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Photoinduced electron transfer (PET) processes are crucial in solar energy conversion and

photocatalysis. Understanding the mechanism is very important to improve the efficiency

and selectivity of PET. Bimetallic complexes that couple transition metal chromophores and

catalytic centers with a bridging ligand are ideal molecular architectures for studying PET

processes because they resemble photosynthetic molecules with multiple transition metal

centers occurring in nature and through careful ligand design, explicit control of molecu-

lar geometry can be achieved. In this thesis, modern computational chemistry methods

are employed to unravel excited state electronic and structural dynamics of bimetallic com-

plexes. In Chapter 1, an introduction to the theoretical background in density functional

theory and electron-nuclear dynamics is given. We then briefly review previous studies on

bimetallic complexes and discuss the conformational differences in selected bimetallic com-

plexes between the solution phase and solid state at ground state in Chapter 2. In Chapter

3, we study bridge-mediated metal-to-metal electron and hole transfer initiated by a pho-

toinduced metal-to-ligand charge transfer excitation. In the last chapter, we establish the

site-specificness of static nitrogen K-edge in the bimetallic complexes, laying the foundation

for future time-resolved nitrogen K-edge experiments. Overall, the results shown in the thesis

can help support static and time-resolved N K-edge X-ray absorption spectra experiments



on bimetallic complexes and provide insights into the rational design of these complexes.
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Chapter 1

INTRODUCTION

This chapter provides the theoretical foundation for the thesis. Density functional theory

and its linear response time-dependent variant are used to obtain ground and excited state

properties throughout the thesis and are introduced in the first part of the chapter. The sec-

ond part introduces the Ehrenfest method, a mean-field approach to simulate non-adiabatic

dynamics, which is employed in Chapter 3.

1.1 Density Functional Theory

1.1.1 Hohenberg–Kohn Theorems

In 1927, Llewellyn Thomas and Enrico Fermi proposed the Thomas-Fermi model6,7 that

treats electrons as a uniform electron gas, but the model is inaccurate and unpractical for

chemical problems. In 1964, Walter Kohn and Pierre Hohenberg proved two theorems, which

set the foundation for modern density functional theory(DFT).8–10

We consider N non-relativistic interacting electrons under external potential v(r). The

Hamiltonian can be written as:

H = T + V + U (1.1)

= −
∑
i

1

2
∇2

i −
∑
i

v(ri) +
∑
i<j

1

|ri − rj|
(1.2)

The time-independent Schrödinger equation reads:

HΨ = EΨ (1.3)

where the many-body wavefunction Ψ is a function of 3N spatial variables. The electron

density ρ(r), when integrated over space, gives the total number of electrons.
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∫
ρ(r)dr = N (1.4)

The first theorem establishes the relationship between the ground state electron density

ρ(r) with external potential v(r).

Theorem 1 (Hohenberg–Kohn Theorem 1) ρ(r) determines the external potential (to

within an additive constant).

According to Theorem 1, ρ(r) determines the Hamiltonian, thus the many-body wave-

function and ground state energy. The wavefunction and energy can be written as functionals

of the electron density, for example:

E[ρ(r)] =

∫
ρ(r)v(r)dr+ F [ρ(r)] (1.5)

and F [ρ(r)] gains its functional dependence on ρ(r) from the wavefunction:

F [ρ(r)] =

∫
Ψ∗[ρ(r)](T + U)Ψ[ρ(r)]dr (1.6)

The functional dependence of energy and wavefunction with regard to electron density

leads to Theorem 2.

Theorem 2 (Hohenberg–Kohn theorem 2) The ground state density minimizes the to-

tal energy.

In other words,

E[ρ(r)] ≥ E[ρ0(r)] ≡ E0 (1.7)

where ρ0 and E0 are ground state density and energy, respectively. This means we can obtain

the ground state density variationally, but no practical way was proposed in their original

paper.
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1.1.2 Kohn-Sham DFT

In 1965, Walter Kohn and Lu Jeu Sham invented the Kohn-Sham method to solve for ground

state density via the self-consistent field method.11 Kohn and Sham constructed a fictitious

system of non-interacting electrons that has the same density as the real system of interest

where electrons do interact. The energy functional can be written as:

E[ρ] =

∫
v(r)ρ(r)dr+ Ts[ρ] + EH [ρ] + Exc[ρ] (1.8)

where ρ(r) =
∑N

i |ϕi(r)|2 is electron density represented in one-electron wave functions.

Ts[ρ] =
N∑
i=1

−1

2

∫
ϕ∗
i (r)∇2ϕi(r)dr (1.9)

is the kinetic energy,

EH =
1

2

∫
ρ(r)ρ (r′)

|r− r′|
drdr′ (1.10)

is the classical electron repulsion term, and Exc[ρ] is the exchange-correlation energy.

In E[ρ], the first three terms are usually very large, and Exc[ρ] is on the order of chemical

interest.

To minimize the energy functional, we use the Euler-Lagrange method and arrive at a

set of self-consistent Kohn-Sham equations:

hiϕi = ϵiϕi (1.11)

where hi is Kohn-Sham one-electron operator:

hi = −1

2
∇2 + v(r) +

∫
ρ(r′)

|ri − r′|
dr′ + vxc (1.12)

and

vxc(r) =
δExc[ρ]

δρ(r)
(1.13)
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is the exchange-correlation potential. ϕi and ϵi are Lagrange multipliers and one-electron

wavefunctions, respectively. Despite bearing no strict physical meaning, they have great

semi-quantitive value in chemistry, interpreted as orbitals and orbital energies. According to

Hohenberg–Kohn theorem, if the universal Exc[ρ] is known, the accurate ground electronic

state can be found by solving the Kohn-Sham equation self-consistently.

1.1.3 Exchange-correlation functionals

Because the exact form of Exc is unknown, approximations must be made. Usually, we write

it as:

Exc[ρ] =

∫
ρ(r)ϵxc[ρ(r)]dr (1.14)

ϵxc[ρ(r)] is exchange-correlation energy density. When local density approximation(LDA)

is employed, it is functional of ρ(r). LDA is a good approximation for slow-varying densities.

The next level of treatment is called general gradient approximation(GGA), where the energy

density is a functional of both ρ(r) and ∇ρ(r).

Hybrid GGAs, where some exact Hartree-Fock exchange is incorporated, are the most

popular functionals nowadays. For example, the famous B3LYP12–15 functional is a hybrid

GGA functional, which has the form:

EB3LY P
xc = (1− a0 − ax)E

LSDA
x + a0E

HF
x + axE

B88
x + (1− ac)E

VWN
c + acE

LY P
c (1.15)

For B3LYP a0 = 0.20, ax = 0.72, ac = 0.81. Some modern density functionals often

include corrections for specific applications. To treat weak interactions well, one usually

needs to include dispersion corrections, and to accurately describe charge-separated state,

one needs to include long-range corrections. For example, the ωB97X-D functional16 includes

both corrections and will be employed in the thesis.
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1.1.4 Time-dependent DFT

In 1984, Erich Runge and E. K. U. Gross extended the Hohenberg-Kohn theorems to time-

dependent systems.17–19 They proved that there is a one-to-one mapping between the time-

dependent density and external potential for a many-body system evolving from a fixed initial

state, provided that the external potential is Taylor expandable at the beginning. Runge-

Gross theorem set the foundation of modern time-dependent DFT (TDDFT). There are two

commonly used approaches to TDDFT, which are linear response and real-time approaches.

Under weak perturbations, such as photo-excitation, linear response TDDFT18 can provide

accurate excitation energies and absorption profiles. For the study of strong perturbations

and electronic dynamics, real-time TDDFT is often employed.20,21 The two approaches are

used in Chapters 3 and 4.

1.2 Electron-nuclear Dynamics

Photo-excitation creates non-equilibrium conditions for electronic and nuclear degrees of

freedom. Full quantum mechanical treatment of both degrees of freedom is still very chal-

lenging except for the smallest systems. Mixed quantum-classical dynamics22 is often the

method of choice for simulating photo-induced electronic and nuclear dynamics in medium-

sized molecules, where the electronic degrees of freedom are treated quantum mechanically

and the nuclear degrees of freedom are treated classically. In this section, we introduce the

Ehrenfest method,23 which is suitable for simulating dynamics where there are high density

of excited states. The derivations here closely follows Ref. 23–25.

We start with the time-dependent Schrödinger equation:

ih̄
∂Ψ(r,R, t)

∂t
= HΨ(r,R, t), (1.16)

where r is electronic coordinate and R is nuclear coordinate. The molecular Hamiltonian is:

H = −
∑
a

h̄2

2Ma

∇2
a −

∑
i

h̄2

2mi

∇2
i + V (R, r) (1.17)

= Tn(R) +Hel(R, r), (1.18)
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where i, j are electron indices and a, b are nuclear indices, V (R, r) includes electron-nuclear

attraction, and electron-electron and nuclear-nuclear repulsions, Tn is the nuclear kinetic

energy operator, and all the other terms are included in the electronic Hamiltonian, Hel.

The total wavefunction is Ψ(r,R, t). We invoke the Born-Oppenheimer approximation

and for simplicity of derivation, add a phase factor:

Ψ(r,R, t) = ϕ(r, t)χ(R, t)e
i
h̄

∫ t Er(t′)dt′ . (1.19)

ϕ(r, t) and χ(R, t) are electronic and nuclear wavefunctions, respectively, and

Er(t) = ⟨Ψ|Hel |Ψ⟩r,R (1.20)

, in which the subscript indicates coordinates that are integrated over.

We can fix the internal phase of the two wavefunctions:

ih̄ ⟨χ | ∂χ
∂t

⟩
R
= E (1.21)

ih̄ ⟨ϕ | ∂ϕ
∂t

⟩
r
= Er (1.22)

Substituting Eq. (1.19) and Eq. (1.18) into Eq. (1.16), projecting from left with χ(R, t)

and ϕ(r, t) and integrating over R and r respectively, we have:

ih̄
∂ |ϕ⟩
∂t

= −
∑
i

h̄2

2mi

∇2
i |ϕ⟩+ ⟨χ|V |χ⟩R |ϕ⟩ (1.23)

ih̄
∂ |χ⟩
∂t

= −
∑
a

h̄2

2Ma

∇2
a |χ⟩+ ⟨ϕ|Hel |ϕ⟩r |χ⟩ (1.24)

We can see that electronic degrees of freedom move in the average field of nuclear degrees

of freedom, and vice versa. To treat nuclear degrees of freedom classically, we separate the

nuclear wavefunction into real amplitude and phase factor:

χ(R, t) = A(R, t)e
i
h̄
S(R,t) (1.25)
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Substituting it into Eq. (1.24) and separating out the real part:

∂S

∂t
+
∑
a

1

2Ma

(∇aS)
2 + ⟨ϕ|Hel |ϕ⟩r = ih̄

∑
a

1

2Ma

∇2
aS (1.26)

By taking the classical limit h̄ → 0, we obtain the Hamilton-Jacobi equation:

∂S

∂t
+
∑
a

1

2Ma

(∇aS)
2 + ⟨ϕ|Hel |ϕ⟩r = 0 (1.27)

This is equivalent to Newton’s equation of motion, and we have:

F = −∇R ⟨ϕ|Hel |ϕ⟩r (1.28)

In the classical limit, the nuclear wavefunction reduces to a delta function, Eq. (1.23)

reduces to :

ih̄
∂ |ϕ⟩
∂t

= Hel |ϕ⟩ (1.29)

The last two equations define the Ehrenfest approach. We employ ab initio Ehrenfest

method26 in Chapter 3 to study photo-induced electron-nuclear dynamics.
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Chapter 2

CONFORMATIONAL DIFFERENCES BETWEEN THE
SOLUTION PHASE AND SOLID STATE IN SELECTED

BIMETALLIC COMPLEXES

In order to study the structure-function relation and its implications on photo-induced

electron transfer of bimetallic complexes, it is crucial that we have a good understanding

of the molecular structures of these complexes in the solution phase since it is a common

environment and excited state dynamics are highly responsive to solvent conditions. For

solid-state, low-temperature single-crystal X-ray diffraction is a widely employed technique

to reveal molecular structures. However, molecular structures in the solution phase are

less straightforward. High-energy X-ray scattering and pair distribution function analy-

sis(HEXS/PDF) is a powerful method to reveal the structure of materials lacking long-range

order. Combined with density functional theory simulations, we demonstrate the applica-

tion of HEXS/PDF with 0.26Å resolution to uncover the solution structure of five bimetallic

Cu(I)/Ru(II)/Os(II) complexes. The metal-metal distance detected in solution is compared

with that from the crystal structure and simulated models to confirm that distortions to the

metal bridging ligand are unique to the solid state. This chapter is adapted with permission

from Zhu-Lin Xie, Xiaolin Liu, Andrew J. S. Valentine, Vincent M. Lynch, David M. Tiede,

Xiaosong Li, and Karen L. Mulfort, Angew. Chem. Int. Ed. 2022, 61, e202111764 .5

2.1 Introduction

Transition metal complexes (TMCs) have a rich diversity in structure arising from the ver-

satility of coordination with ligands and donors from across the periodic table which enables

their application in a broad range of areas such as catalysis, light harvesting, magnetism,
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chemical absorption and separations.27–31 As such, a key goal of research involving TMCs

is to reveal the correlations that dictate how function follows molecular form. However, a

complicating factor to accurately mapping activity in response to structure is that TMCs

are typically used in a solution phase or complex environment that inhibits identification of

molecular structure because of the lack of proper tools to directly probe the structure and

particularly how it may change in a dynamic environment.

X-ray scattering characterization can fill in the gaps encountered with traditional meth-

ods of molecular structure confirmation (e.g. NMR, mass spectrometry, single-crystal X-ray

diffraction). As a global, all-atom characterization technique, X-ray scattering can be used

for pair distribution function (PDF) analysis, a Fourier transform of the oscillations observed

in reciprocal space to yield pairwise atomic distances in real space.32–35 By refining simulated

structural models to the experimentally measured one-dimensional PDF patterns, one can

directly visualize the molecular structure. As a result, X-ray scattering has been extensively

applied to a wide variety of molecular materials including polymers,36,37 metal oxides,38–44

biomacromolecules,45–48 aggregates of organic compounds49–51 and supramolecular architec-

tures.52–60

Advancements at synchrotron X-ray sources have enabled high-energy X-ray scattering

(HEXS) capabilities, which drastically expands the q range up to ≈ 40 Å−1 and yields an

achievable spatial resolution of ≈ 0.1Å.61 This renders atomic resolution PDF analysis ap-

plicable to a wide range of samples62–65 and has revealed detailed structure information com-

parable to solid-state X-ray diffraction. Petkov et al.66 have demonstrated that HEXS/PDF

can effectively uncover phase identity, relative abundance, and atomic structure from weakly

scattering, low-Z disordered materials. Tiede et al. have used HEXS/PDF to determine the

atomic level structure and domain size of thin films of an amorphous cobalt-based water

oxidation catalyst material and link domain size with a choice of anion.38,44 HEXS/PDF

has also been applied to probe structure in more technically demanding solution environ-

ments. For example, the speciation of lanthanide/actinide ions in water has been revealed

by HEXS/ PDF and has provided insights into the mechanisms of metal ion precipitation
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from solution phase.67–70 In battery materials, using HEXS/PDF complexation of metal ions

with solvent molecules or counterions have been discovered to be responsible for the spe-

cial electrochemical stability and ion conduction mechanism of electrolytes.71,72 HEXS/PDF

analysis has also uncovered solvent restructuring at the surface of nanoparticles which has

important implications for materials function and has expanded the tunable parameter space

for optimizing activity.73,74 As these examples show, HEXS/PDF is an effective method for

the structural determination of discrete molecules and clusters in the solid and solution state.

However, HEXS/PDF analysis is yet not routinely applied to monitor structure of solution

phase (supra)molecular complexes with a well-defined ligand motif. Most investigations in

TMCs still heavily rely on low-temperature single-crystal X-ray diffraction as a proxy for

solution structure when rationalizing properties.

Figure 2.1: Chemical structures of the hetero- and homobimetallic complexes studied in
this work. All five complexes are bridged by the conjugated tetrapyrido[3,2-a:2′,3′-c:3′′,2′-
h:2′′′,3′′′-j]phenazine (tpphz) ligand. Photoactive Cu, Ru or Os metal centers are installed
on both sides of the tpphz ligand.
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In this work, we have used HEXS/PDF with 0.26Å spatial resolution to investigate the so-

lution phase structure of five bimetallic complexes (Figure 2.1) consisting of Cu(I)/Ru(II)/Os(II)

metal centers connected by the conjugated tetrapyrido[3,2-a:2′,3′-c:3′′,2′-h:2′′′,3′′′-j]phenazine

(tpphz) in acetonitrile. The solution phase PDFs for these five complexes confirm the local

coordination environment of each metal center, distances in the second coordination sphere,

and the long-range metal-metal distances across tpphz. Computational modeling has helped

rationalize discrepancies in long-range distances between the solution and solid state by dif-

ferences in the conformation of tpphz. This work provides a roadmap for how HEXS/PDF

and computational analysis can be used to uncover solution structures of (supra)molecular

complexes.

2.2 Results and Discussion

2.2.1 Characterization in Solution State

The synthesis details, 1H NMR, IR, UV-vis and emission spectra, and cyclic voltammetry of

the complexes in Figure 2.1 can be found in Ref 5 and the supporting information therein.

1H NMR spectroscopy confirmed the identity and purity of each complex and was used

to comment on changes to metal electronic structure or possible aggregation of the bimetal-

lic complexes. Interestingly, the newly synthesized Os-Cu shows that the local chemical

environment of the ground state of the Os(II) center is not impacted by that of Cu(I) cen-

ter as evidenced by negligible shifts in proton resonances between the monometallic and

bimetallic complexes. We interpret this observation as electronically decoupled local coordi-

nation environments, despite their connection through the π-conjugated tpphz ligand. The

monometallic [Os(bpy)2(tpphz)](PF6)2 shows a concentration-dependence of some proton

signals in 1H NMR,75 but such change in chemical shift was not observed in the NMR of

any of the bimetallic complexes, indicating that supramolecular aggregates are not present

in solutions of these bimetallic complexes.

The UV/Vis absorption spectra of Os-Cu were measured in acetonitrile and the relevant
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data are compared with published data for the other homo- and bimetallic complexes. Os-

Cu has two absorption features associated with metal-to-ligand charge transfer (MLCT) at

a similar wavelength to that of Os-Os (Os-Cu: 431, 478 nm; Os-Os: 432, 475 nm) which

are assigned to M(d)→tpphz(π∗) or M(d)→bpy(π∗) transitions. However, the intensity of

the two MLCT bands of Os-Cu are 15% lower than those of Os-Os, which is expected as

Cu(I) phenanthroline complexes generally display lower extinction coefficients than Os(II)

bipyridine complexes. Like other Os(II) polypyridyl complexes, the absorbance of the MLCT

band of Os-Cu and Os-Os extends to almost 750 nm, which is related to the reduced energy

gap between the ground state and the MLCT excited state and the increased intensity of

spin-forbidden MLCT transitions (singlet-triplet).76,77

The room temperature emission of ([Os(bpy)2(tpphz)](PF6)2, Os-Os, and Os-Cu) was

recorded in acetonitrile to compare with previously published results for Ru-Ru, Ru-Cu,

and Cu-Cu. [Os(bpy)2(tpphz)](PF6)2 and Os-Cu are emissive at room temperature with

λem at 735 and 730 nm, respectively, while Os-Os is non-emissive. The non-emissive nature

of Os-Os has previously been attributed to the low excited state energy with respect to

the ground state such that the lifetime of the MLCT state is too short and radiationless

deactivation is dominant at room temperature.77 Based on previous studies,1,78–80 Cu(I)

complexes with 2,9-H substitutions are non-emissive at room temperature and therefore the

emission of Os-Cu most likely originates from the Os(II) center.

Cyclic voltammetry was performed on the Os(II) complexes in acetonitrile. The Cu(II/I)

redox couple occurs at less oxidizing potentials than those of Ru(III/II) and Os(III/II).

The E(Cu2+/1+) of Os-Cu appears at +0.54V vs. SCE, which is slightly lower than the

E(Cu2+/1+) of Ru-Cu and Cu-Cu (+0.55 V and +0.58 V vs. SCE, respectively). In

addition, all the Cu(II/I) redox processes are quasi-reversible as a result of the flattening

distortion of the metal center in Cu(II) state.81 The Os(III/II) redox potential for Os-Cu is

+0.90V vs. SCE, comparable to that of Os-Os (+0.89V vs. SCE), and 0.43V more cathodic

than the Ru(II/III) couple in Ru(II)tpphz complexes.1,75
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2.2.2 HEXS/PDF Determination of Solution Structure

The solution phase structures of all five bimetallic complexes and three mononuclear refer-

ence complexes were interrogated by HEXS on 20 mM solutions in acetonitrile using 58.6

keV X-rays at Beamline 11-ID-B of the Advanced Photon Source (APS) at Argonne Na-

tional Laboratory. Samples were charged in Kapton capillaries and the scattering signal

was measured in transmission mode as shown in Figure 2.2. The high-energy X-ray source

enabled us to measure the total scattering pattern in reciprocal space, I(q), with a range of

0.5 Å−1 < q < 24 Å−1. The spatial resolution of the experiment is related to the maximal q

value by the equation of d = 2π/qmax, thus this HEXS study achieved a spatial resolution of

0.26Å. PDFgetX282 was used to process the raw scattering data and generate the reduced

scattering pattern S(q) and the real-space Fourier transform G(r) in real space.

The PDF patterns for heterobimetallic Ru-Cu and Os-Cu are compared with the sum

of the G(r) of the relevant mononuclear complexes in Figure 2.2 B–D. All PDF patterns

have several peaks between 1 Å< r < 6 Å, and we can assign each one to a specific pairwise

distance in the first and second coordination shells of the metal centers, as well as the P-F

bond from the PF−
6 counterion. The close agreement between G(r) of the mononuclear model

complexes and the bimetallic complexes in this region suggests that the tpphz bridging lig-

and and the distal metal center have little to no impact on local pairwise distances. We can

also identify the scattering interaction between each metal center and the central pyrazine

N atoms at approximately 6.3 Å. The intensity of each G(r) pattern quickly dampens with

increasing r value but for each complex, there is a broad featureless hump between 6–10 Å

which we assign to the solvation sphere surrounding the molecular complexes. The broadness

of this feature suggests that the interactions between each complex and surrounding solvent

molecules are fluxional and have little to no short-range order detectable by HEXS/PDF.

Notably, in the G(r) of all the bimetallic complexes we observe a peak between 12–13 Å

that is completely absent in the mononuclear model complexes. We assign this feature to

long-range metal-to-metal distances across the tpphz bridging ligand. Importantly, the order
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Figure 2.2: A) Experimental setup used in solution HEXS/PDF study showing raw de-
tector image acquired at Beamline 11-ID-B of the Advanced Photon Source. B) Chemical
structure of the heterobimetallic complexes in PDF analysis annotated with atomic pairwise
distances. C, D) Comparison of the solution PDF patterns of Os-Cu and Ru-Cu to the
sum of relevant monometallic modules. The peaks in the PDFs are assigned to correspond-
ing pairwise distances in the chemical structure. Os+Cu stands for the sum of G(r) of
[Os(bpy)2(Phen)](PF6)2 and [Cu(mesPhen)(Phen)](PF6) and Ru+Cu for the sum of G(r)
of [Ru(bpy)2(Phen)](PF6)2 and [Cu(mesPhen)(Phen)](PF6). All samples were measured at
20 mM concentration in acetonitrile.
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of M···M distance in solution follows with the order of atomic radius of the metal centers,

that is, dCu-Cu < dRu-Cu < dOs-Cu < dRu-Ru < dOs-Os. The observation and quantifica-

tion of the M···M distance in solutions of the bimetallic complexes is a convenient handle

by which to assess the impact of environmental perturbations on (supra)molecular confor-

mation. The 1H NMR and UV/Vis studies described above indicate that there is no strong

intermolecular interactions observed with bimetallic complexes in solution phase. Previously,

[Os(bpy)2 (tpphz)]
2+ was reported to show concentration-dependent NMR spectra due to the

intermolecular π − π stacking in solution75,83 but none of the bimetallic complexes exhibit

similar effects. We presume that as the steric hindrance on both sides of tpphz increases, the

bimetallic complexes cannot approach too closely to adjacent molecules in solution to form

strong intermolecular interactions.

2.2.3 Single-crystal X-ray Diffraction

Single crystal structures of Cu-Cu, Os-Cu, and Os-Os were obtained for the first time by

low-temperature single-crystal X-ray Diffraction(XRD). These new structures are presented

in Figure 2.3 and compared with previously described XRD structures of Ru-Ru2 and Ru-

Cu.1 As expected, the crystal structures of Os-Cu and Cu-Cu reveal that the Cu(I) centers

are heteroleptically coordinated by mesPhen and tpphz in a pseudotetrahedral geometry, in

which the two bidentate ligands are not perpendicular to each other, but slightly flattened.

We can quantify the deviation of the geometry from perfect tetrahedral by using the geometry

index parameter s4 which ranges from zero for perfect square planar to one for perfect

tetrahedral.84 The s4 values for Os-Cu, Ru-Cu and Cu-Cu are 0.715, 0.720, and 0.656

respectively, indicating more deviation from tetrahedral is found in Cu-Cu than other two

complexes. Like for previous CuHETPHEN crystal structures, intramolecular π-stacking

between one of the mesityl groups of mesPhen with the phenanthroline moiety of tpphz

yields the “pac-man” motif at the Cu(I) center.85,86 Looking past the local coordination

sphere of each metal center, a significant feature of the bridging tpphz ligand is its deviation

from planarity in the solid state. We identify three types of deformation of the central ligand:



16

1) bowing, where the two ends of tpphz bend towards the same direction; 2) twisting, where

the two ends of the ligand rotate in opposite directions along the axis containing two metal

centers; and 3) waving, where the two ends of the ligand bend towards the opposite direction.

The tpphz ligand of Os-Cu and Ru-Cu1 both exhibit a bowing deformation (Figure 2.3),

with the dihedral angle between the two phenanthroline moieties on tpphz calculated as

11.18◦ and 8.28◦, respectively. The complex with a twisting deformation on tpphz is found

in Os-Os, which gives rise to a dihedral angle of 8.28◦ between two phenanthroline moieties

on tpphz. Despite being a structural congener of Os-Os, the central ligand of Ru-Ru shows

a waving deformation in the crystal structure. Interestingly, in Cu-Cu, the tpphz ligand in

the crystal structure exhibits only marginal structural variations from planarity.

Figure 2.3: ORTEP diagrams for Os-Cu, Os-Os, Ru-Cu,1 Ru-Ru2 and Cu-Cu (30%
thermal ellipsoids). H atoms and counterions (Cl− for Ru-Ru, PF−

6 for others) are omitted
for clarity.
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Analysis of the full XRD structure reveals that various intermolecular forces are respon-

sible for the deformation of tpphz in the bimetallic complexes. For example, in the crystal

lattice of Os-Cu (Figure 2.4), the mesityl group (ring R1) interacts with the H atom on C36

of another complex, resulting in a C-H···π interaction with a distance of 3.087 Å. Similarly,

the R2 ring on tpphz forms C-H···π interactions with C44 and C65 with a distance of 2.947

Å and 2.948 Å, respectively. In addition, π − π interaction of the R3 ring of the mesPhens

between adjacent molecules is observed in the crystal lattice. The short distances of these

interactions enforce effective repulsions between the two metal centers and induce the bow-

ing conformation of tpphz. The crystal packing patterns of Ru-Cu are analogous to those

of Os-Cu, leading to similar structural distortion in the first coordination shells and the

bridging ligand. The single-crystal structures of Ru-Ru and Os-Os also have significant

intermolecular interactions which we hypothesize are responsible for the twisting and waving

deformations observed in the tpphz ligand of these complexes. In contrast, there are no

intermolecular interactions in the crystal packing of Cu-Cu, and tpphz in this complex is

nearly perfectly planar. From this series of bimetallic complexes we venture that the severe

deformations in tpphz are a direct result of intermolecular interactions, and in turn, sub-

stantially impact the intramolecular M···M distances observed in the solid state. The M···M

distance of the complexes follows the order of dRu-Cu < dOs-Cu < dCu-Cu < dRu-Ru < dOs-Os,

in contrast with that found from PDF analysis.

Figure 2.4: Interactions of Os-Cu complexes in crystal lattice that are responsible for the
deformation of tpphz. H atoms and counterions (PF−

6 ) are omitted for clarity. Numbers in
green are distances of specific interactions in Å.
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2.2.4 Computational Modelling

Energy-minimized DFT models of the bimetallic complexes were generated to help reconcile

the differences observed between the M···M distances found from the solution PDF and

single-crystal XRD structures of the bimetallic complexes, and a comparison of the energy-

minimized DFT models with the crystal structures is presented in Figure 2.5.

Figure 2.5: Overlay of the crystal structure (blue) and the DFT optimized structure (red)
of Os-Os, Os-Cu, Cu-Cu, Ru-Ru, and Ru-Cu.

DFT calculations were performed using the ωB97X-D functional16 with the LANL2DZ

basis set87 on transition metals and 6-31G(d) on light atoms. Solvent effects (acetonitrile)

were considered using the polarizable continuum model (PCM)88 to simulate the solva-

tion environment in which the experimental HEXS/PDF study was performed. The hybrid

ωB97X-D functional includes Grimme’s D2 dispersion correction, which is important for sim-

ulation of non-covalent interactions.16 The most striking difference between the DFT and
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crystal structures is that all of the optimized, calculated structures of the bimetallic com-

plexes present a flattened tpphz ligand, free of any of the distortions found by single-crystal

XRD. Os-Cu displays the most noticeable difference between the crystal structure and the

DFT model: the bend in the tpphz of the crystal structure leads to a change of 14.38◦ in

the dihedral angle between the Os(II) module and the Cu(I) module as compared with the

DFT model. In the case of the homobimetallic complexes where the tpphz deformations in

the solid state are not as severe, the DFT models have a closer resemblance to the solid state

but still do not capture the twisting and waving of tpphz found in Ru-Ru and Os-Os. To

further assess whether the DFT calculations reflect a realistic solution structure, simulated

scattering patterns were generated based on the optimized DFT models using SolX,46 and

PDF patterns in real space were obtained by Fourier transform of the simulated I(q). As

compared to the experimentally acquired PDFs (Figure 2.6), we note that the simulated

and experimental G(r)s are in excellent agreement in both short and mid-range distances,

with two notable exceptions. First, the solution phase G(r) shows a peak at 1.45 Å which

we assign to the P-F distance of PF−
6 . The PF−

6 counterions were not included in the DFT

simulations since artificially fixing their position with respect to the complexes would lead

to meaningless peaks in the simulated PDF. Second, the broad featureless solution sphere

interactions seen in the experimental PDFs between 6–10 Å is also absent from the simulated

PDF patterns. This is a reasonable discrepancy since the PCM models only reproduce the

dielectric response of the solvent and not necessarily semi-ordered solvent surrounding the

complexes. Despite these two exceptions, the similarity of the experimental and calculated

PDF patterns in the short range (r < 6 Å) indicate that the local coordination spheres of the

metal centers in the DFT model structures accurately represent the bonding and molecular

geometry in the solution phase.

The M···M distance of the bimetallic complexes is longer in the simulated PDF pat-

terns than those in the solution PDF and the distance measured in the crystal structure

(Figure 2.7). However, the largest difference between the M···M distance observed in the

simulated and solution PDFs is only 0.07 Å. This is a remarkably small error considering
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Figure 2.6: Solution (red dotted line) and calculated (black line) PDF patterns of A) Os-Cu
and B) Ru-Cu. The inset shows the peak corresponding to the M···M distances.

that the M···M distance covers 10 bonds, translating to a sub 0.01 Å difference per bond

as compared to the solution data. The trend in M···M distance found in the DFT models

is dCu-Cu < dRu-Cu ≈ dOs-Cu < dOs-Os ≈ dRu-Ru, which is the same as the experimental

solution PDFs (Figure 2.7). This correlation between the DFT simulations and the solution

phase HEXS/PDF measurements strongly suggests that the tpphz ligand of the bimetallic

complexes maintains planarity in solution in a sterically relaxed mode.

Figure 2.7: Comparison of the M···M distance of bimetallic complexes in the crystal structure,
solution PDF, and simulated PDF. The uncertainties of the distances from the solution PDF
are shown in parentheses and are estimated by the full-width-at-half-maximum (FWHM) of
the peaks corresponding to the M···M distance in G(r).
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2.2.5 Interpretation of Solution Phase PDF by Computational Models

We can use all of the experimental observations and computational models to describe the

solution phase structure and conformation, primarily using the measured and calculated

M···M distance as the key metric for comparison. When comparing the M···M distances

among the three different structural datasets (solution PDF, solid-state crystal structure,

DFT models) we note that the trend in M···M distance of the solution PDF matches that

found in the DFT models (Figure 2.7). For the homobimetallic complexes Cu-Cu, Ru-

Ru, and Os-Os, the M···M distances observed in the solution PDF agree slightly better

with the values from their crystal structures than those of the DFT models (Figure 2.7)

(∆(M···M solution-solid)= 0.02–0.03 Å; ∆(M···M DFT-solution)=0.04–0.07 Å). However,

as we can see in Figure 2.5, deviations of tpphz from planarity in the solid state of these

complexes are quite minimal. From these small and comparable differences between the solid

state/solution phase/DFT models it is difficult to distinguish the structure model (solid state

or DFT) most closely represents the solution phase structure, since both have a relatively

planar tpphz ligand.

For the heterobimetallic complexes Ru-Cu and Os-Cu which exhibit severe distortions

to tpphz in the solid state, we observe a closer agreement between the solution PDF and

the DFT models (∆(M···M solution-solid)=0.10–0.11 Å; ∆(M···M DFT-solution)=0.03–0.04

Å). This indicates that the extreme bending of the tpphz ligand greatly shortens the M···M

distance in solid state structure and the solution state structure should be free from such

conformational distortions. Specific considerations for the distortion of tpphz in the solid

state structures of Ru-Cu and Os-Cu are the conformational flexibility of the Cu(I) co-

ordination and the close intermolecular interactions found between the M(bpy)2 modules

(where M=Ru(II) or Os(II); for example, see Figure 2.4). It is well documented that

Cu(I)bis(phenanthroline) complexes routinely exhibit distortions from perfect tetrahedral

geometry, and the severity of which is highly dependent on the 2,9-phenanthroline substi-

tution.85,86,89 Specifically to Ru-Cu and Os-Cu, CuHETPHEN model complexes typically
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favor the “pac-man” orientation in which one mesityl group of mesPhen is stacked with the

secondary phenanthroline ligand.85,86This has been noted in several crystal structures, but

importantly this preferential π-stacking is not observed by other analytical techniques like

NMR, and is presumed to be fast on the NMR timescale and therefore a fluxional interaction

only resolved in the solid state. Additionally, the relatively small steric bulk of the 2,2′-bpy

ligands on Ru(II) and Os(II) allows for close intermolecular π − π interactions in the solid

state. We presume that these factors together contribute to the large tpphz distortion in the

solid state and therefore the significant difference we observe in the M···M distance measured

by solution phase HEXS/PDF.

It is worth noting that this discussion about solution structure is based on models in

thermodynamic equilibrium, but we also recognize the kinetic aspect of a molecule in solution

and that these TMCs are in a constant state of motion. Indeed, the vibrational modes

of the bimetallic complexes corresponding to distortion of tpphz features have vibrational

frequencies at a magnitude of tens of wavenumber(Figure 2.8). This low value indicates that

small perturbations, such as temperature change and solvent interactions, may also induce

distortions in tpphz. The solution structure revealed by the HEXS/PDF measurements

should be interpreted as an average of the total conformational landscape.

2.3 Conclusion

HEXS/PDF analysis was performed on five bimetallic TMCs with photoactive metal centers

(Cu(I), Ru(II), and Os(II)) bridged by tpphz to quantitatively determine their solution phase

structure and conformation. Spectroscopic analyses demonstrate that the TMCs do not form

supramolecular aggregates in solution and that they are free from strong intermolecular

interactions. HEXS/PDF analysis of each bimetallic TMC in acetonitrile solution confirmed

all of the expected atomic pairwise distances in the first and second coordination shells of

each metal center, and we have also observed long-range, over 12 Å, metal···metal distances

across the tpphz bridging ligand. The M···M distance from the solution PDF pattern is a

convenient experimental observable that we used to compare with solid-state single-crystal
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Figure 2.8: Calculated vibration modes and frequencies corresponding to the distortion of
central ligand. Blue arrows are displacement vectors and orange arrows are dipole derivative
unit vectors.
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X-ray structures and DFT models of each bimetallic TMC. The M···M distance found in

solution is greater than that found in the solid state, and careful examination of each single-

crystal structure reveals intermolecular interactions between the ancillary ligands of the metal

centers, which prompts the distortions in tpphz and the observed M···M distance. In striking

contrast to the solid state structures, all DFT models feature a completely relaxed, planar

tpphz ligand. The trend in M···M distance observed in solution by HEXS/PDF follows that

found in the DFT models of each isolated bimetallic complex. This correlation, coupled with

no spectroscopic evidence for aggregation or intermolecular interactions in solution, lead

us to conclude that in solution, regardless of the metal centers, the bridging tpphz ligand

occupies a planar geometry like that found in the DFT models.

To our knowledge, this solution structural study of the bimetallic TMCs is the first report

in which HEXS/PDF analysis was used to capture a sub-Å distinction between solution

and solid-state structures with resolution comparable to X-ray crystallography. This work

demonstrates the unique ability of HEXS/PDF analysis and provides an additional critical

tool to describe the structure-function relationship of molecularly defined materials dissolved

in solution. As demonstrated here, low-temperature single-crystal XRD fails to accurately

depict the solution phase structure of these supramolecular TMCs, which we anticipate will

be a general observation as HEXS/PDF is applied more routinely to the interrogation of

solution phase molecular structures. This work also sets the foundation for pump-probe

studies90,91 with high resolution in both time and space to visualize the solution structure of

molecular samples following perturbation by stimuli such as temperature, applied voltage,

and photoexcitation.
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Chapter 3

BRIDGE-MEDIATED METAL-TO-METAL ELECTRON AND
HOLE TRANSFER IN SUPERMOLECULAR DINUCLEAR

COMPLEX

Bimetallic electron donor-acceptor complexes can facilitate electron and energy transfer

with excellent structural control through synthetic design. In this chapter, we investigate

the photochemical dynamics in a Ru-Cu bimetallic complex after photoexcitation of the Ru-

centered charge transfer state. The physical underpinnings of the metal-to-metal directional

charge transfer process are unraveled via analyses of the quantum electronic dynamics and

electron-nuclear trajectories. The effects of molecular vibrations in the photoexcited state

on the charge transfer processes are also analyzed. This chapter is adapted with permission

from Xiaolin Liu, Dugan Hayes, Lin X. Chen, and Xiaosong Li. J. Phys. Chem. A 2023,

127, 1831–1838.92

3.1 Introduction

Inspired by molecules in natural photosynthesis, much attention has focused on the ratio-

nal design of molecular complexes with multiple transition metal centers. Bimetallic electron

donor-acceptor complexes are the simplest among them and are ideal molecular architectures

for incorporating building blocks of transition metal chromophores. Tetrapyrido[3,2-a:2′,3′-

c:3′′,2′-h:2′′′,3′′′-j]phenazine (tpphz, Figure 3.1) has been used as the bridging ligand in the

design and synthesis of bimetallic complexes, since the extended π system can potentially

facilitate electron and energy transfer between metal centers.75,93 The excited state dynam-

ics of polypyridyl dinuclear complexes with a tpphz bridging ligand have been extensively

studied. Flamigni et al. studied a Ru(II)-Ru(II) dinuclear complex bridged by tpphz and
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revealed that there is an excited state interconversion between two metal-to-ligand charge

transfer (MLCT) states.94 Chiorboli and coworkers investigated the photophysical properties

and solvent-dependent excited state decay dynamics of homo- and heterodinuclear complexes

with Ru and Os centers.76,77 The ultrafast intramolecular electron transfer in a Ru(II)-Co(III)

complex has been studied using transient optical and X-ray spectroscopies.90,95,96

Figure 3.1: Structure of the tetrapyrido[3,2-a:2′,3′-c:3′′,2′-h:2′′′,3′′′-j]phenazine (tpphz) ligand.

The synthetic strategy of CuHETPHEN (Cu(I) heteroleptic bis(1,10-phenanthroline))

has been used extensively in recent years because it provides exquisite structural control in

the assembly of heteroleptic (and thus multi-functional) complexes with earth-abundant cop-

per.85,97–101 Combining the idea of using tpphz as a bridging ligand and the CuHETPHEN

strategy, Hayes et al. synthesized a group of mononuclear and homo- and heterodinuclear

complexes with Cu and/or Ru centers. Experimental studies using optical and X-ray tran-

sient absorption spectroscopy suggest that the bridging ligand in such bimetallic complexes

plays an important role in the directional photoexcited charge transfer in addition to the

redox properties of the metal centers.1,100 This observation provides an important rational

design principle for steering photochemical processes in bimetallic electron donor-acceptor

complexes. Understanding the dynamics of photochemical processes and the interplay be-

tween ligands and metal centers is key to engineering high-efficiency solar cells and pho-

tocatalysts.1,102–104 Theory and computation, especially modern time-dependent quantum
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electronic dynamics, as complementary tools to spectroscopic probes, can provide atto- to

femtosecond-resolved physical insights into the electronic and structural characteristics un-

derlying experimental observations.20,21

In this work, we provide quantum mechanical insights into the ultrafast electronic and vi-

brational dynamics that underpin the directional photoexcited charge transfer in a bimetallic

electron donor–bridge-acceptor complex. We seek to understand how the bridge and other

metal-bound ligands modulate the excited state dynamics that results in the highly efficient

directional charge transfer event.

3.2 Methodology

3.2.1 Real-Time Time-dependent Density Functional Theory and Ehrenfest Dynamics

In ultrafast photochemical dynamics, electronic degrees of freedom are in the non-equilibrium

condition. Simulating such photochemical processes requires treatments of electronic co-

herence as well as non-equilibrium non-adiabatic energy transfer pathways.20,21 The high

density-of-excited-states nature of the molecular systems of interest makes Ehrenfest dynam-

ics an ideal approach to simulate quantum dynamics within the time-dependent Schrödinger

equation framework. In this work, we carried out ab initio on-the-fly Ehrenfest dynamics in

the atomic orbital basis26,105–109 to simulate the ultrafast electron-hole dynamics and their

interplay with molecular vibrations.

As the ab initio Ehrenfest dynamics method has been previously developed and applied

to modeling various ultrafast excited state electron-nuclear dynamics, we provide only a

brief review of it here. We refer readers to recent reviews20,21 for theoretical details. In ab

initio Ehrenfest dynamics, the electronic degrees of freedom are explicitly propagated with

real-time time-dependent density functional theory (RT-TDDFT). The electron-nuclear in-

teractions responsible for the electronically non-adiabatic time evolution are modeled with

the Ehrenfest technique, which propagates the nuclei on the time-evolving electronic poten-

tial.
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The Ehrenfest dynamics scheme employed in this work takes advantage of an efficient

triple-split operator integrator.26 These different time steps reflect the characteristic timescales

of the three different molecular equations-of-motion: nuclear motion driven by the velocity-

Verlet algorithm with a time-step of ∆tN , the evolving time-dependent Kohn-Sham Hamilto-

nian with a time-step of ∆tNe, and a unitary transformation RT-TDDFT used to propagate

the electronic degrees of freedom with a time-step of ∆te.

3.2.2 Initial Condition and Population Analysis

The photochemical dynamics start from the photoexcited MLCT state. A linear response

TDDFT calculation suggests that the metal-to-ligand charge transfer transition involves

several ligand orbitals. To facilitate the population analysis and prepare the initially pho-

toexcited MLCT state, canonical orbitals are transformed to the natural transition orbitals

(NTOs).110,111 The total number of electrons is conserved in the process because the NTO

transformation is unitary. In the NTO description, the MLCT excitation becomes a one-

electron transition between orbitals. Therefore, the initial density at t = 0 fs is prepared by

promoting one electron from the highest occupied to the lowest unoccupied NTO, resulting

in a density matrix in the NTO basis. All occupied NTOs are used in constructing the one-

electron density matrix and all NTOs are used in the population projection analysis. The

NTO density matrix is transformed into the atomic orbital basis to initialize the quantum

electron and electron-nuclear dynamics.

The on-the-fly population analysis is also carried out in the NTO basis. The time-

dependent electron density matrix P(t) is projected to the ground state NTOs Ci computed

at t = 0 and the occupation number of the i-th NTO is calculated as:

ni(t) = Ci(0)
†P(t)Ci(0). (3.1)

Note that population projection to the t = 0 ground state NTO space is valid only when

the molecular geometry does not change in time.
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3.3 Results and Discussion

All calculations were performed using a developmental version of the Gaussian software

package.112 The geometry of the bpy-Ru-tpphz-Cu-dmesp molecule (CuH2-RuH2 for short,

Figure 3.2) molecule was optimized using the M06 functional113 including Grimme’s D3

dispersion.114 The ultrafine grid option is used for the DFT numerical integration in the

linear response TDDFT calculations. For quantum dynamics simulations, the fine grid option

is employed. The LANL2DZ ECP basis87 for Cu and Ru and SBJKC-VDZ basis115,116 for

light atoms were used in the geometry optimization. The Ehrenfest quantum dynamics

calculations were performed using the same functional and basis sets. These basis sets were

chosen because they reproduce important characteristics of the molecular geometry and UV-

Vis spectrum calculated using a larger basis set but with a much lower computational cost

for quantum dynamics. The step size of electronic dynamics is set to 0.0012 fs. The time

steps in Ehrenfest dynamics are: ∆tN = 0.15 fs, ∆tNe = 0.015 fs, and ∆te = 0.0015 fs,

according to the triple-split operator scheme.26 Both dynamics were simulated for ∼200 fs.

3.3.1 Ground State Geometry and UV-Vis Spectrum

The optimized geometry of the CuH2-RuH2 bimetallic molecule is shown in Figure 3.2. The

Ru atom bonds to two 2,2′-bipyridine (bpy) ligands and one side of the tpphz ligand. The Cu

atom bonds to the 2,9-dimesityl-1,10-phenanthroline (dmesp) ligand and the other side of the

tpphz ligand. To simplify notations, the molecule can be grouped into five parts: bpy-Ru-

tpphz-Cu-dmesp. On the Cu-side of the structure, the two mesityl groups of the dmesp ligand

are almost parallel to the tpphz ligand, suggesting strong π−π interaction between ligand and

bridge, similar to the “pac-man” motif in other Cu(I)-centered HETPHEN complexes.1,5,117

The methyl substituents at 2,6-positions of the aryl groups prevent the dmesp ligand from

rotating, resulting in a stable π − π interaction. The bridging ligand remains in a flat

configuration that provides an ideal pathway for electron transfer.

The UV-Vis spectrum of CuH2-RuH2 computed using linear response TDDFT is shown
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Figure 3.2: Structure of the bpy-Ru-tpphz-Cu-dmesp (CuH2-RuH2 for short) molecule. The
2,2′-bipyridine (bpy) ligands are shown in purple; the tetrapyrido[3,2-a:2′,3′-c:3′′,2′-h:2′′′,3′′′-
j]phenazine (tpphz) bridge is shown in red; and the 2,9-dimesityl-1,10-phenanthroline
(dmesp) ligand is shown in yellow.

in Figure 3.3. The overall spectrum agrees with the experimental measurement,1 where there

is a broad feature in the 600-400 nm range (1.9∼3.1 eV). This low-energy band consists of

MLCT transitions centered around the two metal sites. The lowest energy transitions all

originate from the Cu center (see inset for a representative NTO transition pair for a selected

Cu-centered MLCT excitation). While the excitations come from Cu 3d electrons, there is

a dense manifold of accepting ligand orbitals delocalized throughout nearby ligands that

give rise to the broad MLCT feature in the experimental spectrum. The Cu-center MLCT

band continues to ∼480 nm (∼2.6 eV), where we start to see overlapping contributions from

the Ru-centered MLCT excitations. The inset of Figure 3.3 shows the characteristics of a

selected Ru-centered MLCT excitation which has similar characteristics to the Cu-centered

band except with the electron excited from the Ru 4d orbitals.

In order to quantify the charge transfer characteristics, the molecular system is again
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divided into five distinct groups as color-coded in Figure 3.2. Charge transfer matrix analy-

sis118,119 was carried out to quantify the amount of charge transfer between different molecu-

lar motifs. Particularly, this approach allows us to characterize the roles of different ligands

(e.g., tpphz, bpy, or dmesp) in the MLCT excitation. Charge transfer strengths are shown

in Figure 3.3 for the selected MLCT transitions. In the Cu MLCT states, the charge moves

mostly from Cu and nearby dmesp to the tpphz bridge ligand. For Ru-centered MLCT

states, the charge transfer event occurs from Ru-d orbital to both the tpphz bridge and

nearby bpy ligands. There is also significant inter-ligand charge transfer from the dmesp at

the Cu site to the tpphz bridge ligand, similar to that observed for the Cu MLCT states.

This observation highlights the long-range electronic coupling present in this system.

Figure 3.3: Absorption spectrum of CuH2-RuH2 computed using linear response TDDFT.
A Lorentzian broadening factor of 0.2 eV is used to plot the simulated spectrum. The
experimental spectrum is digitized from Ref.1 Natural transition orbitals of selected MLCT
excitations are displayed with charge transfer matrix elements.
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3.3.2 Quantum Electronic Dynamics

The spectral analysis above suggests that the tpphz bridging ligand plays an important role

in the charge transfer events at the two metal centers. Cu- and Ru-centered MLCT states

are coupled through the tpphz bridging ligand, which may provide an electron transfer

pathway between the two metal centers. In this section, we carry out quantum electronic

dynamics simulations to investigate the electron transfer pathways in the bpy-Ru-tpphz-Cu-

dmesp bimetallic complex. With the electron-nuclear Ehrenfest dynamics, we also study the

molecular structure change in the metal-to-metal charge transfer event.

The photochemical dynamics start from the Ru-center MLCT state prepared according to

the procedure illustrated in the Methodology section. The Ru-center MLCT state is higher

in energy than the Cu-center MLCT level, giving rise to an energetically feasible metal-to-

metal charge transfer pathway. The photoexcited state arises from electronic transitions

from Ru-d orbitals to the bpy ligands accompanied by charge transfer from dmesp ligand

at the Cu site to the tpphz bridge (Figure 3.4A). After photoexcitation at t = 0 fs, the

coherent electron-hole recombination takes place within 50 fs, shown in Figure 3.4A. While

the photoexcited hole orbital repopulates to unity, the photoexcited electron does not deplete

completely and still has a significant population at t = 200 fs. Detailed analysis suggests

that the photoexcited hole receives additional electron populations from other occupied Ru-d

orbitals, one of which is shown in Figure 3.4B. These selected orbital population evolutions

shown in Figure 3.4 carry the important photophysics of interest. While there are some

populations in other orbitals, they are considered as electronic structure reorganization in

response to the photochemical processes.

The observation illustrated above from electronic dynamic simulations suggests that the

photoexcited electron at the tpphz bridge can be persistent. This is because the photoexcited

hole is filled quickly by electron transfer from other Ru-d electrons. These faster dynamics

prevent a complete electron-hole recombination and therefore lead to a long-lived electron

population at the tpphz bridge site and a significant population in the Ru-centered MLCT
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state. Figure 3.5 plots the electron density difference snapshots as a function of time (t = 0,

50, and 200 fs) following excitation. It is clear to see there is a significant electron density

residing at the tpphz bridge site even at 200 fs.

Figure 3.4: Time evolution of selected orbital populations after photoexcitation at t = 0
fs. Natural transition orbital (NTO) population analysis is carried out according to the
procedure described in the Methodology section. NTOs are shown as insets. (A) Populations
of the photoexcited electron (solid line) and hole (dashed line). (B) Population of a Ru-d
orbital that transfers electron population to the photoexcited hole.
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Figure 3.5: Electron density difference plots at t = 0, 50, and 200 fs. Electron density
difference is computed as ∆P(t) = P(t) − P0(0) where P(t) is the time-dependent density
matrix and P0(0) is the ground state densitry matrix at t = 0 fs. An isovalue of 0.0004 is
used. The blue/yellow color indicates an increased/decreased electron density compared to
the ground state at t = 0 fs.

3.3.3 Electron-Nuclear Ehrenfest Dynamics

The dynamics discussed above describe the main electronic characteristics underlying the

photoinduced charge transfer event in the bimetallic molecular complex. However, in the

absence of nuclear dynamics, photochemical processes are reversible – a scenario that does

not sustain directional metal-to-metal charge transfer. In order to understand the interplay

between electronic and vibrational degrees of freedom during the charge transfer event and

identify key molecular vibrations underlying the directional metal-to-metal charge trans-
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fer, we carried out electron-nuclear Ehrenfest dynamics starting from the same Ru-centered

MLCT state. The initial molecular structure is taken as the ground state minimum and

will evolve according to the classical equation of motion on the RT-TDDFT potential energy

surface.

Figure 3.6 shows the geometric changes compared to the initial ground state minimum.

Noticeable changes are observed at 30 fs following the photoexcitation. For example, a small

opening-closing motion of the mesityl ligands at the Cu site starts to occur. This vibrational

motion changes the distance between the mesityl groups and the bridge by ±0.003-0.005Å.

In addition, a small out-of-plane vibration of the tpphz bridge ligand is observed with a

∼3.5◦ bending. At around 120 fs, which is the onset of the metal-to-metal electron transfer

(MMET, see below) from Cu to Ru, a small rotation of the tpphz ligand along the Cu-Ru

axis occurs, indicating a change of dominant vibrational mode. This mode is persistent

until the end of our simulation. The rotation of the tpphz ligand can lead to a change

of the dihedral angle between the tpphz and the backbone of the dmesp ligand, which is

a key geometric feature of Cu(I) excitation. These small geometric changes identified in

Figure 3.6 are possible vibrational driving forces underlying the directional metal-to-metal

charge transfer event.

Figure 3.7 shows the time evolution of charge differences at the Ru, Cu, and tpphz

bridge sites computed using the time-dependent densities from the electron-nuclear Ehrenfest

dynamics. The charge difference is computed using time-dependent Mulliken population

analysis with respect to the ground state at t < 0 fs. To better understand the charge

transfer pathway, the charge evolutions of the Cu and Ru sides of the tpphz ligand are

separately plotted.

Upon photoexcitation at t = 0 fs, both sides of the tpphz bridging ligand gain electron

population from Ru-centered MLCT excitation. This analysis agrees with the charge transfer

matrix elements shown in Figure 3.3. In the first ∼150 fs, two distinct oscillatory charge

transfer events are observed, identified by their relative time-evolution phases: fast transfer

between the Ru-sided tpphz and Cu-sided tpphz ligand, and slow transfer between Ru-d
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Figure 3.6: Geometric changes compared to the initial ground state structure. (A) Geome-
tries at 30 fs, 80 fs, and 120 fs. The lime-colored molecule is the initial geometry and the
cyan-colored are the geometry snapshots from the Ehrenfest dynamics. (B) The distance
between the mesityl groups and the bridge is measured as the center of the benzene units of
the mesityl group (red star) and the tpphz bridge (black triangle).
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and Cu-d manifolds. The former is a clear signature of bridge-mediated electron transfer

and the latter can be viewed as direct hole transfer between the metal centers. These

two ultrafast charge transfer events are mostly correlated with the closing motion of the

mesityl ligands at the Cu site and the rotational motion of the tpphz bridge (see Figure 3.6).

Figure 3.9 shows the proposed mechanism underlying the observed photochemical process.

After the photoexcitation to the Ru-centered MLCT state, there are concerted electron and

hole transfer events taking place between the Ru-centered and Cu-centered MLCT states,

giving rise to the characteristic metal-to-metal charge transfer process.

To confirm that these small geometric changes identified in Figure 3.6 are correlated with

direction metal-to-metal charge transfer event, the Mulliken charge differences are Fourier

transformed into the frequency domain and the possible vibrational modes that modulate

the charge evolutions are shown in Figure 3.8. Fourier transform of the charge evolution

shows that the dominant low frequencies are in the 600 to 900 cm−1 range. Analysis of

the ground state vibrations identifies several modes that may be responsible for the charge

evolution modulation. The 748 cm−1 and 796 cm−1 vibrational modes correspond to Ru-

centered bpy twisting motion which gives rise to the out-of-plane rotation of the Ru-sided

tpphz ligand. The 703 cm−1 vibrational mode corresponds to Cu-centered dmesp ligand

motion (see Figure 3.6). The 846 cm−1 mode is especially interesting because it correlates

the motion of Cu and Ru sites with the bridging tpphz ligand. The analysis presented here

suggests that the electron and hole transfers can be modulated by ligand motions.

3.4 Conclusion

In this work, we have applied ab initio electron-nuclear dynamics to study the dynamical

interplay between two metal-centered charge transfer states in a bimetallic complex. The

photochemical dynamics were initiated by photoexcitation of the Ru-centered MLCT state.

Electronic dynamics show that although there is a fast partial electron-hole recombination,

the Ru-centered MLCT largely remains in its photoexcited state because the Ru-d reorga-

nization prevents it from a complete coherent decay to the ground state. Electron-nuclear
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Figure 3.7: Evolution of Mulliken charge differences of selected fragments. The charge
evolutions of Cu and Ru sides of the tpphz ligand are separately plotted.

Ehrenfest dynamics show that the molecular vibrations on the excited state lead to a small

rotational motion of the tpphz bridge and closing motion of the mesityl ligands. These vibra-

tional modes are seen to drive the metal-to-metal charge transfer event with both electron

and hole populations being transferred in a concerted dynamics.
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Figure 3.8: (Top Panel): Fourier transform (FT) of the time-evolution of Mulliken change
difference. Areas between 600 and 900 cm−1 are shaded in grey. (Bottom Panel): Ground
state vibrational modes in the range of 600-900 cm−1 with displacement vectors.
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Figure 3.9: Proposed excited state metal-to-metal charge transfer mechanism.
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Chapter 4

SITE-SPECIFIC ELECTRONIC STRUCTURE OF
COVALENTLY LINKED BIMETALLIC DYADS FROM

NITROGEN K-EDGE X-RAY ABSORPTION SPECTROSCOPY

When studying PET in bimetallic complexes, we are usually interested in how electron

density changes with time. Experimentally, ultrafast spectroscopy is required to unravel

the earliest time dynamics. However, it is difficult to use the common optical transient

absorption spectroscopy because of overlapping absorbance of chromophore centers. Thus

high spatial sensitivity is required. Unlike UV-vis spectroscopy, where the valence electrons

are excited, in X-ray spectroscopy, core electrons are excited. X-ray absorption spectroscopy

is element-specific due to large energy gaps of core electrons and is also sensitive to local

environments. Depending on core levels, X-ray spectroscopy can be categorized into K-edge,

L-edge, M-edge, etc. K-edge spectra originate from excitations out of 1s orbitals. N K-edge

can be a good signature for change transfer in bimetallic complexes because N atoms appear

in both the inner coordination shell of metal centers and the bridging ligand. Our goal is

to study static N K-edge and to see if is it possible to do time-resolved N K-edge spectra in

order to track excited state dynamics.

In this chapter, a nitrogen K-edge X-ray absorption near-edge structure (XANES) survey

is presented for tetrapyrido[3,2-a:2′,3′-c:3′′,2′-h:2′′′,3′′′-j]phenazine (tpphz)-bridged bimetallic

assemblies that couple chromophore and catalyst transition metal complexes for light-driven

catalysis, as well as their individual molecular constituents. We demonstrate the high N

site sensitivity of the N pre-edge XANES features, which are energetically well-separated

for the phenazine bridge N atoms and for the individual metal-bound N atoms of the inner

coordination sphere ligands. By comparison with the time-dependent density functional
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theory calculated spectra, we determine the origins of these distinguishable spectral features.

We find that metal coordination generates large shifts toward higher energy for the metal-

bound N atoms, with increasing shifts for 3d < 4d < 5d metal bonding. This is attributed

to increasing ligand-to-metal σ donation that increases the effective charge of the bound N

atoms and stabilizes the N 1s core electrons. In contrast, the phenazine bridge N pre-edge

peak is found at a lower energy due to stabilization of the low energy electron accepting

orbital localized on the phenazine motif. While no sensitivity to ground state electronic

coupling between the individual molecular subunits was observed, the spectra are sensitive to

structural distortions of the tpphz bridge. These results demonstrate N K-edge XANES as a

local probe of electronic structure in large bridging ligand motifs, able to distinctly investigate

the ligand-centered orbitals involved in metal-to-ligand and ligand-to-ligand electron transfer

following light absorption. This chapter is adapted with permission from Elizabeth S. Ryland,

Xiaolin Liu, Gaurav Kumar, Sumana L. Raj, Zhu-Lin Xie, Alexander K. Mengele, Sven S.

Fauth, Kevin Siewerth, Benjamin Dietzek-Ivanšić, Sven Rau, Karen L. Mulfort, Xiaosong

Li, and Amy A. Cordones. J. Chem. Phys. 2024, 160, 084307.3

4.1 Introduction

Molecular donor/acceptor assemblies for solar energy capture and fuel production are of-

ten built of combined chromophore, bridge, and catalytic subunits designed to promote the

unidirectional charge separation and multiple charge accumulation necessary for artificial

photosynthesis.102,120–126 The efficacy of these molecular assemblies as multi-electron multi-

proton photocatalysts depends not only on the functionality of the individual parts but also

on the intricate donor-acceptor interactions between the chromophore–bridge–catalytic sub-

units, as well as on how these interactions are modulated by the presence of electrons and

protons on the complex.127,128 Transition metals are readily incorporated into the design

of such assemblies due to their tunable electronic structures and geometries, resulting in

broad interest in assemblies of transition metal complex chromophores and catalysts, cova-

lently linked using a conductive bridge, to facilitate efficient light-induced directional electron
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transfer.102,121,123–125

Understanding the mechanistic roles of the molecular donor, acceptor, and bridging sub-

units in solar energy conversion necessitates understanding the electronic structure in both

the ground state and reactive photo-excited states with high spatial sensitivity (localization

to molecular moieties) as well as specificity to the donor and acceptor valence orbitals that

participate in charge transfer. The mechanisms for charge transfer that underpin energy

conversion processes for large, multinuclear molecular assemblies are often studied with op-

tical spectroscopy methods.1,76,77,94,96,129–134 While optical spectroscopy can be applied with

high time resolution to capture the ultrafast dynamics of charge migration, optical spectra

are not explicitly site-selective as the probed transitions are between delocalized valence

orbitals. Furthermore, the interpretation of such measurements can be complicated by the

overlapping optical features of the donor and acceptor moieties1 or by the absence of visible

wavelength spectral features for some commonly employed molecular catalysts.4,129,135 Here,

we instead pursue N K-edge X-ray absorption near-edge structure (XANES) spectroscopy

as a probe of electronic structure for covalently bridged chromophore/catalyst assemblies,

as conceptually illustrated in Figure 4.1. We demonstrate site-specific spectral features to

separately probe the unoccupied ligand-centered orbitals of the chromophore, catalyst, and

linking bridge moieties that directly participate in the light-driven electron transfer and

charge accumulation in these systems.

XANES is an element-specific technique that probes transitions between atomic core lev-

els and the unoccupied valence orbitals of a molecule. Metal L-edge and K-edge XANES

spectroscopies (along with other metal edge X-ray spectroscopies) have been successfully

employed to probe the excited state charge redistribution between two distinct metal sites

in heterobimetallic donor-acceptor assemblies.1,96,101,136,137 Here, we instead focus on the use

of ligand atom K-edge XANES spectroscopy, which provides an additional tool to monitor

charge localization beyond the metal coordination spheres and can resolve the intra-ligand

charge transfer processes that underpin directional charge transfer across the assembly. Ni-

trogen K-edge spectroscopy is especially relevant to the field of molecular solar energy con-
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Figure 4.1: Schematic illustration of the tpphz-bridged M-M′ dyads investigated herein and
the site-specific N K-edge absorption features that enable localized probing of the metal-
bound and bridging ligand valence electronic structure. Pre-edge absorption features probing
transitions of the N 1s electrons to the unoccupied valence orbitals can be resolved for each of
the unique set of metal-bound phenanthroline (M-phen, blue and green) and tpphz-phenazine
(tpphz-phz, red) N atoms within the dyad.
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version due to the ubiquity of N-containing ligands in synthetically designed charge-transfer

systems, both in metal coordinating ligands and in conductive linker molecules.121,127 The

N K-edge XANES spectra of aromatic heterocyclic ligands are characterized by a sharp and

high-intensity pre-edge peak attributed to the transitions of N 1s core electrons to the lowest

unoccupied π∗ orbital of the ligand (illustrated schematically in Figure 4.1). This makes the

N K-edge pre-edge feature a direct probe of the electron-accepting orbitals involved in metal-

ligand or ligand–ligand charge transfer. N K-edge XANES has been successfully applied to

investigate the electronic structure in the ground and/or excited states of electron-accepting

ligand-based orbitals in metalloporphyrins and metal–polypyridyl complexes.138–144 The en-

ergies and intensities of the N pre-edge absorption features of transition metal complexes

have been assessed to reveal the metal-dependence of local charge on ligand N atoms,138,139

changes in metal-ligand covalency,141,145 and time-dependent changes in ligand electronic

structures following optical excitation of charge transfer excited states.140,142,146

Herein, we extend N K-edge XANES to multi-valent systems with multiple distinct

nitrogen sites contained in both metal-bound and bridging polypyridyl ligands. Specifi-

cally, we investigate donor/acceptor assemblies that contain the conductive bridging ligand

tetrapyrido[3,2-a:2′,3′-c:3′′,2′-h:2′′′,3′′′-j]phenazine (tpphz), which has been used extensively

to link transition metal chromophore and catalytic complexes.75–77,127 The tpphz bridge is

characterized by a low-lying acceptor orbital localized on the central phenazine motif.76,77,147

This serves to enable electron-hopping-type charge-transfer mechanisms in tpphz-bridged

dyads, as well as to facilitate the accumulation of multiple electrons within the assembly.

The presence of the extended π-system in tpphz has also been found to improve ligand stabil-

ity against dissociation.148 Given the centrally located N atoms of the tpphz bridge, we aim

to identify if N K-edge XANES can provide a local probe of the electron-accepting orbitals on

the bridge phenazine motif, distinct from the acceptor orbitals on the metal-bound ligands.

We present a N K-edge XANES survey of the bimetallic tpphz-bridged assemblies, as shown

in Figure 4.2 (labeled according to their metal centers as M-M′), as well as the monometallic

molecular subunits that comprise the dyads (with and without bridge-mimicking phenazine-
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containing ligands) and the corresponding unbound ligands. We observe distinct pre-edge

absorption peaks that can be mapped to different N sites in the assemblies and identify the

origins of their energetic separation by comparison with time-dependent density functional

theory (TDDFT) spectral simulations. We find that N K-edge XANES not only is sensitive

to metal-bound vs unbound N atoms in the dyads but also is a sensitive probe of the degree

of ligand-to-metal σ-donation for metal-bound polypyridyl ligands and structural distortion

of the tpphz bridge.

Figure 4.2: (a) Molecular structures of the tpphz-bridged bimetallic dyads, M-M′, inves-
tigated herein. (b) Molecular structures of the monometallic chromophore and catalyst
complexes linked by tpphz in the dyads. Representative monometallic complexes, as listed
below each structure, were also measured as references to aid in spectral interpretation. The
full names and complete structures of each measured monometallic subunit, as well as of the
measured unbound ligands, are listed in Supporting Information in Ref. 3
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4.2 Methods

The molecular structures of all studied compounds, their name abbreviations, and synthesis

details of the complexes can be found in Ref 3 and the supporting information therein.

4.2.1 N K-edge X-ray Absorption Spectroscopy

N K-edge XANES measurements were performed at two beamlines: beamline 7.3.1 at the

Advanced Light Source (ALS) and beamline 8-2 at the Stanford Synchrotron Radiation

Lightsource (SSRL). The solid samples were ground to a fine powder, applied to a carbon

tape, and mounted on an Al sample stick. All data were recorded at room temperature in a

vacuum chamber by scanning under incident X-ray energy and detecting the total electron

yield (TEY) by measuring the drain current through the conductive sample mount. The

spectra are normalized to the incident X-ray flux measured before taking the sample and

represent an average of 3–9 measurements per sample. Both end stations employ spherical

grating monochromators with an energy resolution of ∼0.2 eV. The scan-to-scan drift of the

monochromator was corrected by applying an energy shift determined from simultaneous

measurement of an in-line reference sample (SSRL data) or by measurement of a reference

sample between each set of three scans (ALS data). Due to monochromator drift during data

collection, we assign a ±0.05 eV confidence interval to the peak energies. Periods of larger

drift were excluded from the data to avoid energy drift effects within a single scan (scan-

to-scan shift of >0.1 eV excluded). Absolute energy calibration was achieved by setting the

lowest energy peak of [Ru(bpy)3]
2+ to 398.5 eV, which was determined against the internal

reference NiF2 using the second harmonic of the Ni L3-edge peak at 426.35 eV. The pre-edge

peak energies were determined by fitting pseudo-Voigt distributions to the pre-edge peak

region of 395–402 eV. The uncertainty from the peak-fitting is significantly smaller than the

uncertainty of 0.05 eV due to monochromator instability.
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4.2.2 DFT Calculations

All calculations were performed using the GAUSSIAN 16149 package. We used the ωB97X-D

functional16 with the LANL2DZ effective core potential (ECP) and the corresponding basis

set87 on metal atoms and 6-31G(d) on non-metal atoms for geometry optimization and N

K-edge simulations. The choice of the functional and basis set has been proven suitable

for bimetallic systems in previous studies.5,92,101 The optimized structures were confirmed

as true minima by frequency calculations. Natural transition orbital (NTO)110 and natural

population150 analyses were carried out to reveal the origin of excitations and peak energy

differences, respectively. Energy-specific TD-DFT151 was used to compute N K-edge spectra.

All calculated spectra are shifted by 9.81 eV to match the experimental [Ru(bpy)3]
2+ pre-

edge peak energy. The N K-edge peak spacing is slightly overestimated in the simulations

compared to the experiment, which is attributed in part to the intrinsic self-interaction errors

of TD-DFT.152

4.3 Results and Discussion

4.3.1 Site Specificity of N K-edge XANES in Tpphz-bridged Bimetallic Assemblies

For multiple occurrences of N within a single tpphz-bridged donor/acceptor assembly, we

observe that the unique sets of metal-bound N atoms and tpphz phenazine N atoms have

distinct N K-edge XANES pre-edge features, as shown in Figure 4.3. This enables one

to map the unoccupied ligand-based electronic structure with very high spatial specificity,

separately probing the electron-accepting valence orbitals of the donor, bridge, and acceptor

motifs involved in the excited state electron transfer.

Figure 4.3 (a) and (b) show the spectra of a tpphz-bridged [Ru–Cu]3+ assembly, as

recently synthesized by the Mulfort group and investigated for its excited state electron

transfer processes.1[Ru–Cu]3+ is selected as an illustrative due to the clear energetic spacing

between the three pre-edge peaks of the three sets of unique N atoms: Cu-bound N, Ru-

bound N, and bridge phenazine N atoms. The experimental (Figure 4.3 (a)) and calculated
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Figure 4.3: Experimental (a) and TDDFT calculated (b) N XANES spectra
of donor–bridge–acceptor catalyst [Ru–Cu]3+ (black) and its molecular constituents:
[Cu(mesphen)(phen)]+ (green) showing the peak attributed to Cu-bound N atoms, [Cu(mes-
phen)(taptp)]+ (blue) showing the phenazine N peak in addition to the Cu-bound N peak,
and [Ru(bpy)3]

2+ (orange) showing the Ru-bound N peak. (c) Experimental N XANES
spectra of other tpphz-bridged bimetallic dyads. The dashed lines indicate peak assignment:
phenazine N (blue), Cu-bound N (green), 4d metal-bound N (orange), and 5d metal-bound
N (purple).
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(Figure 4.3 (b)) N K-edge XANES spectra of [Ru–Cu]3+ (black trace) and its molecular

building blocks (colored traces) are shown separately. The assignment of each pre-edge peak

to a specific set of N atoms can be made directly by a comparison of the measured spectra of

[Ru–Cu]3+ with those of the individual molecular components. The highest energy pre-edge

peak of [Ru–Cu]3+ (Figure 4.3 (a), black) at 398.51 eV is due to the six near-degenerate

Ru-bound N atoms, as evidenced by the comparison with the corresponding [Ru(bpy)3]
2+

monomer (orange) and its single pre-edge peak at 398.53 eV. The middle [Ru–Cu]3+ peak

at 397.86 eV is due to the four Cu-bound N atoms, as can be seen from the alignment with

the corresponding single pre-edge peak in the [Cu(phen)(mes-phen)]+ monomer (green) at

398.05 eV. The lowest energy peak in the [Ru–Cu]3+ spectrum at 397.26 eV is due to the

two degenerate N atoms on the phenazine portion of the tpphz bridge. This is clear from

the appearance of the low energy peak in [Cu(phen)(taptp)]+ (blue) at 397.23 eV upon the

addition of the phenazine-containing taptp ligand (relative to [Cu(phen)(mes-phen)]+).

These mappings of the pre-edge peaks to distinct sets of N atoms are also confirmed

by the TD-DFT calculations of N K-edge XANES spectra for the same [Ru–Cu]3+ dyad

and molecular subunits, which reproduce the measured spectra as shown in Figure 4.3(b).

The transitions underlying the simulated spectra (sticks in Figure 4.3(b)) are investigated in

more detail to identify the acceptor orbitals contributing to each absorption peak. This is

illustrated by the natural transition orbitals (NTOs), which are generated from the acceptor

orbitals involved in each of the electronic transitions and are shown below the [Ru–Cu]3+

spectrum in Figure 4.3(b). From the NTO analysis, we determine that the phenazine N peak

at 397.23 eV originates from transitions of the phenazine N 1s electrons to the lowest-lying

unoccupied orbital of the molecular dyad, a π∗ orbital localized across the three rings of

the phenazine subunit of tpphz. The Cu-bound N peak at 398.05 eV is due to transitions

of the Cu-bound N 1s electrons to an unoccupied π∗ orbital delocalized across the phenan-

throline portions of the mes-phen and tpphz ligands. We find that the calculated transitions

corresponding to the mes-phen ligand cannot be resolved from those of the Cu-bound phenan-

throline portion of tpphz. The Ru-bound N peak at 398.53 eV is due to the transitions of
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the Ru-bound N 1s electrons to the unoccupied π∗ orbitals of the bipyridine ligands and

closest phenanthroline portion of tpphz. Again, we are unable to resolve separate absorp-

tion features distinguishing transitions of the Ru-bound bipyridine ligands vs the Ru-bound

phenanthroline portion of tpphz. The findings of this NTO analysis are generally applicable

across the full range of complexes. The measured spectra of the additional tpphz-bridged

bimetallic dyads are shown in Figure 4.3(c).

The TD-DFT calculations were further used to investigate the source of the energetic

splitting of the three peaks in the [Ru–Cu]3+ spectrum by calculating the transition energy

and the energy of the underlying N 1s and π∗ acceptor orbitals. We find that the stabilization

of the tpphz phenazine N peak relative to the metal-bound N peaks is primarily driven by a

difference in the energies of their respective π∗ acceptor orbitals. Consistent with previous

work,76,77the lowest unoccupied orbital of the dyads is delocalized across the phenazine por-

tion of the tpphz bridge, resulting in its lower energy pre-edge peak. This is generalizable

across all dyads measured in this work (as shown in Fig. 3(c)). In contrast, we find that

the transitions of the different metal-bonded N atoms appear at distinct energies primarily

due to varying degrees of stabilization of the metal-bound N 1s orbitals. This trend of N

1s stabilization is generalizable across the range of 3d-to-5d metals measured herein but is

metal-dependent, as discussed in the next section.

4.3.2 Metal-dependence of the Metal-bound N Peak Energy: Probe of Ligand-to-metal σ

Donation

It is apparent from the dyad spectra shown in Figure 4.3(c) that the pre-edge peak ener-

gies corresponding to the metal-bound N atoms of the bimetallic dyads are highly metal-

dependent and increase for 3d < 4d < 5d metal-bound N sites of the dyads. Here, we explore

the underlying reason for this observed metal dependence. The trend is investigated more

explicitly, as shown in Figure 4.4(a), which plots the fitted N XANES pre-edge peak energies

for N atoms bonded directly to the metal center but only considers the monometallic sub-

units or homo-bimetallic dyads to avoid any challenges associated with fitting closely spaced
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peaks in the hetero-bimetallic dyads. Both experimental (solid black circles) and simulated

(open red circles) peak energies are shown. Additionally, the peak energy of the unbound

mes-phen ligand is included to highlight the influence of metal binding more generally. The

associated experimental and simulated spectra for representative homo-bimetallic complexes

of 3d ([Cu–Cu]2+), 4d ([Ru–Ru]4+), and 5d ([Os–Os]4+) metal systems are shown in Fig-

ure 4.4(b). In general, simulated spectra show excellent agreement with the experimental

trends. The same general trend noted for the heterobimetallic dyads is shown in Fig. 4(a):

metal coordination shifts the N pre-edge peak toward a higher energy and the extent of that

shift increases as one goes from N atoms bound to 3d < 4d < 5d metals. Given the agree-

ment between the calculated and experimental results, the TD-DFT calculated transitions

are investigated in detail to understand the origin of the observed trend.

Generally, the TD-DFT calculations show that both core and unoccupied orbitals are

significantly stabilized upon metal binding (and increasingly from 3d-to-5d metal bind-

ing) through a combination of long-range electrostatic and local chemical bonding effects.

The electrostatic effect was isolated by simulating the spectra of the Ru-bound N atoms of

[Ru(bpy)2(tpphz)]
2+ in the presence of a point charge to mimic the introduction of a sec-

ond positively charged metal ion, as shown in Figure 4.5. The presence of the point charge

does not significantly change the calculated transition energy (compared to the magnitude

of change shown in Figure 4.4) but results in significant stabilization of both the N 1s and

ligand π∗ orbitals. In contrast, we experimentally observe that metal binding to the ligand

N atoms shifts the pre-edge peak toward higher energy, indicating that the N 1s stabilization

is greater than the ligand π∗ stabilization (Figure 4.4(c)). This difference from the purely

electrostatic behavior is attributed to the local chemical bonding interactions between the

ligand N and bonded metal.

Overall, we observe that this larger degree of stabilization of the N 1s orbital relative to the

ligand π∗ is responsible for the increasing transition energies of the unbound < 3d < 4d < 5d

metal-bonded ligands. This trend is consistent with the dominant σ-donating character of

polypyridyl ligands,153 such that the ligand-to-metal σ donation increases the effective charge
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Figure 4.4: (a) Experimental (black circles) and TD-DFT calculated (red hollow circles) N
pre-edge peak energies for a series of mono- and bimetallic molecules. The vertical lines
highlight a comparison of 3d vs 4d vs 5d metal-bound N atoms, where the line indicates the
average value of all data points for each metal type. (b) Computed (top) and experimental
(bottom) N XAS spectra for [Cu–Cu]2+, [Ru–Ru]4+, and [Os–Os]4+. Experimental spectra
are normalized to the phenazine N bridge pre-edge peak at 397.2 eV, where all three com-
plexes have an equivalent number of N atoms (N = 2). (c) Plot of the transition energy
(left axis, experimental in black circles and calculated in open red circles) and underlying
calculated relative orbital energies (right axis, N 1s in dark blue line and lowest unoccupied
π∗ orbital in cyan line). This plot illustrates that the increase in the N peak energy derives
from a greater stabilization of the N 1s orbital (dark blue) relative to the electron-accepting
π∗ orbital (light blue). For clarity, the calculated N 1s orbital (dark blue) and π∗ orbital
(light blue) energies are plotted on a shared right axis such that the energies align for the
mes-phen molecule.



54

Figure 4.5: Electrostatic effect simulated by a point charge model. (a) A positive charge
is placed at the Pt coordinate in a RuPt complex, with Pt moiety removed. (b) The Ru-
bound N 1s orbital energies (left axis, black dot) and electron-accepting orbital energies
(right axis, blue crosses) are calculated with varied point charge values. (c) The bpy and
phen π∗ electron-accepting orbitals.

of the ligand N atoms and stabilizes the N 1s core levels (due to decreased shielding in nuclear

charge). As stronger metal-ligand interactions are expected for the more diffuse 5d and 4d

metal orbitals,154 increasing the σ donation with respect to the 3d metals is reflected by

the increasing degree of N 1s stabilization (and the resulting increase in the pre-edge peak

energies). The calculated natural charges of the metal-bound N atoms partially support the

correlation between the effective charge of the N atoms and the measured and calculated

transition energies, as shown in Figure 4.6. A large positive increase in N effective charge is

predicted for the 4d and 5d bound N atoms relative to the Cu-bound N atoms; however, no

systematic trend is predicted between the 4d vs 5d bound N atoms. Weaker contributions

of metal-to-ligand π backdonation, which also increases for the 5d metals, could also affect

the N pre-edge peak energies. However, we suggest that the resulting spectral shift would be

minor as the destabilization of the π∗ accepter orbital and reduction of the N atom effective

charge (leading to destabilization of the N 1s core level) would have opposing effects on the N

1s-to-π∗ transition energy. We note that neither trend is predicted by the TD-DFT results,

as shown in Figure 4.4(c). The effect of π backdonation could be investigated by a rigorous

comparison of the N K-edge for a single metal with a series of increasingly π-accepting
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ligands.

Figure 4.6: Natural Charge analysis computed from DFT calculation, plotted against mea-
sured (black circles) and calculated (hollow red circles) pre-edge peak energy for the M-bound
N atoms.

Although the present study focuses on a limited subset of metal–polypyridyl complexes,

many of the trends reported here are consistent with the previous reports of N K-edge XANES

for similar classes of molecules. For example, the metalation of porphyrin, bipyridine, and

phenanthroline ligands is known to shift the pre-edge peak toward a higher energy, consistent

with the comparison of unbound and metal-bound ligands reported here.139,143,145 While only

complexes of a single 3d metal (Cu) were measured here, the previous work demonstrated a

large spread of ∼0.5 eV in the N pre-edge peak energies of metalloporphyrins across the 3d

periodic row.138 The N pre-edge was found to increase (Mn < Fe < Co) and then decrease

(Co > Ni > Cu > Zn), moving across the row and the transition energy correlated with

N 1s stabilization and increasing the effective charge of the porphyrin N atoms, assigned

on the basis of comparison with DFT calculations, and in agreement with the origins of

the trends presented herein. We briefly explore the variation in the 3d metal-bound N
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peak energies by varying the oxidation state of Cu in [Cu(mes-phen)(phen)]n+ from Cu(I)

to Cu(II) shown in Figure 4.4(a). As expected, Cu oxidation results in a shift toward a

higher energy of the N pre-edge peak (by 0.13 eV) due to the increased ligand-to-metal σ

donation (in this case, due to stabilization of the 3d orbitals) and resulting stabilization of

the N 1s energy. We did not observe large variations or obvious trends within the few 4d

or 5d metal complexes investigated here (d6 to d8). Instead, the largest variations observed

in our survey are found as one moves down the period from 3d to 4d to 5d metals. The

same trend was reported in the comparison of the N spectroscopy of Fe and Ru polypyridyl

and porphyrin complexes,138 and also appears to be generally observed in a large survey of

metal–tris(bipyridine) complexes by Lukens et al.,139,141 although not reported specifically.

That the origin of the metal-dependent transition energies is attributed to N 1s stabilization

here is further supported by a previous N K-edge X-ray photoelectron spectroscopy study,

observing an increasing binding energy of the N 1s electron for Os > Ru > Fe [M(bpy)3]
2+

complexes.

In summary, we find that the N K-edge XANES spectra have sufficient specificity to

distinguish unique N sites in tpphz-bridged bimetallic dyads. The presence of the low-energy

acceptor orbital on the tpphz phenazine motif results in the significant stabilization of the

phenazine N pre-edge peak, making it a well-resolved probe of bridge electronic structures.

In addition, the sensitivity of the metal-bound N pre-edge peak to the presence and strength

of metal-ligand bonding interactions enables sufficient separation to specifically probe the

3d/4d/5d-bound ligands that participate in metal-ligand and ligand–bridge electron transfer.

This specificity to unique N sites will now enable the evaluation of electronic couplings of

the molecular constituents across a range of tpphz-bridged donor/acceptor assemblies. In

the future, this spectroscopic distinction could additionally be used in the time domain to

probe the intra-ligand excited state electron transfer processes that drive charge separation

and the effects of multiple charge accumulation on the assemblies during catalysis.
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4.3.3 Evaluation of Electronic Coupling between the Molecular Subunits of Tpphz-bridged

Donor/acceptor Assemblies

With the above-mentioned assignments of the N K-edge XANES features, we now investigate

how the combination of molecular subunits affects their intrinsic electronic structures. We

check for electronic coupling between the unoccupied states of the phenazine and phenan-

throline motifs by looking for changes in their respective pre-edge peaks when combined.

First, the effect of adding the conjugated phenazine moiety on the metal-bound phenan-

throline ligands was evaluated. The metal-bound N pre-edge peak position was compared for

monometallic complexes with either a phenanthroline (phen) or a dipyridophenazine (dppz)

ligand, where dppz extends the phenanthroline ligand with a phenazine motif that emulates

the central structure of the tpphz bridge. For a series of M-phen and M-dppz bound com-

plexes with M = Cu, Ru, Rh, Pd, Pt, we find that addition of the phenazine bridge motif has

a negligible effect (< 0.05 eV) on the energy of the metal-bound N pre-edge peak. Second,

for a series of heterobimetallic Ru–M′ dyads ([Ru–Ru]4+, [Ru–Cu]3+, [Ru–Pt]2+, [Ru–Pd]2+,

[Ru–Rh]3+), we investigated the influence of the second metal (M′) linkage on the Ru-bound

N preedge peak energies. Again, no significant effects (< 0.07 eV) were observed upon varia-

tion of the M′ acceptor motif or metal. The TD-DFT calculated N peak energies agree with

the experimental results. From the lack of spectral changes observed, we infer that there

is no significant ground state electronic coupling (above our ∼50 meV energy uncertainty)

between the metal-bound ligands of the donor and acceptor sites or with the phenazine

unit of the tpphz bridge. This is consistent with the previous conclusions drawn from op-

tical and electrochemical characterization, finding that neither the metal-to-ligand charge

transfer band in UV–Visible absorption nor the redox potentials of the Ru–polypyridyl chro-

mophores are influenced by the addition of the acceptor moiety in [Ru–Cu]3+,1 [Ru-Rh]3+,135

[Ru–Pt]2+,155[Ru–Pd]2+,156 or [Ru–Os]4+.75

Surprisingly, we do observe a significant variation in the lower energy pre-edge peaks

of the tpphz phenazine N atoms as a function of metal ligation and metal identity in the
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tpphz-bridged M-M′ dyads, as shown in Figure 4.7. We find that any metal complexation to

tpphz shifts the phenazine N pre-edge peak toward a lower energy compared to the unbound

ligand, as observed in both measured and simulated spectra. Analysis of the orbital energies

underlying the predicted transitions shows that the presence of metal ions has the same

electrostatic effect described above for the metal-bound N peaks, stabilizing both the N 1s

and lowest unoccupied valence orbitals. A slightly larger stabilization of the valence orbital

relative to the 1s results in a small decrease in the transition energy. This decrease was also

observed in the point-charge model (Figure 4.5), which found that the unoccupied valence

orbitals were slightly more stabilized than the N 1s in the presence of a positive point charge.

Figure 4.7: (a) Experimental (black circles) and calculated (red hollow circles) phenazine N
pre-edge peak energies for the bridge phenazine nitrogen in M-tpphz-M′ dyads, grouped by
molecular geometry. (b) Geometric crystal structures of [Ru–Au]3+ (top)4 and [Os–Os]4+

(bottom),5 showing flat vs twisted tpphz bridges. (c) Calculated (top) and experimen-
tal (bottom) N XANES spectra for [Ru–Ru]4+, [Ru–Pd]2+, and unmetallated tpphz. The
experimental spectra are normalized to the phz bridge pre-peak at 397.2 eV, where both
[Ru–Ru]4+ and [Ru–Pd]2+ have equivalent numbers of N atoms (N = 2).

Further variation in the phenazine N pre-edge peak position is observed as a function of

the donor/acceptor metal complex identities. However, looking across the series of bimetal-

lic complexes, there exists no obvious trend as a function of metal identity (3d vs 4d vs

5d). Furthermore, no similar metal-dependent trend is observed in the phenazine N peaks of

the monometallic M-dppz bound complexes (variation < 0.08 eV). Thus, we consider that
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this is not an electronic effect based on the specific metal attached but perhaps instead is

a structural effect based on the coordination geometries of the two metals and the result-

ing intermolecular interactions in the solid state. Indeed, we find that the observed trend

can be understood when the complexes are grouped by molecular geometries, as shown in

Figure 4.7(a). We hypothesize two possible reasons for this structural effect as follows: (1)

strain induced on the tpphz ligand or (2) π-stacking interactions between tpphz ligands.

First, in the crystalline forms of the dyads measured herein, distortions of the tpphz

planarity depend on the geometry of the bound metal complexes. This was demonstrated

by crystallography, finding waving or twisting distortions across tpphz for [Ru–Ru]4+ and

[Os–Os]4+, respectively (as shown in Figure 4.7(b)), and a primarily bowing distortion across

tpphz for [Ru–Cu]3+ and [Os–Cu]3+.5 Although the crystal structures of the octahedral-

square planar [Ru–Rh]3+, [Ru–Pd]2+, and [Ru–Pt]2+ dyads have not been reported, the

structure of an analogous [Ru–Au]3+ dyad (as shown in Figure 4.7(b)) shows that the square

planar motifs place little steric constraint on the bridge, resulting in minimal distortions

from planarity.4 The TD-DFT simulated spectra do not reproduce the experimental trend.

However, this is not surprising as DFT was previously shown to underestimate the geometric

distortion across the tpphz bridge as compared to the crystallographic geometries for these

systems, as the distortions are largely induced by inter-molecular interactions in the crystal.5

Therefore, it is possible that increasing tpphz structural distortion away from planarity

decreases the energy of the bridge phenazine N pre-edge peak.

Second, intermolecular π interactions between tpphz ligands were demonstrated by X-

ray crystallography for [Ru(bpy)2(tpphz)]
2+, which formed π-stacked dimers.157 While these

dimers may be hindered for complexes containing bulky octahedral and tetrahedral ligand

environments, they may occur more readily in the octahedral-square planar dyads. We

suggest that it is also possible that π-stacking interactions between dyads increase the energy

of the phenazine N pre-edge peak.
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4.4 Conclusion

A nitrogen K-edge XANES survey of tpphz-bridged heterobimetallic assemblies that couple

chromophore and catalyst transition metal complexes for light-driven catalysis, as well as

their individual molecular constituents, is presented herein. We demonstrate a high speci-

ficity to the unique N sites in the N pre-edge XANES features, which are energetically

well-separated for the tpphz bridge phenazine N atoms, and the donor and acceptor metal

inner coordination sphere ligands. By comparison with the TD-DFT calculated spectra, we

determine the origins of the differentiable spectral features observed. In a complement to the

previous work probing N XANES in 3d5−10 coordination complexes,138 we find that metal

coordination generates large shifts toward higher energy for the metal-bound N atoms, with

increasing shifts for 3d < 4d < 5d metal bonding. This is attributed to increasing ligand-

to-metal σ donation that increases the effective charge of the bound N atoms and stabilizes

the N 1s core electrons. In contrast, the tpphz phenazine N pre-edge peak is found at a

lower energy due to its low energy electron-accepting orbital localized on the phenazine mo-

tif. While the spectra do not indicate any sensitivity to the electronic coupling between

molecular components, they are sensitive to structural distortions of the tpphz bridge away

from planarity.

The mapping of distinct N XANES peaks to bridges, donor ligands, or acceptor ligand

N atoms enables one to separately probe the unoccupied electronic structure of the accep-

tor orbitals that participate in the metal-ligand and intra-ligand electron transfer processes

that underpin the excited state charge separation in these photocatalytic assemblies. This

report sets the stage for time-resolved N XANES experiments, which could potentially follow

the redistribution of charge across chromophores, bridges, and catalyst ligands in real time.

While several former studies demonstrated the use of time-resolved N K-edge XANES to track

charge localization on the ligand following optical excitation of monometallic species,140,142,146

our results here show that these efforts can be extended to heterobimetallic dyads, maintain-

ing a high spatial specificity even in systems with multiple unique sets of N atoms. Future
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work will make use of the well-separated pre-edge peaks of the donor, bridge, and acceptor

motifs to monitor the dynamics and localization of charge across the tpphz ligand during

the first steps of photocatalysis.
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Siewerth, K.; Dietzek-Ivanšić, B.; Rau, S. et al. Site-specific Electronic Structure of

Covalently Linked Bimetallic Dyads from Nitrogen K-edge X-ray Absorption Spec-

troscopy. J. Chem. Phys. 2024, 160, 084307.

[4] Sorsche, D.; Schaub, M.; Heinemann, F. W.; Habermehl, J.; Kuhri, S.; Guldi, D.;

Guthmuller, J.; Rau, S. π-Stacking Attraction vs. Electrostatic Repulsion: Compet-

ing Supramolecular Interactions in a Tpphz-bridged Ru (ii)/Au (iii) Complex. Dalton

Trans. 2016, 45, 12846–12853.

[5] Xie, Z.-L.; Liu, X.; Valentine, A. J. S.; Lynch, V. M.; Tiede, D. M.; Li, X.; Mulfort, K. L.

Bimetallic Copper/Ruthenium/Osmium Complexes: Observation of Conformational

Differences Between the Solution Phase and Solid State by Atomic Pair Distribution

Function Analysis. Angew. Chem. Int. Ed. 2022, 61, e202111764.

[6] Thomas, L. H. The Calculation of Atomic Fields. Math. Proc. Cambridge. 1927; pp

542–548.



63

[7] Fermi, E. Un Metodo Statistico per la Determinazione di Alcune Priorietà dell’Atomo.
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[153] Josephsen, J.; Schäffer, C. E. The Position of 2,2’-bipyridine and 1,10-phenanthroline

in the Spectrochemical Series. Acta Chem. Scand. 1977, 31a, 813–824.

[154] McCusker, J. K. Electronic Structure in the Transition Metal Block and Its Implica-

tions for Light Harvesting. Science 2019, 363, 484–488.



81

[155] Habermehl, J.; Nauroozi, D.; Martynow, M.; Vilk, Y. E.; Beranek, R.; Guthmuller, J.;

Rau, S. Synthesis and Hydrogen Evolving Catalysis of a Panchromatic Photochemical

Molecular Device. Sustainable Energy Fuels 2020, 4, 619–624.

[156] Rau, S.; Schafer, B.; Gleich, D.; Anders, E.; Rudolph, M.; Friedrich, M.; Gorls, H.;

Henry, W.; Vos, J. G. A Supramolecular Photocatalyst for the Production of Hydrogen

and the Selective Hydrogenation of Tolane. Angew. Chem. Int. Ed. 2006, 45, 6215.

[157] Karnahl, M.; Kuhnt, C.; Ma, F.; Yartsev, A.; Schmitt, M.; Dietzek, B.; Rau, S.;

Popp, J. Tuning of Photocatalytic Hydrogen Production and Photoinduced In-

tramolecular Electron Transfer Rates by Regioselective Bridging Ligand Substitution.

ChemPhysChem 2011, 12, 2101–2109.


