ——p, and

p,,—=> p,, during 7> would still be required to observe the signals during 400<72<1500 fs, as

shown in Figure 8.7(b). It is noted that the coherence-to-coherence transitions responsible for
the observed oscillatory electronic character during nonadiabatic IC fall within the secular

approximation because the v, , ~ vibrational mode is part of the 7> coherence detected with

both MLCTa and MLCTg character during the later relaxation time period which results in

o, =, . Based upon these arguments, nonsecular relaxation dynamics are suggested to

contribute to the 3D EV signals discussed in this chapter. Further investigation of this
mechanism may be possible if a probe pulse was used which was spectrally broad enough to

collapse the 12 coherence and excite one quantum of the v, .

Nonsecular Transition Pathways Contributing to 3D EV Signal

(eigenstate basis: |elec; v, v

Ru-N 7 Ru-bpy'VCOO>)

(b)
400 < 1, < 1500 fs

(a)
0<1,<600fs
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Figure 8.7. Exemplary Nonsecular 3D EV Relaxation Pathways in N3*. (a) A representative Feynman
Diagram of the excited state vibrational wavepacket present during early time relaxation dynamics
which requires a coherence-to-population transition for detection. (b) Two representative Feynman
Diagrams depicting the later time relaxation dynamics resulting in the oscillatory electronic character
discussed in the manuscript, which still requires a coherence-to-population pathway for detection. The
dashed lines connecting different states in the Feynman Diagrams represent transitions undergone
without external perturbation from a laser pulse.
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For example, the observation of a peak at the difference frequency between |B;1,0,0) and

|B;0,0,1> (~988 cm™) with a probe pulse containing this frequency as well as the mid-IR

frequencies of this work could provide evidence that the T2 coherence-to-population transfer is
not absolutely required to view the signals reported in this chapter. Albeit, this would not rule
out coherence-to-population transfer but only prove that it is not the only mechanism giving

rise to the measured signals.

8.10 DISCUSSION

There is a great need for experimental methods that provide unambiguous measurement of
vibronic coherences and couplings in order to uncover their role in ultrafast charge and energy
transfer.>3"3®  The results presented above clearly demonstrate the capability of
multidimensional EV spectroscopy to directly monitor the temporal evolution of vibronic
coherences and couplings during multi-coordinate photochemical processes. The progression
of the photoexcited charge transfer process in N3* measured in this study is summarized in

Figure 8.8.

The early time p,. coherence reveals an impressive degree of intramolecular couplings

that propagate for the initial ~600 fs. This wavepacket is confined to MLCTg electronic

character indicating that the Ru-N distance of the v stretching coordinate specifically

Ru—-N

modulates the vibronic coupling between v_, and the MLCTg during the initial relaxation of

[e{e]6]
photoexcited N3* (Figure 8.8b, red well). The early time vibrational wavepacket measurement

clearly differentiates the nature of the vibronic coupling between either MLCTa or MLCTg
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and the v_.,, which is a distinction that could not be made from a single 2D EV, tIR, or

Coo !

transient absorption (TA) experiment.
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Figure 8.8. Coherence evolution during the relaxation of photoexcited N3*. A schematic representation
of the first two picoseconds of photoexcited relaxation progresses from left to right (a-c). Initial MLCT
electronic excitation (a) with MLCT states coupling the donor-acceptor vibrations shown (MLCTa =
light gray well; MLCTg = dark gray well) and the initial wavepacket passing through ultrafast ISC. The

~600 fs propagation of the initial excited state vibrational coherence p,. (b) involving v of MLCTg
of MLCTg (blue wells) is merely suggested with sufficient

Ru—N

(red wells); a coherence transfer to v,

wavefunction overlap involving the v lowest energy vibration. The ~1 ps propagation of the

Ru—bpy

excited state vibronic coherences p, . and p,, involving v, (c) depicts the nonadiabatic internal

Ru—bpy
conversion between MLCTa (purple) and MLCTg (blue) through the 50 cm™ nonadiabatic coupling
strength.

The nature of the initial excited state wavepacket, first reported by Kallioinen? using TA, can

now be confidently assigned as an excited state vibrational coherence between v, and v

Ru—N
due to the electronically-localized 3D EV signal. Confirmation of the triplet character of this

excited state vibrational wavepacket is clear because the signal is detected through the
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coherence with the triplet state v, which answers this outstanding question in the field of

N3 photophysics. | note that the known ISC time (< 100 fs) leaves the existence of the singlet

vibrational wavepacket ambiguous because the v_ _, vibrational period is on the same order

Ru—-N

as ISC, if not longer.

A transition occurs between the early and later relaxation periods as the wavepacket arising
fromthe p,. coherence diminishes and the later time wavepacket formed by the p, coherence
emerges (Figure 8.8b, red to blue well). The fact that this transfer occurs between states of the
same electronic character suggests that excited state vibrational coherence transfer bridges the
early and later time dynamics; however, many other coordinates could also affect the p,
coherence. Indeed, only a small window of the MLCT absorption is excited in these

experiments, despite our efforts to implement a broadband excitation source; the observed

dynamics will depend on the electronic structure of the initially excited states and the solvation

environment.*** Since the pump center frequency and bandwidth cannot directly excite p, ,
this coherence must be accessed through intramolecular energy transfer. Conversely, the p

is directly excitable yet its signature is negligible until after the p, coherence has formed

(Figure 8.5b). Importantly, the probe center frequency and bandwidth is insufficient to collapse

the coherences observed during 72 and excite the v=0—1 v, Vibrational transition required

for detecting the ESA at w3 = 1,328 cm™ (Table 8.1). Accounting for the quantum pathways
capable of producing the measured oscillatory residuals implies that coherence-to-population
transfer*! plays an important role in the ultrafast photophysics of N3* (see Figure 8.7).

Together, these dynamics suggest that the vibronic couplings of MLCTg function as a gateway
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for the initially excited vibrational coherence to transition into nonadiabatic IC and continue

equilibrating within the excited triplet manifold.

Discovering the out-of-phase oscillations between the p, and p,, coherences is key to

characterizing the wavepacket evolving during the later relaxation period as an excited state

vibronic coherence (Figure 8.8c). By comparison, a purely vibrational coherence, such as p,_

, would be confined within a single electronic state. A purely electronic coherence would be
expected to appear at the earliest delay times, to dephase within 10s-100s of fs, and to yield w>
features at the difference frequency between the two electronic states independently of any
vibrational coordinate. As we report here for 400<7,<1,500 fs, the amplitude of the vibrational
coherence oscillates with the electronic character, it appears after 600 fs of relaxation, and it
proceeds for ~1 ps. This prolonged coherence is characteristically vibronic, as the expected
decoherence time slows when a more complete specification of the system eigenstates
occurs;*? we directly observe this quantum coherence with multidimensional EV spectroscopy.

The 50 cm™ nonadiabatic coupling extracted from our simulations is consistent with the 340 +

40 fs vibronic coherence transfer rate between p, and p,, and the near-complete transfer

observed in Figure 8.5b suggests the system is within the strong coupling regime. The

combination of the 2D EV experiment to map out vibronic couplings between v, and either

COO
MLCTa or MLCTg,?° and the 3D EV experiment to resolve additional excited state coherences

involving v,, , and v, .. allow the evolution of photoexcited vibronic coherence to be

unambiguously measured.
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8.11 CONCLUSIONS

Progress towards tackling the long-standing challenge of characterizing non-equilibrated
charge transfer mechanisms in photoexcited donor-acceptor complexes is achieved in this
study. Our 3D EV measurements provide an account of how intramolecular charge transfer
occurs in an archetypal photosensitizer, detailing the complex interplay between valence
electron density and molecular structural dynamics on the fs timescale. | have shown that the
cascading relaxation through the non-equilibrated MLCT manifold of N3* is heavily
influenced by Ru-N (of dcbpy) vibrations which effectively bridge the charge-donating Ru-
(NCS)2 and charge-accepting dcbpy moieties through excited state vibronic couplings. From
this | conclude that at least one excited state trajectory in aqueous N3* that facilitates
intramolecular charge transfer is initiated through an excited state vibrational coherence lasting
for ~600 fs before transferring to a secondary coherence that is vibronic in nature and promotes
nonadiabatic IC proceeding for another ~1 ps of relaxation. These results illuminate a
mechanism for how solvated N3* utilizes excited state, time-dependent vibronic couplings to
achieve long-lived charge separation. In addition to a high density of states and strong spin-
orbit coupling, we contribute evidence that structural relaxation involving metal-ligand
bonding nitrogen atoms strongly influences excited state mixing and efficient formation of
long-lived *MLCT states.®® This mechanistic insight may be particularly useful for designing
more efficient and earth-abundant light harvesting complexes,*® and for harnessing the
typically untapped potential of unthermalized photoexcited states to control photochemical
efficacy.** Following photochemical reactivity from the perspective of specific vibrational
coordinates is a unique advantage of multidimensional EV spectroscopy which can be

exploited to identify critical intramolecular coordinates governing non-equilibrium
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photoexcited processes. Multidimensional EV spectroscopy will be an incisive tool for
understanding photoexcited energy and charge transfer mechanisms during complex, multi-
coordinate photochemical processes in molecular and material systems.

Translating the presented information of this chapter in terms of the football analogy of
chapter 1: We have learned that there are other players involved in the play resulting in
Liverpool’s game-winning goal besides the major player identified in chapter 7. To extend this
analogy, let’s assume that one “state” of the ball’s motion is defined by it being played on the
right side of the pitch (analogous to the electronic state MLCTg) and another “state” is defined
by the ball being played down the left side (analogous to the electronic state MLCTa). Indeed,
from the perspective of this major player (let’s say player B was that major player identified

in the previous chapter; he is analogous to the v, vibration), there is an additional player
(player C; analogous to v,, ) who is crucial to the first part of the play being executed

correctly. Furthermore, during the early part of the play in which players B and C are coupled
with the ball’s motion, we have revealed that the ball was localized to the right side of the field.
Then, we see that this first part of the play transitions into a completely different segment of
the overall time period in which the goal was scored. This later period still involves player B
but player C’s contribution to the goal has largely finished. Now, player B is playing the ball

very quickly with yet another player (player D; analogous to v, , ) and the motion of these

two players is resulting in the movement of the ball from the right side, to the left side, back to
the right side, etc. It is as if the dynamic play from the combination of players B and D — and
likely other players whose motion is not directly observable — has connected both sides of the

field in a way that does not usually occur (this is analogous to the nonadiabatic IC).
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Clearly, the Manchester United defense has become mesmerized by such dynamic play
from the Liverpool team. Soon, the ball stops moving from side to side because, of course, it
has found equilibrium - in the back of Manchester United’s goal net. Liverpool 1 — 0 United

(final score).

8.12 APPENDICES

8.12.1 Instrumental Details

The pulse spectra for the pump and probe beams are shown below. The temporal
characterization of the instrument response is given by comparing a solvent only signal
collected in the exact configuration as all of the tIR and 2D EV data is collected. The solvent
response is also consistent with a non-resonant tIR trace collected in a 250 pum silicon wafer.
The onset of the N3* tIR signal outside of pulse overlap at T, = 180-200 fs is clear from the
red trace below. Table 8.1 below also provides the spectral characteristics of the pump and
probe beams, which are useful when considering the bandwidth requirements for measuring
signals from particular quantum transition pathways. Solvent only 2D EV spectra present in
Figure 8.10 indicate negligible contributions. All data presented here are linearly dependent on

pump pulse energy.
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Figure 8.9. Instrument Characterization. (a) Broadband UV pump pulse spectrum and mid-IR probe
pulse spectrum. (b) The instrument response function is assessed using the non-resonant tIR signal of
a 250 um Si wafer (black). The N3* molecular response is observed outside of pulse overlap for z, >
200 fs from the transient-IR trace for the vcoo excited state absorption (w3=1328 cm?, red). The signals
are normalized by the absolute value of the greatest magnitude signal and overlaid for comparison. The
non-resonant solvent-only tIR signal (blue; circles are data and line is three-point moving average) is
scaled and offset such that zero signal is AT/T = -1 for comparison; the solvent response diminishes for
72 > 200 fs, consistent with the decay of the Si signal and the onset of the N3* molecular signal.

Table 8.1. Pump and Probe Beam Center Frequencies and Bandwidths

Beam Center Frequency Full Width 50% Full Width 20% Max
wo [ 2mc Max Intensity Intensity
(em) (cm™) (em™)
Broadband UV 24805 1090 1400
Pump
Mid-Infrared 1361 198 245

Probe
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(a) D,O (300 mM NaOH) Solvent Only 2D EV Signal
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Figure 8.10. Solvent Background and Signal Pump Power Dependence. (a) 2D EV spectra of the solvent
(D20 in 300 mM NaOH) collected in the same sample configuration as the N3*; no significant solvent
contributions are present. (b) The magnitude of the vcoo ESA (w3=1328 cm™?) plotted at different pump
pulse energies shows the data measured are linearly dependent on pump energy. Blue squares are
average of five difference spectra with the error bars reflecting +/- 1 standard deviation from the mean;
the black line is a linear fit with the fit parameters shown on the right.

8.12.2 Data Acquisition

A well-averaged tIR data set used for 2D EV normalization is obtained by averaging 500
laser shots per difference spectrum while scanning over the range -1 < 7> < 200 picoseconds
consecutively in the forward direction; 20 completed 7, scans are then averaged together for
the final tIR data set. The entire tIR data set was collected in ~1.5 hours during the same laser
run as the 2D EV data with the same experimental configuration to maintain consistency in as

many systematic experimental parameters as possible. The tIR data set is divided by a well-
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averaged (5000 laser shots) sample spectrum collected with the BBUV pump blocked to obtain

AT/T.

A single 2D EV spectrum at a given 7> delay time is collected by scanning z1 over the range
[0:150] fs in 1.15 fs steps to expedite data acquisition using a partially rotated frame. The
integrated field autocorrelation of the pump pulses scanned over z; is collected and Fourier
transformed to ensure that the shape of the excitation spectrum is not compromised due to
under sampling. At each fixed 71 delay time and 7> delay time, 500 laser shots are averaged to
obtain the differential absorption spectrum. The total range of pump-probe delay times
collected in these 2D EV experiments are 10 <72<2010 fs at 20 fs intervals. Six 2D EV scans
were averaged for each 7, delay yielding a single averaged 2D EV data set. To minimize
artifacts due to laser drift throughout the experiment, the entire 7> range studied was collected
in two parts: first by scanning 250 <2< 2010 fs and then scanning 10 <72 <250 fs. Acquisition
of the first range (250 < 72<2010 fs) was further divided into two separate experimental scans
with 40 fs intervals: one for 250 < 72 < 2010 fs and the other for 270 < 72 < 1990 fs. Each of
these subranges scanned with 40 fs intervals were scanned three times in the forward direction
and three times in the reverse direction to further reduce artifacts from laser drift during the
~4.5 hour collection time of the 2D EV scan over the 7> range. Acquisition of the second range
(10 < 72< 250 fs) was collected in 20 fs intervals using the same approach, each scan taking
~1.5 hours of experimental collection time. Solvent-only 2D EV spectra were collected over
10 <72<450 fs in 20 fs intervals to ensure no significant solvent features were present in the
sample data (see Figure 8.10(a) below). The pump power dependence of the 2D EV signal was
measured to be linear with respect to pump power, ensuring that no multiphoton absorption

signals were present in the tIR or 2D EV data (see Figure 8.10(b)).
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8.12.3 2D EV Data Processing: Instrumental Noise Correction

The same 2D FT data processing techniques as described in chapter 3 are used here to
generate each 2D EV spectrum. Additional data processing steps are required to isolate the
weak oscillatory 2D EV peak amplitudes discussed in this chapter. The purpose of the FT
analysis over the > delay time is to identify the frequencies of coherent oscillations that
modulate the amplitude of the 2D EV peaks. These signatures reveal further information about
the degrees of freedom coupling the vibronic states involved with the excited state charge
transfer dynamics in N3*. Since these oscillations are very weak in our experiments, careful
corrections for signal intensity fluctuations due to instrumental noise are required to isolate the
coherent oscillations in 2D EV signal amplitude. As can be seen by comparing the blue and
red time traces in Figure 8.11(bottom), instrumental noise can significantly overwhelm weaker
oscillatory signals. We correct for this noise to isolate the 7> oscillations of interest by
normalizing the raw 2D EV data for each > delay to a separate, well-averaged tIR data set
which was collected within the same laser run using an identical experimental configuration.
The six 2D EV scans at a given 7> delay are first averaged in the time domain (z1). Then the
differential absorption spectrum from the 2D EV data set for 71 = 0 is normalized to the well-
averaged tIR spectrum for the same 7, delay. Since these two data sets reflect an exactly
identical experiment, the only difference between them is the experimental noise due to fewer
scans averaged in the 2D EV experiment than in the tIR experiment. To ensure accurate
comparison of spectra, the tIR spectrum is cubic spline interpolated to have finer time steps for
the normalization procedure. The 2D EV (z1 = 0) spectrum is fitted to the tIR spectrum with

the following Equation:

S (r,=0,7,,0,) 206(52DEV(71 =0,T2,603))+ﬁ (8.1)

norm
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where a constant spectral intensity scalar (« ) and a constant offset (4) are applied to the
averaged 2D EV spectrum (5**"(z, =0,7,,,)) and optimized in a nonlinear least squares

fitting routine to obtain the tIR-normalized 2D EV spectrum ($2”"(z, =0,7,,,)).

norm
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Figure 8.11. Pre-FT Data Processing of z-dependent 2D EV Data. (top, left) The cubic spline
interpolated tIR spectrum collected independently, (top, center) the raw 2D EV spectra with 71 = 0 for
all 7> delays, and (top, right) the 2D EV (z: = 0) data corrected for instrumental noise by normalization
to the tIR data set. (bottom) The time traces of the carboxylate GSB and ESA for the data sets show the
improvement in signal quality after removing further instrumental noise due to fewer 2D EV scans
averaged than in the tIR data set. The blue traces = 2D EV (r:=0) data set without normalization, red
traces = with normalization, and black traces = interpolated tIR data (see discussion for details).
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Initial values are set to « =1 and A =0 in the fitting routine; we find & = 0.97 (+0.06) and £

=0.00015 (x0.00048) (where the bar denotes the average over the optimized parameters for all
72 spectra). While the optimized parameters indicate that minimal adjustment to the original
2D EV spectrum is needed (i.e., on average, the intensities of the difference signals are scaled
by less than 5% and offset by less than 2% of the signal magnitude for the vcoo mode), this
procedure effectively corrects for instrumental noise present in the 2D EV data as shown in
Figure 8.11. The optimized scalar and offset for each 7> spectrum are then applied to the raw
2D EV spectra over the complete range of 71 composing the 2D EV data set using equation

(8.1). Then the tIR-normalized 2D EV data undergoes the usual FT processing over 1.

8.12.4 2D EV Data Processing: Isolating Coherent Oscillatory Features in z,-Dependent
Data
The 2D spectral regions of interest are the (w1, w3) areas of the greatest 10-15% signal for

the two MLCT features vibronically coupled with the v, ; these regions of interest are used

throughout the remaining analysis (highlighted by red boxes in Figure 8.12, the (w1, w3) ranges
are given in Table 8.2). | note that using slightly different bounds for the 2D EV regions of
interest in the 10-15% signal range does not alter the conclusions from the analysis. | have
assumed that measured population Kinetics within the first 10 ps of the excited state triplet
relaxation do not vary considerably between MLCTa and MLCTg because the fits to the tIR
time traces described in section 8.12.5 only require a single exponential decay (zshort in Table
8.3) in this > period to fit the data well. To remove the population kinetics from the 2D EV
regions of interest, the (w1, w3) data points within the region of interest at each 7> delay are
averaged to obtain what is effectively a tIR time trace for each excited MLCT state that is

resolved by the 2D EV experiment. The population kinetics of the averaged 2D regions of
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interest are then fitted using a Gaussian function convolved with two decaying exponentials
(see chapter 7 for tIR fitting equation) while fixing the time constants (zshort and ziong ) to the
values obtained from the tIR measurements (given in Table 8.3). The fitted population kinetics
are then subtracted from the 2D data points in each region of interest to isolate coherent
oscillatory dynamics that are modulating the 2D EV signal corresponding to the vibronically

coupled vcoo and either MLCTa or MLCTg.
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Figure 8.12. Assessing Signal-to-Noise in w, Spectra. (a) Averaged 2D EV spectrum over all z,
surfaces; gray shows background signal and red boxes highlight 2D EV regions of interest for vibronic
couplings between vcoo and both MLCTa and MLCTsg. Spectra from FT analysis on 0 < 7,< 600 fs data
(b, red) and on 400 < 7, < 1500 fs data (c, blue) for MLCT a excitation. Spectra from FT analysis on 0
< 1,<600 fs data (d, red) and on 400 < 7, < 1500 fs data (e, blue) for MLCTg excitation. Gray spectra
in (b-e) are from FT analysis of the background signal shown in (a). The circles represent the average
w2 spectrum and the shaded areas represent + 1 standard deviation from the mean. Number of (w1, ws)
points: MLCTa = 45; MLCTg = 24; Background (signal < 5% max) = 3295.
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Once population kinetics are removed, consequent FT analysis over the 7. delay of the 2D
EV regions of interest provides a low frequency spectrum, w2, of the z>-dependent 2D EV
signal oscillations. As discussed in the manuscript, dynamics in the early time (0 < 72< 600 fs)
and the later time (400 < 72 < 1500 fs) periods involve different low frequency modes. A

double-sided tanh time domain filter is used with the form:

“(r.-6
%.tanh[—rz (TC HW)]-}-l, 0<z <7t

B 2 27 ¢
1 r,—(t.+0,)] 1
F T )= __.tanh 2~ c HWZ +_, T <T 82
O N Y

to select the signals in either the earlier or later z> periods. In equation (8.2), = is the center of
the tanh rise, dnw is the half-width of the double-sided tanh filter, and B is the rise time of the
tanh function. The early time data is selected with zc= 270 fs, duw = 350 fs, and B = 40 fs; the
later time data is selected with 7= 910 fs, duw = 550 fs, and B = 40 fs. The filtered data in each
2 period are zero-padded to 256 points prior to FT. The FT then resolves the w2 low frequency
spectrum and the absolute value spectra are analyzed (Figure 8.12(b-¢) and Figure 8.2(c-d, f-
9))-

The signal-to-noise of the w> spectra is assessed by doing the same FT analysis on the
respective > periods for 2D EV spectral regions that are effectively the background — i.e.,
where there is no 2D EV signal. Since there are regions of the 2D EV spectra with dynamic
intensities during 72, | first averaged all of the 2D EV spectra over all 7> delays (resulting
averaged 2D EV spectrum is shown in Figure 8.12) and then | selected all (w1, w3) coordinates
which have signal less than or equal to 5% of the 2D EV maximum signal in this averaged

spectrum (0.0043). The solid gray contour shown in Figure 8.12(a) highlights this background
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2D EV region. The early time (0 < 72 < 600 fs) w2 spectra are shown in Figure 8.12(b, d) and

the later time (400 < 72 < 1500 fs) w2 spectra are shown in Figure 8.12(c,e). The gray spectra
show the average w2 spectrum and standard deviation of the background. The average w>
spectrum and standard deviation of the early time 2D EV signal for vcoo coupled to both
MLCTa and MLCTg are shown in red and the later time 2D EV signals are shown in blue. As
discussed in this chapter, these spectra provide clear evidence for the vru-n (2= 340 cm™) and
the Vru-bpy (w2 = 742 cm™) low frequency modes coupling with the vibronic eigenstates at
different time periods within the first two picoseconds of the excited state triplet charge transfer
and relaxation process. Other w; regions in the spectra above the background noise approach
the DC frequency (w2=0 cm™), which are likely due to imperfect population Kinetics
subtraction, and as the Nyquist sampling limit is approached (w2=833 cm™). As a result, signals

above w> = 790 cm™ are not considered further.

Table 8.2. Regions of Interest for w2 Spectral Analysis.

w1 wL # an as as # ws
Range (cm?) | Resolution | “pixels” | Range (cm™) | Resolution | “pixels”
[min:max] (cm™) [min:max] (cm™)
MLCTa | [24600:24800] 14.1 15 [1330:1337] 2.6 3
MLCTs | [25200:25300] 14.1 8 [1330:1337] 2.6 3

8.12.5 A Closer Look at Transient-IR Spectra of N3*

The timescales of the excited state vibrational features measured by parallel polarized tIR
(see Figure 8.13 and Table 8.3) show that the triplet state CN stretches are formed within the
instrument response and consequently static for the duration of the experiment (200
picoseconds). The constant intensity and center frequency of the CN excited state vibrational

features indicate negligible intramolecular structural reorganization of the charge donor for at
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least 200 picoseconds (ps) following photoexcitation and ultrafast intersystem crossing (ISC).
This is consistent with other tIR studies on N3 which typically focused only on the CN

stretching region, and with the fact that its SMLCT manifold has a lifetime on the order of

nanoseconds.
a
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Figure 8.13. Transient-IR Spectroscopy of N3*. (a) tIR time traces of the CN stretch region reports on
the Ru-(NCS), charge donor dynamics; ground state bleach (GSB) = 2116 cm™ (gray circles), excited
state absorption (ESA) = 2070 cm™ (purple circles), time trace fits shown by solid black lines. (b) tIR
time traces of the dcbpy ligand stretching region reports on the charge acceptor dynamics; carboxylate
symmetric stretch GSB = 1375 cm™ (red circles) and ESA = 1328 cm™ (blue circles), bipyridine
stretching mode ESA = 1271 cm (green circles). (c) tIR line shapes identify which charge acceptor
vibrations are sensitive to excited state relaxation, as shown by the z,-dependent full-width-at-half-max
for all three peaks; the carboxylate symmetric stretch ESA is most sensitive to excited state charge
transfer dynamics in the first few picoseconds of relaxation.



298

The vcoo ESA also forms significant amplitude within the instrument response but then
continues to grow on a 2.7 = 0.8 ps timescale. Additionally, the carboxylate symmetric
stretching GSB at 1375 cm™ rises to its maximum intensity during the instrument response
before decaying in amplitude on a 2.5 £ 0.8 ps timescale — effectively the same timescale as
the vcoo ESA growth. This is readily explained by the ESA dynamics of the overlapping
carboxylate symmetric stretches noted in chapter 7. Although much weaker, other bpy ESA
features also grow in over the first several picoseconds of delay time.

While many charge acceptor vibrations display ESA signal growth during the triplet
manifold relaxation, they are not all equally sensitive to the intramolecular structural dynamics
involved with this relaxation process. The time-dependent tIR vibrational peak widths of the
vcoo and the vepy features demonstrate that the vcoo vibration is the most sensitive coordinate
to triplet relaxation processes probed in our experiments as its full-width-at-half-maximum
(FWHM) broadens to 28 cm™ and narrows to 25 cm™ within the first three ps of relaxation;
whereas, the vepy rises to 9 cm™ within the instrument response and is unchanged thereafter.
Together, the measured tIR timescales, line shapes, and negligible frequency shifts for both
charge donor and acceptor ligand vibrations establish the photophysical picture of ultrafast
triplet formation of N3* and charge donation by the Ru-(NCS). while the dcbpy ligand
vibrations relax in a dense triplet manifold over the first several picoseconds post-excitation.
The time traces of the tIR signals shown in Figure 8.13 above were fit to the same function as
used in chapter 7, a Gaussian convolved with two exponential decays. The Table below gives

the fitting parameters for all of the traces shown in Figure 8.13 above.
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Table 8.3. Transient-IR Fitting Parameters.

@ Ashort and Tshort have been set to zero in a separate fit of the excited state CN stretch at 2070 cm™ to
show the lack of any significant decay component at early times, reflecting the instantaneous formation
of the excited state charge donor.

b Ground state vibrational excitation at negative 12 times affect the accuracy of fits for early time
components in ground state bleach features.

w3/ cm? Ashort Tshort /pS Along Tlong /pS B/ ps tO/ ps R? (ad])
(AT/T) (AT/T)

2116P 0.004 0.049 0.419 0.049 2.07 -0.435 0.6815
10.761

2070 -0.001 0.49 -0.0067 1.6E4 0.44 -0.058 0.9723
+0.001 1+0.06 1+0.0002 +1.0E5 +0.06 +0.028

20708 0 0 -0.0069 16000 0.41 -0.087 0.9705

1375° 0.0026 2.5 0.0109 1.6E4 1.03 -0.284 0.9746
+0.0004 0.8 10.00016 +1.0E5 +0.06 10.021

1328 0.0024 2.7 -0.0168 1.6E4 0.45 0.037 0.9936
+0.0003 0.8 1+0.0002 1+6.8E4 +0.03 +0.009

1271 0.0007 2.8 -0.0083 16E4 0.47 0.070 0.9689
+0.0003 +3.1 1+0.0003 +1.6E5 +0.07 10.022

8.12.6 Characterizing the Initially Excited Vibrational Wavepacket

The initially excited state vibrational wavepacket composed of a coherence with the vru-n
mode is characterized by extracting the spectral phase of the w2 spectrum, ¢(w,), fitting the
phase to an n™ order polynomial, and then obtaining the group delay, 7 (w,). Generally, a

spectrum with arbitrary spectral phase variation can be written as A(w—-a,) = ‘A(a)— w,)|e™

. Here, the ‘A(a)—a)o)‘ factor is obtained by the absolute value of the Fourier transformed z-
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dependent peak intensities over 0 < 72 < 600 fs (i.e.,

FT(rz)‘). The spectral phase and group

delay are then obtained by %

#(w,)=tan™ [Mj (8.3)

Re[FT(z,)

d
r (0)=-202) (8.4)
do,
The group delay describes the time-dependence of the frequency components in a
wavepacket, which in this case reflects the propagation of the wavepacket during z> in the

excited MLCT manifold during the early time period, 0<72<600 fs. | have fit ¢(w,) over the

spectral range of the w, feature obtained in the FT analysis (w2 = 250-400 cm™) to polynomial
functions of increasing order n, the coefficients (P)) for each fit are given in Table 8.4. A

meaningful description of the wavepacket propagation is obtained by observing the

consistencies in 7 (w,), obtained by numerical differentiation of the polynomial function used

in the fitting for different polynomial orders. The quartic polynomial (n=4) fit shown in Figure
8.14e is used to obtain the group delay curve presented in Figure 8.4, which is identical to the
red curve shown in Figure 8.14f. As discussed in section Characterizing the Initially Excited
Vibrational Wavepacket and shown in Figure 8.14, all fits demonstrate consistent evidence for
a blue shifting of the initially excited vibrational wavepacket during the first 600 fs of excited
state relaxation. Less emphasis is placed on any interpretation based on the values of the
coefficients for a particular fit given their dependence on the polynomial order, and instead the

general trends observed across all fits are considered.
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Figure 8.14. Characterizing the Initially Excited Vibrational Wavepacket. The blue lines in all figures
are the same w; spectra for the vr..n Wavepacket (w, = 340 cm™) present during 0<7,<600 fs. The figures

in the left column (a,c,e) plot the spectral phase, ¢(w,), in red; experimental data is shown by the open
circles and the solid lines are fits. The figures in the right column (b,d,f) plot the group delay, 7,(®,)
, inred, obtained by numerical differentiation of ¢(c,) as explained in equation 5. The different rows

denote a different order of polynomial used to fit ¢(c,) during the analysis.

Table 8.4. Spectral Phase (¢(w)) Fitting with n"-order Polynomials

Fit Order P(o) P() P(2) P(3) P(a) Goodness
(n) (rad) (rad - s) (rad - s2) (rad - s3) (rad - s%) of Fit (R?)
2 -46.68 1.12 x10° -1.14 x10* - - 0.9705
3 113.73 -7.00 x103 1.24 x10* -7.42 x10° - 0.9923

4 -153.04 1.10 x10*  -3.29x10°  4.27 x10°  -2.06 x10’ 0.9932
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The same blue-shifting behavior is also observed through a short time Fourier transform
(STFT) analysis of the earlier time data, as shown in Figure 8.15 below. We give preference
to the group delay analysis shown in the manuscript over the STFT because the blue-shifting
is occurring during the course of only a few cycles of the vryn Vibration, which is also
comparable to the ~ 600 fs lifetime of the wavepacket. Thus, an appropriate choice of
windowing function becomes more difficult. Nevertheless, the consistency between the group
delay analysis and the STFT confirms the blue-shifting of the vru-n Wavepacket during early

times.

MLCT"B" w» SN Time-Frequency Analysis
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Figure 8.15. Short Time Fourier Transform Analysis of Initial Wavepacket. Analysis performed using
the same windowing function used in the later time STFT analysis (double-sided tanh) discussed in
more detail in section 8.12.7, but with a window FWHM of 500 fs that has zcener delays varied through
the corresponding earlier delay times 0< 7> < 600 fs. The thick solid black line is a guide to the eye to
highlight the blue-shifting of the vryn center frequency. Measured in this way, the w; vibrational
frequencies blue-shift by ~60 cm™ over the interval 250 <tcenter < 570 fs, consistent with the blue-shift
measured by the spectral phase / group delay analysis in Figure 8.14.
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8.12.7 Time-Frequency Methods Used in Later Time Data Analysis
The vru-bpy mode is the only prominently coupled low frequency mode apparent in our
measurements during the later time relaxation dynamics, as shown in Figure 8.2(d,g), and it is
clearly coupled to the vcoo in both the MLCTa and MLCTs. As Collini and co-workers have
discussed,® the sliding window short time Fourier transform (STFT) is a useful time-frequency
analytical method but it suffers when numerous frequency components with varying lifetimes
contribute to a time-domain signal. This is due principally to an inherent uncertainty between
temporal and frequency resolution in FT-based signal processing. The STFT uses a temporal
window of a fixed width and a given temporal center to filter time-domain experimental data
prior to Fourier transformation. In this way, a frequency spectrum for a temporally-localized
portion of the time-domain data is obtained. This is repeated for many different temporal filter
center positions to produce a two-dimensional time-frequency plot where the FT spectrum is
plotted for every temporal filter center position. In the present analyses, ;=742 cm™ is
selected from the w2 dimension of the time-frequency plot for consideration as it corresponds
to the vibrational mode of interest, Vru-bpy, @S identified by the > spectra shown in manuscript
Figure 8.2d and g obtained by considering all of the z>-dependent data in the later time period.
As described below, we can reliably use a temporal filter to isolate the vru-bpy dynamics because
this is the only sufficiently resolved mode in the w2 spectra for both MLCTa and MLCTg
during later times. For time-domain signals containing multiple frequency components of
interest that have significantly different periods of oscillation, the choice of a single temporal
filter may favor a particular frequency component in the analysis over the others. Fortunately,

that is not the case in our data.
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In this analysis, only the vru-bpy IS Of primary interest as it is the strongest signal observed
in w2 when all of the later time relaxation data is Fourier transformed (see Figure 8.2). Without
a time-frequency analysis, the electronic oscillatory behavior of the vru-npy COherence discussed
in the main text would be missed. The ~45 fs period of the vru-bpy appears in 2-3 cycle bursts
beginning in MLCTg and then oscillating between MLCTa and MLCTg. Fortunately, this
dynamic provides a straightforward choice of filtering window to be used in the analysis: a
temporal filter with ~120 fs width sufficiently isolates each 2-3 cycle oscillation of the vru-bpy
to clearly extract the oscillations in electronic population shown in Figure 8.5. The single
coherence of interest with a well-defined duration in MLCTa and MLCTg render the STFT
analysis a suitable method in our case. In Figure 8.16 a comparison of time-frequency analyses
using three different temporal windowing functions (double-sided hyperbolic tangent,
Hanning, Gaussian) demonstrates that the choice of window function does not change the
analysis or conclusions in any way. For all three functions, the full-width-at-half-max was set
wide enough to span a single 2-3 cycle oscillation of vru-bpy When the window is centered over
the coherence (examples shown for each MLCT state in Figure 8.16). There is negligible
difference in the FT time traces (see Figure 8.16(b,d,f)) among analyses using different
windowing functions of consistent temporal width. Conversely, the temporal width of the filter
can have a large impact on the obtained results using a STFT in the time-frequency analysis.
Figure 8.17 demonstrates the importance of an initial consideration about the nature of the
time-domain signals that are of interest in a data set prior to conducting a time-frequency
analysis. For a time-domain signal such as ours which contains transient and periodic
coherences, a temporal filter that is too wide may result in a large offset in FT signal in addition

to a phase relationship between oscillations that is shifted from the true phase relationship (e.g.,
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Figure 8.16. Temporal Windowing Function Effects on Time-Frequency Analysis. The left column (a,
¢, €) show the 2D EV residual data (gray) for the signal regions of the vcoo Vibronically coupled with
the MLCTa (red) and MLCTg (blue); the dashed lines show the temporal windowing functions used in
the three time-frequency analyses for comparison. The right column (b, d, f) are the time-frequency
analyses results from a short time Fourier transform (details in the section 8.12.7 discussion) for
MLCTa (red) and MLCTs (blue) at ws = 742 cm™. A double-sided hyperbolic tangent window (a,b),
Hanning window (c,d), and a Gaussian window (e,f) are compared.
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Figure 8.17. Effect of Temporal Filter Width on Time-Frequency Analysis. The time-frequency
analyses for varying filter widths (FWHM) are shown for the double-sided tanh window: (a,b) 500 fs,
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same coloration as Figure 8.16 is used in this figure.
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see Figure 8.17(a,b)). As the filtering window shrinks, the FT signal passes through a range in
which only the offset is observed because the oscillatory information is not isolated well
enough by the filter (e.g., see Figure 8.17(c,d)). When the filter width approaches the duration
of the transient coherences of interest, then the time-frequency analysis via the STFT produces
a reliable result (e.g., see Figure 8.17(e-h)). The time-frequency analysis in this paper uses the
double-sided hyperbolic tangent window with a 120 fs FWHM temporal width, as shown in

Figure 8.17 (g,h).

8.12.8 Nonadiabatic Internal Conversion Simulations: A Two-Level System

The time-dependent relaxation of the p, (z,) and p,(z,) coherences are simulated as

shown in Figure 8.5¢ of the main text by solving the following system of differential equations:

pgs (Tz) _1.6036 - 1_‘36,36 VNA (TZ) p36 (TZ)
l[)14(12) = _VNA (TZ) _10) —F p14(7’-2) (85)

14 14,14

where o, =@, = 742 cm is the frequency of the vry-bpy COherence measured from the 3D EV

experiments, ', . = T',, . =1/800 fs are the lifetimes of p,_ and p,,and IV, =50 cm™ is

3636 14,14
the time-independent nonadiabatic coupling strength found to reproduce the observed 340 +
40 fs periodicity of the oscillations between electronic character of the vibrational coherence
amplitude between p,. and p, . This observation is similar to the work of Dawlaty and co-
workers®® who found Rabi-like oscillations in the amplitudes of vibrational coherences in a

hydrogen-bonded charge-transfer system, quinhydrone. The vibronic eigenstates that compose

an effective Hamiltonian for the aqueous N3* studied here are defined in terms of both
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electronic and vibrational coupled degrees of freedom, providing a more complete view of an

effective Hamiltonian capturing the dynamics of interest.

8.12.9 Redfield Theory and Non-Secular Contributions to Relaxation Dynamics
Redfield theory is often useful for describing the time evolution of molecular
systems.*%4” The Redfield equation for the reduced density matrix, o (¢) (where subscripts

a and b denote system eigenstates), is expressed

op. (t
%U = _I'a)ab ab (t) + ZL;RaIJ,Cd cd (t) (8'6)

where @, -5 _E% and R, . is the Redfield tensor describing the relaxation dynamics

between different system eigenstates. The first term on the right side of equation (8.6) describes
the system’s evolution in isolation and the second term involving the Redfield tensor describes
the system’s interaction with a dissipative environment. The Redfield tensor can be expressed

as
R, =, +I, —§ 3" -8 3T, (8.7)

ab,cd db,ca aK,kc di,kb

where

L. = de({d]H,O[B) e| 1,

—io t
a>> e ",
B

b> <C‘HSB (t)‘a>>5 e,

(8.8)

db,ca

1=
r zmdt«d\ﬂsg

and the x index goes over system eigenstates. The system-bath Hamiltonian, /_ , connects

the system and the environment and is defined as H_ (t)=e"""""H_e /"""

SB

where H, is the

bath Hamiltonian. In equation (8.8), the thermal average over the bath is denoted <>B The
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Secular Approximation can be understood by recasting the Redfield equation within the

interaction picture

op., (t)

3= IR, PO (8.9)

and noticing that the integral averages to zero when both sides of equation (8.9) are integrated

over a time interval At>>(w,—-w_ )" due to destructive interference. The Secular
Approximation is made when only the terms satisfying o =w_ are kept. However,
nonsecular elements of R, ,those in which o, # @_, may become importantwhen o -

is very small which occurs in systems with strong system-bath coupling and/or when relaxation
dynamics involve several eigenstates with molecular couplings represented by these

nonsecular terms.

8.12.10 Negligible Frequency Shifting of MLCT Peaks in o,

The peak maxima of the carboxylate vibrations, both the ground state bleach and the

excited state absorption (vcoo) do not show any significant peak shifting after the pulse overlap

GSB, w, = 1375 cm™’

wy 12zcem”

200 400 600 800 1000 1200 1400 1600  1BOO 2000
T,/ fs
‘=

ESA, w, = 1328 cm™

wy /2zcem

200 400 600 800 1000 1200 1400 1600  1BOO 2000
T,/ fs
‘=

Figure 8.18. Carboxylate w1 Peak Positions During z.. The ground state bleach (top) and excited state

absorption (below, vcoo) peak positions in w1 show negligible peak shifting over the range 190 < 7, <
2010 fs.
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and throughout the 7, range probed in the 3D EV experiments. This provides evidence that the
excited MLCT states are strongly spin mixed as no electronic features arise to suggest that

transitions into different spin states is resolved in the data.

8.12.11 Calculated Low Frequency Vibrational Modes

The calculated IR spectrum of the N3* lowest energy triplet, To, is reproduced from
Gaynor et al.?° to display the full spectrum, including the low frequency region (see zoom-in

of the inset in Figure 8.19a below).

(a) N3* Calculated T, Spectrum (implicit solvent)
10000 T T T T
Veubpy Veoo Vew
- v
£ r500 Ru-N \ / \
S s000 F
=3 . A
e 0 400 800
0 it il M Ao M 1
0 500 1000 1500 2000
w/(2mcem™)

(b) Examples of Calculated modes with same character as Ve @nd VRuAbpy

©@C OoH @0 @N @Ru OS5

Figure 8.19. (a) Calculated IR spectrum of the lowest energy triplet of N3* with implicit solvent; inset
shows a zoom-in of dashed gray spectral region. (b) Example normal modes from calculations
displaying vibrational character of the vryn and vru.npy modes. Mode 39 (303 cm*) shown for vey-n and
mode 67 (710 cm™) shown for Vru-bpy-
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The normal mode vibrations with vector displacements provide examples of the several
calculated modes in the vry-n (260-430 cm™) region and the vry-bpy (710-755 cm™t) region with
the respective vibrational character of the low frequency vibrations discussed in the main
manuscript. Computational details for these spectra can be found in Gaynor et al.?° and its

Supporting Information.
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Chapter 9. ELECTRONIC-VIBRATIONAL ANISOTROPY IN
EXCITED STATE INTRAMOLECULAR PROTON
TRANSFER

The work presented in this chapter is being prepared for publication

9.1 INTRODUCTION

The previous chapters have focused on understanding metal-to-ligand charge transfer
behavior in a molecule that is particularly good at efficiently shuttling electron density across
its molecular structure. In those studies, multidimensional EV spectroscopy was showcased as
a great method for unveiling the nature of electronic excited states participating in this efficient
charge transfer through vibronically coupled molecular motions and for determining how low
frequency vibrations contribute to the charge transfer reactions. A key advantage of
multidimensional EV spectroscopy was center stage in those experiments: the ability to follow
ultrafast, multi-coordinate photochemical reactions through the lens of specific molecular
structural coordinates. The focus of the present chapter is on understanding the excited state
intramolecular proton transfer (ESIPT) mechanism that has been characterized in small organic
molecules. At first glance, this chapter may appear to deviate substantially from the previous
chapters because the molecular dynamics of interest do not involve transition-metal centered
complexes or charge transfer between metals and coordinated ligands. In fact, the ESIPT
mechanism is also characterized by the well-orchestrated movement of electronic and nuclear
motions to very efficiently transfer energy intramolecularly in the excited electronic state.
Whereas the previous MLCT dynamics studied in N3* really captured a mechanistic

description of this molecule’s ability to move electron density, the current chapter focuses on
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the mechanisms by which 10-hdyroxybenzo-[h]-quinoline (HBQ, Figure 9.1) moves protons

efficiently within its molecular frame. Naturally, these dynamics will involve much more
significant structural reorganization of the nuclei during what is effectively a enol- to keto-
tautomerization reaction triggered by electronic excitation. Indeed, ultrafast transfer of

electrons and protons represent two of the fastest chemical reactions occurring in nature.

10 Hydroxybenzo-[h]-quinoline

Figure 9.1. Molecular structure of 10-Hydroxybenzo-[h]-quinoline (HBQ).

Proton transfer is a widely studied and broadly important reaction in chemistry and
biology.'® The time scales for proton transfer reactions can make them some of nature’s fastest
reactions, occurring within the time span of single molecular vibrational periods (~10 fs). The
transfer of a proton in an excited state was first observed by Weller in 1955 when an unusually
large Stokes-shifted fluorescence spectrum was measured for methyl salicylate which then
became the expected mirrored image emission upon methylation of the acidic proton.* Over
the many decades since, ESIPT has been studied rigorously with the goal of determining the
kinetics of the proton transfer and the mechanistic details of the reaction.>° Two benchmark
ESIPT systems have been particularly well studied in the last two decades: the 2-(2’-
hydroxyphenyl)benzothiazole (HBT) molecule and HBQ. These two structures differ mainly
by how geometrically constrained the proton is that participates in the transfer. Experimental
and theoretical comparisons between these two systems have proven fruitful for determining
general characteristics of the ESIPT reaction,'*'° which is discussed further below for HBQ

and schematically depicted in Figure 9.1.
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In this chapter, the ESIPT mechanism of HBQ and its deuterated analogue, DBQ, in non-

polar tetrachloroethylene (TCE) solvent is investigated using polarization-selective transient-
IR (tIR) and 2D EV spectroscopies. The outstanding questions for the photophysics of HBQ
include: How active is the proton is during its transfer in the excited state? What is the nature
of the electronically excited potential energy surface on which this ESIPT process occurs? An
analysis of the isotopic effects present in the electronic absorption spectrum and ground state
vibrational spectrum suggest that strong coupling between the electronic and vibrational
degrees of freedom exists in HBQ. The anisotropic measurements presented from the
polarization-selective tIR experiments provide further support for this claim and the excitation-
dependent anisotropy measured using 2D EV spectroscopy provides confirmation of the

adiabatic electronic state, S1, on which ESIPT proceeds.

9.2 BACKGROUND: EXCITED STATE INTRAMOLECULAR PROTON TRANSFER IN
HBQ

The intramolecularly hydrogen bonded complex 10-hydroxybenzo-[h]-quinoline (HBQ) is
a benchmark system for studying ESIPT dynamics. The rigid carbon backbone from its fused
ring structure makes HBQ a convenient model system for investigating ESIPT. A distinctive
photophysical feature of ESIPT molecules is a significantly Stokes shifted emission spectrum
(>10,000 cm™ for HBQ) which is indicative of significant structural reorganization and
relaxation in the excited state. In the ground state, HBQ is stable in its enol form (E).
Immediately following electronic excitation (So—S1, nn*) the excited state enol form (E*)
describes the Franck-Condon region of the S; potential energy surface. Nearly immediately
thereafter, ESIPT occurs as the ultrafast transfer of the phenolic proton to the quinolic nitrogen,

forming the excited state keto isomer (K*) of HBQ. Many investigations using femtosecond
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transient electronic absorption (TA) and time-resolved fluorescence (TRF) have outlined the
general kinetics of the ESIPT reaction in HBQ.'>2%> These dynamics are schematically

illustrated in Figure 9.2.

Proton Transfer Coordinate

Figure 9.2. Schematic photophysical picture of ESIPT in HBQ. The colored arrows represent the
excitation of the ground state enol to the excited state enol (blue), the ultrafast proton transfer and
consequent relaxation in the excited state (green, curved on S;), the fluorescence of the equilibrated
keto form in the excited state (orange, wavy), and the relaxation of the hot ground state keto form as it
reverts back to the enol form (green, curved on Sp). The gray dashed and solid lines, as well as the S,
excited state (~1860 cm™ lower than the Franck-Condon excitation point) indicate photophysical
dynamics that are debated in the literature.

These studies widely agree upon a ~260-300 ps lifetime of the K* product following ESIPT,;
this timescale describes the reported fluorescence decay times from K* and exponential decays
of TA signals observed primarily from the excited state stimulated emission (ESE) of the
K*.20.2223 |t js important to note that excitation energy dependent TA studies by Schriever et
al.?® show the same K* lifetime when the Franck-Condon region of the S; state is nearly

exclusively excited using 325 nm pump pulses.?® This result provides evidence that S;—S:

ultrafast internal conversion does occur in HBQ when S is directly excited and it suggests that
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the predominant electronic state relevant to the excited state relaxation dynamics is the S; state.
Most of these studies have also found a second timescale in the ~10 ps range that can be
attributed to the vibrational cooling of the excited state keto isomer.2%?2 An exception to this
is reported by Schriever et al.?® who attribute the 10.5 ps exponential decay to a solvated
electron in the cyclohexane solvent due to multiphoton ionization, arguing that a consistent
spectral shape of their TA signal runs contrary to the suggested vibrational relaxation
mechanism. Consistent with their excitation energy independent K* lifetime, these authors also
report this 10.5 ps decay time is observed irrespective of exclusively exciting S; or S».
However, Takeuchi and Tahara show convincingly that the thermal diffusivity of the
cyclohexane solvent used in their studies (and in the work by Schriever et al.?®) corresponds
to a cooling rate that is consistent with the 8.3 ps decay component in their measurement. These
authors also show that while the ESA decreases in intensity and maintains a constant band
shape, the ESE undergoes a spectral blue shift characteristic of emission from an initially
vibrationally “hot” K* isomer shifting toward emission from a thermally equilibrated K*
species.?? Altogether, a clear picture of the picosecond dynamics from these TA studies
emerges wherein the S state is the primary electronic potential surface describing the ESIPT
relaxation dynamics.

A ~350 fs decay component has also been consistently measured at the earliest resolvable
experimental delay times;?%?22® the physical mechanism underlying this dynamic is still the
subject of debate. An early report of this faster decay lifetime was made by Chou et al.?° for
HBQ dissolved in cyclohexane using TRF with sum frequency detection where the excitation
pulses were in the 385-400 nm range to predominantly excite Si. They explained this

observation as an ultrafast internal conversion (S2—S1) where the initial proton transfer must
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populate the S, state on the same ultrafast timescale as the proton transfer, despite their
excitation pulse spectrum being overlapped with the red-edge of the So—S; absorption. Based
upon the structural similarities of HBQ to phenanthrene, two low-lying excited electronic states
of mn* character that were first characterized by Platt?® as “La” and “Ly” states were invoked
by the authors as the two excited electronic states involved in the S,—S; internal conversion
(this mechanism is illustrated in Figure 9.2, gray). These states differ in their electronic nodal
structure where the L, state has nodes between carbon atoms and Ly has nodes at the carbon
positions. Importantly, these electronic structures result in electronic dipole moments that are
orthogonal to one another, with one in the longitudinal direction of the molecular axis and the
other perpendicular. A change in the electronic transition dipole moments was the basis for
suggesting internal conversion as the mechanism giving rise to the 330 fs dynamic. While
vibronic relaxation, solvent reorientation, and internal (intramolecular) vibrational relaxation
were mentioned as possible explanations of early time dynamics, the study suggests that these
mechanisms would all be much longer than the 330 fs decay measured. Takeuchi and Tahara
also observed a 350 fs dynamic of the transient absorption around 430 nm (likely
corresponding to a highly vibrationally excited K*).?> However, these authors report
impulsively excited low frequency vibrational coherences that persist for several picoseconds
on the excited state. Moreover, using a sliding window FT analysis (similar to that used in
chapter 8 for N3%), Takeuchi and Tahara identify one coherently excited vibration at 242 cm"
! that has a dephasing time of 0.5 + 0.1 ps by comparison to three other identified low frequency
vibrations which dephase in a few ps with the observed wavepacket amplitude. From this
result, they make two convincing arguments: 1) that the coherently excited nuclear wavepacket

proceeds in an adiabatic fashion on Si because it is retained in the K* product (i.e., it would
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not survive the internal conversion suggested by Chou et al.?%), and 2) that the faster dephasing
time of the 242 cm™ mode reflects its coupling with the proton transfer reaction coordinate.
For these reasons, intramolecular vibrational redistribution is used to explain the 350 fs decay.

Of course, one of the greatest dynamics of interest is the proton transfer event itself.
However, sufficient time resolution to measure the proton transfer event has proven
experimentally challenging. The stimulated emission signal reported by Takeuchi and Tahara?
suggests the proton transfer time is 25+15 fs while Schriever et al.23 report proton transfer
times of ~35 fs from their combined experimental and theoretical work. An interesting
description of the ESIPT process in HBQ is given by Schriever et al.?®: ultrafast proton transfer
takes place on the 30-40 fs timescale originating from the Franck-Condon region of S; by
means of low frequency vibrational modes that deform the carbon backbone to shorten the O-
N distance allowing proton transfer to occur essentially barrierlessly. This study compared
HBQ dynamics to those of HBT and found that these low frequency skeletal motions trigger
the proton migration but the OH stretch plays a more active role in HBQ than it does in HBT
where the proton is completely passive during the proton transfer. For both molecules, the
ESIPT mechanism is suggested to occur without a barrier and, thus, no need for quantum
mechanical tunneling. This mechanistic description of ESIPT is very similar to other
descriptions arrived at experimentally and/or computationally involving coherently excited
low frequency vibrational modes, which has supported this explanation as the general
mechanism by which ESIPT proceeds.®11:1314.18.19.24.27-36  More recently, an important study
was published on the ESIPT of HBQ and HBT in methanol solution that provided the first
evidence of an isotope effect in HBQ.% In this study, Lee et al. show from femtosecond TRF

measurements of the E* isomer that HBQ undergoes proton transfer in 12 + 6 fs and DBQ (the
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deuterated analogue) transfers the deuterium in 25 + 5 fs, providing an isotope effect consistent
with the expected ./(2) rate dependence within experimental uncertainty. Impressively, the

same experiments were performed on HBT which displayed no isotope effect similar to many
other reports on HBT;*22734 the HBT (DBT) proton (deuterium) transfer time scales were
measured at 62 fs (63 fs).'® This result has challenged the conventional wisdom of the general
ESIPT mechanism being generalizable to include a barrierless transfer of the proton, and it has
also raised the question of exactly how active of a role the proton plays during ESIPT. Finally,
Lee et al.'® also observed ~300-400 fs decay times of the TRF signals of the K* for both HBQ
and DBQ. In a later publication, the same group conducted the TRF experiment in a spectrally
resolved manner where the time-dependent fluorescence anisotropy of the K* emission at 580
nm showed a 310 fs decay.?® By comparing a 360 fs red shift of the emission spectral density
to the 310 fs decay of the fluorescence anisotropy at 580 nm (center of the K* emission
spectrum), the authors made two principal conclusions: 1) that the K* emission spectrum at
early times is composed of emission from S;—Sp and S1—So, and 2) the presence of these
excited states suggests that internal conversion (S;—Si1) accounts for the 310 fs decay in
anisotropy where these two states are the La and Ly states initially proposed by Chou et al.?
From this brief excursion into the ESIPT literature of HBQ, it is clear that ambiguity still
shrouds the immediate non-equilibrated aftermath of the proton transfer event over the first
several hundred femtoseconds. Yet, this intermediate dynamic has important implications for
our understanding of ESIPT photophysics and the two operative explanations for it are quite
different. The time-dependent anisotropy of the reported TRF signal makes a compelling
argument for a change in electronic state, such as would occur during internal conversion.

However, Lee et al.?® assert that the dipole moment of the K* emission cannot be influenced
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by relaxation along the nuclear coordinates in a TRF measurement which would arise from
solvation effects, IVR, and vibronic relaxation. These phenomena have been the other main
explanations for the several hundred femtosecond decay dynamic. In the following, a
consistent notion is suggested that the electronic and vibrational degrees of freedom in the
HBQ excited state governing the ESIPT mechanism are much more strongly coupled than has
been assumed. This leads to the conclusion that the immediate aftermath of the proton transfer
can be characterized by I'VR and vibronic relaxation of vibrationally hot K* molecules on an

electronically adiabatic potential, probably on S;.

9.3 ISOTOPE EFFECTS IN THE ELECTRONIC AND VIBRATIONAL LINEAR

ABSORPTION SPECTRA OF HBQ

An initial observation of the electronic motion being coupled with the vibrational degrees
of freedom in a molecule is possible when a clear vibronic progression in the electronic
absorption spectrum is present. In this case, an electronic transition can be largely represented
by a collective molecular coordinate that has a displaced equilibrium geometry in the excited
state by comparison to the ground state, giving rise to a progression of peaks separated by the
excited state vibrational spacing of the displaced molecular coordinate.>” The electronic
absorption spectrum of HBQ in cyclohexane (absorptions to S1 and S) was fit by Schriever et
al.3 to the sum of five Gaussian peaks, but no in-depth discussion of this fitting was discussed
beyond quantifying the spectral overlap of the Sy and Sz bands. In Figure 9.3, | have shown
that the electronic absorption spectrum of HBQ in tetrachloroethylene (TCE), as well as DBQ,
can be fit assuming one anharmonic vibrational mode is responsible for each vibronic

progression (different Franck-Condon active modes for S1 and Sz) where each vibronic peak
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is fit with Gaussian broadening. For all fits of the electronic absorption spectra, only the

absorption of the ground state enol absorption was considered, which leaves a small residual
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Figure 9.3. Electronic and Vibrational Linear Absorption Spectra of HBQ and DBQ. (top row) The
electronic absorption of HBQ (left) and DBQ (right) is shown (gray) and the vibronic progression is fit
for the S; (red) and S; (blue) absorptions to a displaced, anharmonic vibrational mode model (vibronic
fits = dashed, sum = solid). The sum of the fits to both absorptions is shown in dashed black, and the
residual (gray — dashed black) are in teal below the absorption spectra. (bottom) The solvent subtracted
vibrational spectra of the ground electronic state HBQ (purple, solid) and DBQ (green, solid) are shown
the fingerprint region and the OH and OD stretching region in the middle and bottom rows. Due to
significant spectral overlap in the OH stretch region, the spectrum without solvent subtraction (purple
dashed) and the solvent-only spectrum (gray solid) are also shown.
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on the very red edge of the absorption spectra assumed to be due to a very small fraction (< 1-
2% of total molecules) of ground state keto isomers. This Franck-Condon active anharmonic
vibration model accounts for >99% of the ground state enol absorption, as shown by the
residuals. The peak positions in the vibronic progression of each So—S; absorption were fit
independently using a Franck-Condon active anharmonic vibration model. In this model, the

0-0° transition frequency, @, , defines the low energy onset of the absorption (i.e., between

the lowest energy vibrational state in the ground electronic state, v=0, and in the Sp excited

electronic state, v’=0"), and the vibronic transition frequencies, (V'), into “hot” vibrations

a)vibronic

are defined as a function of excited state vibrational quanta (v'e{1-3}):

Oypre (V) = 0y + 3 V), (V-DA (9.1)

where o,, =|e,1)-|e,0") and A,, =@, —®,, as defined in chapter 2. Each vibronic

transition is given its own bandwidth, dwo., and amplitude, Ao, in the fitting routine to fit to

"2
the sum of gaussians: i A, exp[_(w_ Ditrnic (V) 402i| where o = 50)% @)’ The fit

is optimized by minimizing the residuals to <1% using the adjustable parameters o, , @

el !
A, , om,,and Aov. The optimized values for the fits shown in Figure 9.3 are presented in

Table 1 below.

The electronic absorption profiles of HBQ and DBQ both clearly show vibronic
progressions of a Franck-Condon active anharmonic mode in the So—S; electronic transition.
The fitted excited state anharmonic vibration for HBQ (DBQ) is 1290 cm™ (1245 cmt) with
10 cm® (15 cm™) anharmonicity. A comparison of the S; vibronic transition bandwidths for

HBQ and DBQ suggest that the Franck-Condon active anharmonic mode involves the phenolic
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proton involved in ESIPT because the 0-0” and 0-1’ transition linewidths display isotopic
dependence; for example, the DBQ 0-0’ bandwidth narrows to ~89% of the HBQ 0-0’
transition bandwidth. Although strong anharmonic mixing even in the S Franck-Condon
Table 9.1. Vibronic Progression Fitting Parameters for Electronic Absorption Spectra of HBQ and
DBQ. The gray shaded values of S, reflect less-certain values given the experimental electronic

absorption spectra does not extend beyond 300 nm. Accordingly, very little confidence is placed in the
fitted anharmonicity for Sy, but the fits to the first two vibronic peaks in S are reliable.

Si (@,,=1290 cm™; A,, =10cm™) | S2(w,, = 1490 cm™; A,, =40 cm™)
0-0° 0-1’ 0-2’ 0-3’ 0-0’ 0-1° 0-2’ 0-3°

A 0.89 0.81 0.39 0.11 0.36 0.445 0.28 0.05

[0)
HBQ | (cm) 26055 | 27345 | 28625 | 29905 | 30800 | 32290 | 33740 | 35190
(C?T?l) 1400 | 1435 | 1465 1470 1690 1710 1720 1750

S1(@,,=1245cm™; A,, =15cm™) | S2(w,,=1430 cm™; A,, =40 cm™)
0-0° 0-1’ 0-2’ 0-3’ 0-0’ 0-1’ 0-2’ 0-3°

A 10.9150| 0.8 0.405 0.15 0.37 0.445 0.28 0.05
m_l 26160 | 27405 | 28635 | 29865 | 30870 | 32300 | 33690 | 35080

DBQ | (cm™?)
(c?r?l) 1240 | 1350 | 1430 1430 1620 1670 1700 1750

minimum should be expected from previous reports of an effectively barrierless potential in
the proton transfer coordinate, the 0-0 transitions should have the least amount of anharmonic
mixing and represent the most “localized” vibrational mode character of this Franck-Condon
active vibrational mode (note that the observed vibronic progression is not necessarily
exclusively representative of the proton transfer reaction coordinate). The vibronic progression
fitting is consistent with this notion as the bandwidths increase for vibronic excitation into
higher lying vibrational states in both molecules. Moreover, the isotopic dependence also

follows this description as the bandwidth ratios ( Sy / Sawy,.° , see Figure 9.4) for increasing

ov' 1

v’ go from 1.13 for the 0-0’ transition to 1.02 for the 0-2” transition. It is noted that the best fits
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will result from the first two vibronic transitions because spectral overlap of the S; features is
absent for these transitions and overlapped for 0-2” and 0-3’. Nevertheless, the minimization
of the residual intensity in the fitting process required the bandwidths to result in this ratio
starting greater than 1 and trending towards 1 for greater v’. Examining the trends in the
vibronic peak bandwidth for increasing v’ separately for HBQ and then for DBQ, specifically
the change in bandwidth between two vibronic peaks (e.g., the difference between the 0-0” and
0-1° bandwidths, etc.), shows that the DBQ 0-0’ transition is significantly narrower (90 cm™)
than its 0-1" transition, which is 80 cm™ narrower than the 0-2’ transition. In comparison to
HBQ, the DBQ bandwidths increase by a factor of ~2.5 times more than HBQ as the vibronic
progression increases from v’=0’—1’ and then again from v’=1"-2’. Thus, the trend in the
isotopic bandwidth ratios are a result of the DBQ’s bandwidth being much narrower for the
first two vibronic transitions relative to HBQ. Accordingly, the anharmonicity of the DBQ
Franck-Condon active mode is observed to be greater (~50%) than that of HBQ. This suggests
that the Franck-Condon region for the So—S1 excitation includes an anharmonic vibrational
coordinate that strongly depends on the phenolic proton that transfers during ESIPT. With this
in mind, it is reasonable to expect an isotopic effect to be observable in ESIPT dynamics of
HBQ, as shown by Lee et al.™® if the relevant electronic state(s) are influenced by vibrational
coordinates that are of the same, or similar, character to the Franck-Condon active anharmonic
vibrational coordinates identified by the vibronic progression of the electronic absorption. It is
emphasized again that the Franck-Condon region may very likely be defined by more than just
this Franck-Condon active anharmonic vibration. As Tahara??> and Schriever?3* have
described, low frequency skeletal vibrations coupling with the proton transfer are integral to

ESIPT.
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Isotopic Effects in Vibronic Progression Line Broadening
116 - - -

o
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0.95
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excited state vibrational quanta (v")

Figure 9.4. Line Broadening Comparison Between HBQ and DBQ. The ratio of the bandwidths were
obtained from the vibronic progression fitted parameters in Table 1.

Although fitting the vibronic peaks of HBQ and DBQ have required Gaussian broadening
which reflect inhomogeneous vibronic dephasing dynamics, a brief discussion of the vibronic
line broadening mechanisms as derived in the homogeneous dephasing limit in chapter 2 for

the electronic excitation dimension of the 2D EV line shapes may be instructive. The z,'

components of the 2D EV analytical dephasing functions reflect that vibronic excitation into
“hot” vibrational states should broaden with respect to the 0-0” vibronic excitation if there is

electronic-state-dependent vibrational dephasing (A>1) due to contributions directly from the

vibronic energy gap cross-correlation function, <5a)gl,g0(t)5a)

e0’,g0

(0)), and the vibrational

energy gap autocorrelation  function, (8w, ,(t)0m,, (1)) 1f the definition

A=oaw, )] oo

91,90

(t) is used to rewrite these correlation functions directly in terms of the

excited state vibrations, then the vibronic cross-correlation function becomes

<5a) t)ow

e0',g0 €

v oo (O)> and the relevant excited state vibrational correlation function becomes

<5a)el,,eo. (t)ow,

el',e0

(O)>. These two correlation functions represent excited state vibronic and
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vibrational contributions to line broadening, respectively. Using the dephasing functions given

in chapter 2 to describe the Sawy..° / Sy, the 0-0 line broadening would be represented as

THee <5a)eo',go (t)é‘a)eo’ygo (0)>HBQ
oC

€g.eg

FGDQE?SQQ <5a)eo’,go (t)é‘a)eo’,go (0)>DBQ

(9.2)

where a value greater than 1 arises due to the electronic energy gap correlation function for
HBQ fluctuating more than DBQ. In other words, this would reflect that the zero-point energy
fluctuations must be larger in HBQ than in DBQ. This should be the case because the zero-
point energy for DBQ will be smaller due to the lower effective mass from deuterium reducing
the vibrational frequency. This would be the result if the DBQ zero-point energy sits lower in
a very slight potential well minimum on S; such that its vibrational character is comparably
more localized (or less anharmonically mixed) than HBQ even for a small difference in zero-
point energy. The excited state vibrational frequencies obtained from fitting the electronic
absorption suggest the zero-point energy difference would be ~23 cm™.

As the vibronic excitation energy increases and more vibrational quanta are excited, the
line broadening contributions begin to include more than just fluctuations in zero-point energy.
Considering the bandwidth ratio as it would be expressed in terms of the dephasing functions

for the 0-1’ transitions in HBQ and DBQ:

Lo + (ALY + (A% e

eg,eg eg,v
Lo+ + (AN

(600,400,040 (0)), . +2(60s5,46 (5005 (0)), (0105 (1) 50, (0))
(80,940 ()50, (0)>DBQ +2(5m,, 1, ()50, (0)>DBQ +(80,0 ()0, (0))

. (9.3)

HBQ
2

DBQ

one can see that the excited state vibronic and vibrational contributions to the DBQ line

broadening would have to be stronger than in HBQ in order for the bandwidth ratio
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Sawne® | Says® to approach a value of 1; this effect is clearly observed in Figure 9.4. While the

physical dephasing mechanisms that are described by the analytical forms of the energy gap
correlation functions may typically include solute-solvent interactions, the fused ring structure
of HBQ makes this phenolic proton and the ESIPT mechanism fairly robust against solvent
influence, as well as the fact that all of HBQ and DBQ experiments discussed in this chapter
have been done in the nonpolar solvent TCE. Thus, the description of the bath in the case of
these HBQ and DBQ spectra may be more accurate if it is considered to be a bath of
intramolecular degrees of freedom which are not directly part of the ESIPT reaction
coordinates; those which are particularly obvious candidates are the coherently excited low
frequency vibrational modes that have been widely reported in experiments and theoretical
calculations mentioned earlier. Finally, consideration of the amplitudes from the S; vibronic
progressions of HBQ and DBQ suggests that the displacement of the Franck-Condon active
anharmonic modes may be slightly different between the two molecules. Although it is difficult
to separate effects from the narrower 0-0” and 0-1’ vibronic bandwidths and the slightly varied
peak amplitudes between the first two vibronic transitions within the error of the vibronic
progression fitting. Altogether, the analysis of the linear electronic absorption spectrum of
HBQ and DBQ suggest that the vibronic character of the Si potential energy surface will
increase with increased excitation energy and that the DBQ peak broadening and
anharmonicity suggests that the zero-point energy of DBQ may actually be low enough in
energy to be considered a more localized vibration in the v=0" state than HBQ); such a scenario
would be mildly consistent with the reported isotope effect in its ESIPT mechanism.™
Considering the ground state vibrational (FTIR) spectra of HBQ and DBQ shown in the

lower portion of Figure 9.3, there are clear isotopic effects as to be expected. The o, / @,,
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yields an approximate value of 1.27 (i.e., 2700 cm™*/2125 cm™*) which approaches the expected

J/(2) dependence for a vibrational coordinate solely involving an isotopically substituted

proton. Given the definition of an oscillator’s frequency, w = \/E where Kk is the force constant
y7]

and p is the reduced mass, deviations from the /(2) isotopic ratio may be due to one of two

reasons: 1) the vibrational coordinates are not solely defined by the motion of the proton
(deuterium) in the OH (OD) stretching motions but involve other atoms which contribute to
the reduced mass of the oscillator, or 2) that the force constant for the two vibrations is not
exactly the same.®"® The latter of these two options could arise when the potential function
describing the normal modes composing the very broad, and structured, OH and OD stretching
features is not completely described by the pure electronic part of the Hamiltonian in the
Schrodinger equation but that it requires nuclear dependence.®® In this case, the Born-
Oppenheimer separation of the electronic and nuclear coordinates is not an entirely accurate
description of the electronic potentials with respect to these particular vibrational coordinates.

Similar explanations are valid for the vibrational modes found in the fingerprint region for
HBQ and DBQ. For example, a clear isotopic dependence is observed for the peak shift of the
HBQ vibration at 1465 cm™ which appears to red-shift to 1435 cm™ yielding a smaller isotopic
effect of 1.02 for the isotopic ratio of vibrational frequency as well as narrowing in bandwidth.
This is not terribly surprising due to the nature of the fingerprint vibrational modes involving
many more nuclei than just the isotopically substituted proton; this suggests the displacement
amplitude of the phenolic proton in this mode is not the most dominant motion. Notably, there
are also changes in vibrational peak intensities due to isotopic substitution with much smaller

peak shifts (e.g., the two vibrations at 1421 cm™ and 1411 cm™ in HBQ versus at 1420 cm™
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and 1410 cm™ in DBQ). The vibrational peak intensities are directly reflective of the magnitude
of the vibrational transition dipole moment3® which is fairly approximated by the expectation

value

1 =t (,Q) v’ (. Q) (7. IM,, | Q) (94)

where the initial and final vibronic states, a and b, respectively, are defined as
|a(r,Q) =|v*(r.Q))| *(@) and |b(r,Q))=|y"(r.Q))| #°(Q)) which implies the Born-
Oppenheimer separation by separating the electronic wavefunction \z//”(r,Q)> from the pure

vibrational wavefunction \ V4 (Q)> for the n™" state with electronic coordinates, r, and nuclear

coordinates, Q (where Q parametrizes the electronic wavefunction). When this separation
approximates the molecular physics well, the overlap integral in equation (9.4) goes to unity
and the pure vibrational transition dipole moment gives the intensity of the transition subject
to the IR-active vibrational selection rules. With this in mind, the isotopic dependence
appearing most dramatically through a change in intensity reveals that the following physical
aspects may be present in the system: 1) that the isotopic substitution affects the electronic
coordinates enough to reduce the electronic overlap integral from unity, or 2) that the isotopic
substitution affects magnitude of the expectation value by changing the symmetry of the
vibrational mode or the orientation of the vibrational dipole moment. The vibrational peaks in
the fingerprint region of the FTIR spectrum show that many of these high frequency vibrations
display isotopic dependence, even if it is very subtle. This reflects the fact that the phenolic
proton, which undergoes the excited state proton transfer, is likely coupled to many different
intramolecular vibrational coordinates simultaneously even in the ground state, where the enol

form is stable and no proton transfer is occurring.
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9.4 BREAKING DOWN BORN-OPPENHEIMER WITH TRANSIENT-IR ANISOTROPY

The analysis of the ground state vibrational spectrum in the previous section demonstrated
that the phenolic proton is likely coupled with many vibrational degrees of freedom even in
the ground electronic state where no ESIPT dynamics are occurring. The electronic absorption
spectral analysis also demonstrated that the HBQ and DBQ vibronic progressions show distinct
isotopic effects, principally in the vibronic linewidths, and that the character of the 0-0’
transition in DBQ may be fairly different from HBQ effectively resulting from a lower zero-
point energy and stronger anharmonicity. These analyses resulted in discussions including
caveats which became relevant when the Born-Oppenheimer approximation is not entirely
accurate for the motions under investigation. To induce the ESIPT dynamics and view the
excited state vibrational spectrum in HBQ and DBQ, the physical aspects of the electronic
absorption spectrum and the ground state vibrational spectrum discussed above will now be
convolved, necessarily, in the tIR and 2D EV experiments that follow.

Figure 9.5 shows tIR spectra of the fingerprint region for HBQ and DBQ at 12> = 250 fs in
the parallel polarized experiment. The strongest feature in both spectra have nearly identical

spectral shapes centered at 1446 cm™; note both spectra have been normalized to compare

AT/T (normalized)

| 1 | | 1 |
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Figure 9.5. Transient-IR Spectra of HBQ and DBQ in the Fingerprint Region. The difference spectra
are normalized to the greatest magnitude signal found at 1446 cm™.
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spectral shape and DBQ has a weaker signal which accounts for some of the difference
spectrum observed as an offset outside of the main feature.

The signal is principally negative indicating much stronger excited state absorptions from
the vibrations of the K* than the ground state bleaches from E. A tentative assignment of this
most prominent feature can be made from TDDFT calculations in which the S; keto geometry
has been optimized for HBQ in the gas phase. A mode calculated to be at 1457 cm™ is suggested
to represent the feature observed in the tIR spectra®® (Figure 9.6). The atomic displacements
indicate this vibration can be described as N-H wagging motion of the transferred proton in
the K* isomer which also has other C-H wagging character from the hydrocarbon fused ring

backbone and slight carbon-carbon ring distortions.

Figure 9.6. Gas Phase TDDFT Calculation of HBQ in the S; Keto (K*) State. The vibrational mode
was calculated to be at 1457 cm™ and appears to involve the proton participating in ESIPT as an N-H
wagging motion with other hydrocarbon backbone motions. (dark gray = carbon, light gray = hydrogen,
blue = nitrogen, red = oxygen)

The motion of the proton that is transferred during ESIPT has a displacement vector with
a principal component along the O-N direction whereas the magnitudes of the O and N
displacements appear much lesser by comparison to the transferred proton’s motion. This type

of motion appears qualitatively consistent with the most recent report of the proton playing an
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active role in ESIPT.™ The first 10 ps of the polarization-dependent tIR spectra for both HBQ

and DBQ are shown in Figure 9.7. The spectra have all been normalized locally for easy
comparison of spectral shapes during this earlier time window in t2. Notably, there is a strong

polarization-dependent response for both HBQ and DBQ.
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Figure 9.7. Polarization-Selective Transient-IR Spectra for HBQ and DBQ. Spectra are locally
normalized for comparison of spectral shapes.

At very early times (t2< 1 ps), the parallel polarized spectra show much broader line widths
spanning the 1430 — 1460 cm™ range by comparison to the perpendicularly polarized spectra.
Furthermore, the decay profiles at early time is much more rapid for the parallel polarization

experiments. The spectral features in both molecules and both polarizations appear to have a
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double peak structure which merge together on ~10 ps timescale and continue to blue-shift to
have a spectral centroid of ~1450 cm™ on the 300 ps timescale characteristic of the K* lifetime.
This blue-shifting is consistent with the vibrational cooling reported by many other studies,
and the ~300 ps K* lifetime is also observed in the tIR experiments discussed here.

Given the polarization-dependent responses in the HBQ and DBQ tIR spectra, the time-
dependent anisotropy can be determined and compared to the time-dependent fluorescence
anisotropy measurements reported by Lee et al.?® An important distinction between these two
anisotropies will prove insightful. Namely, a benefit of TRF anisotropy over a TA anisotropy
measurement, where all transition dipole moments that interact are (nearly) degenerate and of
principally electronic origin, is that TRF avoids spectrally overlapping signals of the ESA and
ESE pathways which often are convolved in TA experiments. In addition, the TRF
measurement is sensitive directly to excited state emission so the signals are specific to excited
state dynamics. However, in a tIR experiment, the pump and probe pulses are sufficiently
separated in energy that one can also isolate signals from the excited electronic state
specifically as no stimulated emission is possible between electronic states within the mid-IR
probe pulse’s bandwidth (provided the 0-0° vibronic transition is excited). More importantly,
the distinction between TRF and tIR anisotropies resides in the difference of the probed
transition dipole moment. In TRF, it is an excited state emission of principally electronic
character while in tIR it is a vibrational transition dipole moment that can provide spatially
localized structural information, such as how the nuclear structure dynamics are coupled to a
non-equilibrated electronic state.

The first 50 ps of the tIR time traces (o = 1450 cm™) are shown for both polarizations and

for both molecules in Figure 9.8 (top) where the polarization-dependence of the signals is very
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clear. To ensure that the long-time dynamics of each polarized experiment matched as they
should for pump-probe signal after reorientational diffusion has occurred (reorientation
relaxation is expected on a ~35 ps timescale in HBQ?®), a single scalar was used to scale the
parallel data to match the perpendicular data at long delays (t2 > 50 ps). This corrects for
inconsistencies in signal level between experiments that are not reflective of the molecular

dynamics.*142
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Figure 9.8. Transient-IR Anisotropy of HBQ and DBQ. (top) the parallel (dark blue) and perpendicular
(light blue) time traces for HBQ (left) and DBQ (right) are shown for the first 50 ps of 72 and vibrational
frequency of 1450 cm. (bottom) The tIR anisotropy, r(t), is calculated (black) and fits to the anisotropy
(red) are shown for both molecules of the first 2 ps on data collected outside of the instrument response
function (IRF, teal). The insets shows the 50 ps anisotropy.
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The anisotropy is calculated by dividing the difference between the two polarized experiments
by the isotropic signal, which is calculated by the sum of the parallel and two times the
perpendicular experiments.*344

From the fits to the anisotropy of HBQ at 72 = 100 fs, the dipole angle between the
electronic excitation and the 1450 cm™ vibrational motion is ~22° whereas the DBQ anisotropy
fit yields ~38°. There is a strong resemblance between the HBQ anisotropy shown in Figure
9.8 and the TRF anisotropy of HBQ reported by Lee et al.?® The tIR anisotropy fitting
parameters are given in Table 9.2. The resemblance between these measurements is
particularly interesting because of how different they are in principle due to the different
transition dipole moments probed. While the maximum magnitude of the tIR anisotropy fit
(100 fs) is not quite as large (0.32) as the reported TRF anisotropy (0.4), the tIR anisotropy
clearly decays on a several hundred femtosecond timescale similar to what was reported in
TRF. In our measurement, the anisotropy decay is a little longer than the reported ~350 fs

Table 9.2. Transient-IR Anisotropy Fitting Parameters for HBQ and DBQ. The time-dependent
anisotropies for data following the instrument response (t2 = 100 fs) were fit to the sum of three

exponential decays. The amplitudes and lifetimes are given.
A1 71 (pS) Az 72 (pS) As 73 (PS)
HBQ 0.1 0.54 0.04 10 0.15 12.93
DBQ -0.12 0.62 0.16 9.54 0.07 50

decay of the TRF anisotropy; however, the similarity of anisotropic magnitude and timescales
for this early time anisotropy raises the question of why apparently different measurements
give such similar results. It was argued that the fluorescence emission dipole moment would
not be affected by intramolecular vibrational redistribution or vibronic relaxation in order to
assign the 310 fs anisotropy decay timescale to internal conversion.?® Undoubtedly, the tIR

anisotropic measurements include excited state vibrational information by describing the time-
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dependent orientation of the electronic transition dipole moment and the vibrational transition
dipole moment throughout the ESIPT process. The additional information provided by the tIR
anisotropy of DBQ is also very interesting, as its anisotropy grows in rather than decays on a
several hundred femtosecond timescale. It is notable that the calculated kinetic isotope effect
from the decay times of the anisotropies yields 1.14, which does fit within the error estimate
reported for the isotopic dependence of the TRF signal by Lee et al.*® Of course, this several
hundred femtosecond timescale is much too slow to reflect the actual proton transfer kinetic
isotope effect as reported, but it suggests that other relaxation mechanisms that are isotopically
sensitive are occurring on the sub-picosecond timescale in HBQ and DBQ. This strongly
suggests that vibrational and vibronic relaxation mechanisms can account for this early, several
hundred femtosecond lifetime without invoking the internal conversion from La to Lp
mechanism used to explain the TRF anisotropy. Moreover, it may be reasonable to expect a
greater change (in TRF anisotropy during the reported 310 fs anisotropy decay time if ultrafast
internal conversion was occurring between two electronic states with dipole moments of
significantly different orientation (e.g., La and Ly are orthogonal in phenanthrene).?® Thus, the
observed tIR anisotropies of HBQ and DBQ in this work can be attributed to intramolecular

vibrational redistribution and vibronic relaxation as Schriever? and Tahara?? conclude.

9.5 EXCITATION-DEPENDENT ANISOTROPY MEASURED BY 2D EV: INTERNAL

CONVERSION OR NON-EQUILIBRIUM VIBRONIC RELAXATION?

The above discussion surrounding how to explain the several hundred femtosecond
anisotropy decay times may be resolved through conducting a polarization-selective 2D EV
experiment. In the same way that the tIR anisotropy can be obtained, the 2D EV experiment

can further resolve the electronic excitation dependence of the anisotropy. If the 2D EV
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experiment is conducted at a > time when two different electronic states are relevant to the
excited state dynamics, then the excitation dependent anisotropy may resolve these two
electronic states. Figure 9.9 presents the polarization-selective 2D EV spectra of HBQ at 12 =
150 fs for the same vibrational mode discussed in the tIR experiments. Importantly, only one
peak in oz is measured in both polarized experiments. The 2D EV peaks both look to have
very symmetric intensity profiles. These two spectral characteristics suggest that negligible
difference in anisotropy will be viewed across wi1. To confirm this, the excitation dependent

anisotropy is calculated for the ®s peak maximum, which is shown in Figure 9.10.
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Figure 9.9. Polarization-Selective 2D EV Spectra of HBQ at 1, = 150 fs. The spectra are globally
normalized to show the relative signal amplitudes between the two polarized experiments. Dashed
contours are negative and spaced at 10% intervals of the maximum 2D EV signal.

The constant anisotropy value of ~0.31 over the bandwidth of the electronic excitation in
the 2D EV experiments provide strong evidence that the ESIPT dynamics at 150 fs in the K*
relaxation can be described by only one electronic state. Given that the 150 fs delay in
relaxation time is in the middle of the discussed ~350 fs anisotropy decay time, an ®i-

dependent anisotropy should be observable if internal conversion between the La and L, states

was occurring. The excitation dependent anisotropy measured in the 2D EV spectra provide
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confirmation that the internal conversion mechanism invoked to explain the 350 fs anisotropy
decay may be ruled out and that this dynamic can instead be attributed to intramolecular

vibrational redistribution and vibronic relaxation of the K* isomer on the S; potential energy

surface.
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Figure 9.10. Electronic Excitation Dependent Anisotropy From Polarization-Selective 2D EV of HBQ.
The parallel (perpendicular) traces of w1 chosen for the 2D EV peak maximum at w3=1446 cm™ is
shown in solid (dashed) blue, the anisotropy is shown as red open circles.

9.6 CONCLUSIONS

In conclusion, the first 2D EV experiments of the ESIPT mechanism have been reported in
this chapter. The ESIPT mechanism in HBQ and DBQ was investigated by fitting the electronic
absorption spectra to a vibronic progression of a Franck-Condon active anharmonic vibrational
mode and analyzing the ground state FTIR spectra to identify isotopic dependence. The tIR

anisotropy of HBQ is shown to be surprisingly similar to reported TRF anisotropies of HBQ
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and an isotopic dependence of the tIR anisotropy strongly suggests that this effect is governed
by intramolecular vibrational redistribution on the several hundred femtosecond timescale
following proton transfer. Finally, electronic-excitation dependent anisotropy measured from
polarization-selective 2D EV on HBQ confirms that the ESIPT mechanism can be described
as effectively adiabatic on Si without needing to invoke an ultrafast internal conversion
dynamic between close-lying La and Ly as has been proposed previously.

More broadly, the results from this chapter demonstrate the potential for polarization-
selective EV experiments to be insightful tools for understanding the orchestrated motions of
electrons and nuclei during excited state proton transfer and proton-coupled electron transfer
reactions. One can envision these methods being applied to more precisely define the nature
of electronically excited chemical reaction coordinates that involve significant structural
rearrangement of both the electronic and nuclear configurations. The intramolecular proton
transfer studied in HBQ and DBQ with nonpolar solvent has made a convenient model system
in which the proton transfer is mostly independent of solvent motion and so the bath degrees
of freedom can be considered as the other intramolecular coordinates not directly involved
with the proton transfer. This framework provides a somewhat internally consistent
intramolecular parameter set in which the ESIPT mechanism can be described for HBQ. These
experiments should soon be expanded to studying less constrained molecular systems
displaying different flavors of excited state proton transfer, both intra- and intermolecularly.
In these cases, more information may be obtainable through dynamic 2D EV line shape
changes. Implementing the BBIR probe source to fully span the OH stretches that are most
direct vibrational reporters of proton transfer dynamics in the typical —-O—H---X molecular

scheme will prove particularly informative. Pushing beyond a 2D EV experiment and
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performing a 3D EV experiment with sufficiently short experimental time resolution to study
an excited state proton transfer or proton-coupled electron transfer event as it occurs in real-

time is a particularly exciting prospect — and one that may not be too far out of reach!
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Chapter 10. EPILOGUE

10.1 CONCLUDING THIS JOURNEY

This journey began with the statement that extending our understanding of chemical
reactivity to include a full description of how the complex choreography of different molecular
coordinates contribute to a photochemical reaction is a demanding, but necessary, endeavor.
Among many molecular coordinates, the interplay between the electronic and vibrational
degrees of freedom are particularly important in condensed phase photochemistry; thus, the
aim of the work in this dissertation was to construct a molecular-level description of the
correlations between electronic and vibrational degrees of freedom. In many senses, this aim
has been achieved. It would be naive to suggest that a truly complete molecular-level
description of the vibronic dynamics of interest in this work has been presented here. Ideally,
the experimentalist is able to perform an experiment which fully resolves the entire molecular
coordinate space — an “N-dimensional” experiment — and the relationships that connect each
of these dimensions. Such an experiment would represent a significant leap toward completely
satisfying the aim of this dissertation. However, in the same way that the theoretician must
inevitably make simplifying assumptions to progress a line of inquiry, the experimentalist must
“assume” away many dimensions of the molecule’s true coordinate space because they may
not be resolvable in practice — at least, not in one experiment. Of course, performing many
different experiments that inform one another can be a tractable strategy for mapping the N-
dimensional molecular coordinate space; although, the connections between these dimensions
become less well defined in the absence of a direct observable in one experiment that describes
the interrelation between two different molecular coordinates. In this way, | have achieved the

aim by expanding the observable molecular coordinate space of a few selected photochemical
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examples into two- and three-dimensions representing different molecular coordinates and
quantified the couplings between these coordinates. These observables then allowed for
constructing a more subtle description of multi-coordinate photochemical reactions, such as
metal-to-ligand charge transfer (MLCT) and excited state intramolecular proton transfer
(ESIPT). This contribution, while satisfying, is tempered with the realism that the true N-
dimensional coordinate space is invariably much larger than two or three in most
photochemical reactions.

Experimentally, this dissertation has contributed developments of the 2D EV spectroscopic
technique to monitor photochemistry occurring on a broader range of excited states accessed
in the UV region through the lens of many high frequency vibrational coordinates. Specifically,
these experiments lend insight into the nature of the couplings between these degrees of
freedom and how they may be involved with photochemical reactions. Instrumental
developments such as these are important for continuing to expand the multidimensional
spectroscopic toolbox at the disposal of scientists working on various photophysical problems.

Equally important to building the experiment is building the theoretical infrastructure for
understanding the experimental signals once measured. These theoretical developments
include an interpretation of the signatures from molecular vibronic phenomena in 2D EV and
2D VE spectra for a simplified molecular system consisting of two electronic states and one
anharmonic vibration that experiences excited state equilibrium displacement and frequency-
shifting. A set of vibronic selection rules resulted from this, which show that these
spectroscopies are directly sensitive to (i) vibronic couplings (displacement and frequency
shifting), (ii) to any nuclear dependence of the electronic transition dipole moment (non-

Condon effects resulting from the breakdown of the Franck-Condon approximation), and (iii)
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to vibrational dephasing dynamics which are electronic-state-dependent. This simplified case
was then extended for 2D EV spectroscopy to include two vibrational modes with excited state
vibronic couplings, which featured the sensitivity to Duschinsky mixing (excited state
vibrational mixing). A treatment of the nonlinear orientational response showed that
polarization-selective 2D EV spectroscopy can reveal both orientational and scalar non-
Condon effects due to the vectoral nature of the electronic transition dipole moments.
Altogether, this theoretical treatment emphasizes the potential benefits of conducting both 2D
EV and 2D VE spectroscopies in tandem to obtain a more complete and self-consistent
description of molecular vibronic couplings in solution. Complementary to important
theoretical contributions describing intermolecular electronic delocalization over many
molecules and harmonic vibrations,? the theoretical contributions of this dissertation are
important for understanding complicated 2D EV spectra involving principally intramolecular
dynamics of anharmonic high frequency vibrational motions with explicitly described vibronic
couplings during photochemical processes. This theoretical infrastructure, understanding the
role of high frequency vibrational motions in intramolecular charge transfer may be possible.

In the examples of molecular systems discussed in the previous chapters, particularly in
the case of N3*, multidimensional EV spectroscopy has been showcased as a useful tool for
unraveling complicated excited state multi-coordinate molecular processes in the condensed
phase. In general, the studies on chemical systems show that excited state charge transfers and
electronic delocalization about the intramolecular framework can be more fully understood
using 2D and 3D EV spectroscopy. Additionally, photochemical processes in which significant
structural reorganization occurs can be productively examined using multidimensional EV

spectroscopy, such as a proton transfer event or a photoinduced isomerization. Finally, the use
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of polarization-selectivity in multidimensional EV spectroscopy allows the experimentalist to
gain valuable insight within the molecular frame to help distinguish between different
electronic states and potentially observe time-dependent structural reorganization occurring on

non-equilibrated excited state potential surfaces.

10.2 FUTURE DIRECTIONS AND USES FOR 2D EV SPECTROSCOPY

10.2.1 Coupled Electron-Proton Transfers in the Condensed Phase

The study of ESIPT using 2D EV spectroscopy is only just beginning. While the first 2D
EV experiments on HBQ have been discussed in this dissertation and yielded potentially
valuable insight into the nature of the excited electronic state on which ESIPT proceeds in
HBQ, these represent the initial results. A more complete and systematic study on this
benchmark ESIPT system will include 2D EV spectra on the deuterated analogue, DBQ, which
synthetically perturbs the nuclear degrees of freedom that should be most relevant during the
proton (deuterium) transfer. The initial tIR results comparing HBQ and DBQ strongly suggest
that the electronic and nuclear motions cannot be decoupled from one another as the Born-
Oppenheimer approximation assumes. Rather, it is possible that one could consider the excited
electronic state relevant for ESIPT as a system composed of an adiabatic enol state and a
displaced adiabatic keto state which are mixed through a non-adiabatic mixing parameter. In
this picture, the magnitude of the mixing parameter would provide the state on which ESIPT
proceeds through the linear combination of the two adiabatic states and the physical
interpretation of the mixing parameter may likely include some nuclear dependence. A very
exciting future study on ESIPT would use a synthetic perturbation to the electronic degrees of
freedom, such as by adding electron withdrawing groups to the aromatic backbone,* to measure

a systematic change in the excited state nuclear dynamics as a function of the electronic
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structure. In this way, a more detailed understanding of the nature of excited electronic states
that promote ultrafast molecular structural changes, such as proton transfer, will be derived.
The ESIPT mechanism of HBQ represents a convenient way to constrain the molecular
parameter space that could influence the structural dynamics of interest during intramolecular
proton transfer. It is also a well-studied model system for the ESIPT dynamic which makes it
a great starting point for a foray into studying proton-coupled electron transfer (PCET)
dynamics with 2D EV spectroscopy. The study of intermolecular proton transfer®’ could prove
even more exciting after a firm basis for studying excited state proton transfers with 2D EV
has been established. In the intermolecular scenario, one could imagine a more rich molecular
dynamics including solvent motion being required to fully describe the types of PCET
dynamics which are currently garnering substantial research interest.®® The 2D EV
experiment could potentially be illuminating in these instances through measuring dynamic

changes in the 2D EV peak positions, line shapes, and amplitudes.

10.2.2 Multimode Vibronic Couplings in Multiple Excited Electronic States

The theoretical description of the 2D EV and 2D VE spectroscopies in this dissertation has
been simplified to include only two electronic states: the ground state and one excited state.
This was useful for explicitly including vibronic couplings and anharmonicity into the excited
electronic manifold, but it is a dramatic simplification by comparison to most photochemical
reactions in which more than one electronic excited state is involved or where non-adiabatic
electronic dynamics play a role. The extension of the one- and two-mode theoretical treatments
discussed in this dissertation to include two excited electronic states which can be mixed
through off-diagonal matrix elements in the Hamiltonian describing the excited electronic state

manifold will be an exciting development. In particular, a treatment similar to more recent



354

work by the Jonas Group*® but including the vibronically-coupled, anharmonic vibrations
discussed here should be possible.

One could imagine two principal applications of this theoretical extension being directly
pursued: 1) casting the two anharmonic vibrational modes developed here as the “tuning” and
“coupling” coordinates that are relevant for the passage through a conical intersection,**° and
2) the treatment of a (pseudo) Jahn-Teller system using 2D EV spectroscopy. In working
through a specific example of the passage through a conical intersection, it would be
particularly useful to highlight distinct spectral characteristics of 2D EV spectra that can
identify specific vibrational modes as either tuning or coupling modes, or characterize them as
spectator modes which play no direct role in the passing through the conical intersection. While
some initial experiments*® and theoretical work®’ has been done along these lines, a complete
treatment has yet to be formally described. Explorations of polarization-selective 2D electronic
spectroscopy signals at conical intersections®® suggest that the treatment of the nonlinear
orientational response in this dissertation could be useful for describing 2D EV anisotropic
signatures at a conical intersection. The (pseudo) Jahn-Teller effect is a classic example of
when vibronic couplings strongly influence molecular behavior.'*?° It seems reasonable that a
treatment of just one vibrational mode which is responsible for breaking the symmetry between
two (near) degenerate electronic states is a feasible extension of the single anharmonic

vibrational mode treatment discussed in this work for both 2D EV and 2D VE spectroscopy.

10.2.3 Connecting IR-Active and Raman-Active Excited State Vibrational Spectroscopies

There is great interest in following excited state molecular dynamics using a structurally
sensitive probe such as molecular vibrations. One direct way of doing this is by using Raman-

active spectroscopies. These techniques are experimentally convenient because the vibrational
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information is obtained without needing light pulses of different frequencies from those used
in an electronic transient absorption set-up. The popularity of femtosecond stimulated Raman
spectroscopy (FSRS) for studying excited state structural dynamics on femtosecond timescales
emphasizes the level of interest in this type of an investigation.?*?* In principle, 2D EV
spectroscopy provides similar information to FSRS because it is capable of following excited
state dynamics on femtosecond timescales through monitoring structural motion of vibrations.
However, these two techniques are distinguished by the types of vibrational motions that can
be monitored. 2D EV spectroscopy specifically looks at IR-active vibrational motions through
resonantly driving a vibrational motion, requiring a change in the molecular transition dipole
moment as per IR-active vibrational selection rules; FSRS is specifically sensitive to Raman-
active vibrations that are accessed non-resonantly through Raman scattering processes,
requiring a change in the molecular polarizability to be detected according to vibrational
selection rules.?® In some ways, 2D EV spectroscopy has the potential to more directly probe
structural modulations in excited electronic states because the vibrational motions are
resonantly driven and 2D EV spectroscopy does not suffer from the same level of transient-
absorption background signals that are intrinsic to FSRS for obtaining a vibrational spectrum.
There are challenges associated with 2D EV spectroscopy which FSRS naturally avoids, such
as the dramatic difference in molar absorptivity for an electronic transition versus a vibrational
transition which can pose issues for sample selection and preparation in 2D EV spectroscopy.
Considering symmetry arguments in the electronic selection rules within the Franck-Condon
limit naturally suggests that following a Raman-active vibration may be more favorable
because Raman activity requires the typically more symmetric changes of the polarizability

tensor.?® However, numerous examples of transient-IR and 2D EV experiments show that
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many IR-active vibrations still contain symmetry components that do not render a zero-valued
electronic transition moment integral. It seems reasonable that the differences between the IR
and Raman vibrational selection rules could be exploited productively to understand greater
detail about the nature and symmetry of excited electronic state dynamics by comparing FSRS
and 2D EV experimental results on the same molecule. Furthermore, the 3D EV experiment
has the potential to lend incredible insight into IR-Raman vibrational couplings and, at the very
least, to identify excited state vibrational motions that are both IR and Raman active. This
should arise because Raman-active vibrations can still be excited from the electronic
transitions during the 2D EV pulse sequence, their detection just relies upon some physical
interaction with the IR-active vibrational motions that are resonantly probed in the 2D EV
experiment. As a result of such an interaction, it is possible that the excited state vibrations
detected in the 2D EV experiment could be modulated by these Raman-active modes which
would appear as an intensity modulation of the 2D EV features during t2. Such an experiment

could yield similar information to early attempts to measure IR-Raman vibrational couplings.?’

10.2.4 Using 2D EV and 2D VE Spectroscopies in Tandem

Although the 2D EV and 2D VE spectroscopies are still relatively new and not yet used by
more than a small handful of research groups worldwide, the opportunity to use both
techniques on the same molecular system may prove advantageous. While each technique is
directly sensitive to the same set of vibronic phenomena, each technique is more sensitive to
one subset of vibronic characteristics to which the other is less sensitive. Thus, it is apparent
that using both techniques in tandem could provide a more self-consistent framework for
extracting and quantifying the role of vibronic phenomena in a photochemical reaction. The

obvious differences between them include the fact that 2D VE spectroscopy does not directly
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resolve any electronically excited state vibrational motions whereas 2D EV spectroscopy
measures vibrations in both the ground and excited electronic states. However, 2D VE
spectroscopy is intrinsically more sensitive to the equilibrium displacement of the excited state
vibrations; obtaining the same sensitivity to excited state displacement in the 2D EV
experiment may be more system-dependent and more experimentally challenging. Therefore,
excited state molecular structural parameters, such as vibrational frequency shifts,
anharmonicities, vibrational dephasing times, etc. are best probed with 2D EV whereas excited
state displacements of vibrational coordinates are more easily revealed with 2D VE
spectroscopy. For photochemical processes in which significant structural reorganization
occurs in both the excited state and on a vibrationally hot ground state (e.g., continued ground
state structural equilibration following internal conversion from an excited state), the 2D EV
and 2D VE spectroscopies should prove most beneficial; together, they provide insights into
the excited state and ground state potential energy surfaces from the perspective of specific

vibrational coordinates involved in the complete photophysical cycle under investigation.

10.2.5 Quantifying Intramolecular Electronic Localization and Delocalization

The substantial interest in describing the extent of electronic localization and delocalization
during photoinduced chemical dynamics is a research area to which 2D EV spectroscopy is
naturally-suited. Within the specific framework of intramolecular electronic dynamics, the
polarization-selective multimode theoretical treatment of 2D EV signals in this dissertation
presents a number of different quantifiers for electronic localization/delocalization. The fact
that Duschinsky mixing may be tractably investigated and interpreted through a single
parameter in the vibronic Hamiltonian suggests that this parameter could also be interpreted as

an extent of excited state electronic localization/delocalization depending on the orientation of
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the vibrations that are mixed in the excited state. In the extreme case, two vibrational
coordinates principally involving motions on opposing ends of a molecular structure become
mixed upon electronic excitation implying that the excited electronic state has a delocalized
effect about the entire molecule versus being localized to one side of the molecule. A time-
dependent Duschinsky mixing parameter may also reveal the timescales for electronic
localization and delocalization. These types of investigations would complement time-resolved
X-ray based spectroscopies which exploit elementally-specific signals as reporters on
electronic localization and delocalization. The analysis accomplished using 2D EV
spectroscopy would provide a nice description of valence level electronic localization

dynamics which are of central importance during the making and breaking of chemical bonds.
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