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Abstract

Understanding the Local Solvent Environment of Biologically Relevant Iron-Nitrosyl Systems
through Two-Dimensional Infrared Spectroscopy
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Chair of the Supervisory Committee:
Associate Professor Munira Khalil
Department of Chemistry

Iron-nitrosyl systems, particularly in the form of heme proteins, with their iron metal
active sites play an important role in biological systems. Heme proteins act as storage,
transporters, and receptors for nitric oxide (NO), a signaling molecule that is important in
immune, nervous, and cardiovascular systems of mammals. By better understanding the local
environment of the active site of NO binding heme proteins we can gain insight into disease in
which the NO pathways have been implicated. This is an important step to being able to develop
pharmaceuticals targeting NO pathways in humans.

Sodium nitroprusside ((SNP, Nay[Fe(CN)sNQO]-2H,0) is investigated as a model system
for the active site of nitric oxide binding heme proteins. Using two-dimensional infrared
spectroscopy (2D IR) to obtain dephasing dynamics of the nitrosyl stretch (o) in a series of

solvents we are able to better understand the local environment of the more complicated



metalloproteins. Rigorous line shape analysis is performed by using nonlinear response theory to
simulate 2D IR spectra which are then fit to experimental data in an iterative process to extract
frequency-frequency correlation functions (FFCFs). The time scales obtained are then correlated
to empirical solvent polarity parameters. The analysis of the 2D IR lineshapes reveal that the
spectral diffusion timescale of the wo in SNP varies from 0.8 — 4 ps and is negatively correlated
with the empirical solvent polarity scales.

We continue to investigate NO binding of metalloproteins through 2D IR experiments on
nitrophorin 4 (NP4). NP4 is a pH-sensitive NO transporter protein present in the salivary gland
of the blood sucking insect Rhodius prolixus which undergoes a pH sensitive structural change
between a closed and open conformation allowing for the storage and delivery of NO. The two
structures are observed spectroscopically as two distinct pH-dependent vyo frequencies at ~1904
and ~1917 cm™. We obtain FFCFs by globally fitting experimental 2D IR spectra to signals
calculated using a third-order nonlinear response formalism. The open conformation has
frequency-frequency correlation timescales of ~1 ps and ~100 ps under both acidic and basic
conditions. The closed conformer has pH dependence with fast time scales of 3.0 ps (pH 5.1) and
1.4 ps (pH 7.9) with a static component present under both conditions. The dephasing dynamics
of NP4 can be correlated to the local solvent environment within the distal pocket providing
quantitative confirmation to the presence and absence of water molecules in two conformers

under both pH conditions.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The chemistry of life is inherently solution phase chemistry and the solvent is water. The
presence, properties, and arrangement of water molecules in both the intra- and extracellular
matrix of living organisms play an important role in cellular reactions. In addition to water other
molecules within the system can interact with enzymes affecting the overall function of a
protein, often times this is the mode of action for pharmaceuticals. By understanding how the
local environment affects protein function we can improve our understanding of what goes right

and wrong in biological pathways resulting in disease.

At the heart of the work presented in this dissertation is the basic question: what can we
learn about the environment of molecules by how they interact with light? The characteristics of
electromagnetic radiation absorbed, scattered, and emitted from molecules allows us study basic
properties of matter. Spectroscopy is one of the most powerful tools we have to study complex
molecules as it is both sensitive and specific. We use time-dependent infrared spectroscopies that
probe the interaction of light with the molecular vibrations of molecules in order to understand

the solvent environment of biologically relevant iron-nitrosyl systems.

1.2 Nitric Oxide and Iron Systems

Nitric oxide (NO) plays an essential role in biological systems as a signaling molecule
which has been implicated in a wide range of pathways in the immune, nervous, and

cardiovascular systems. Iron-nitrosyl proteins play the central role in storage, transportation, and



sensing of NO within living systems.! The protein soluble guanylyl cyclase (sGC) is the major
intracellular target of NO in eukaryotes, playing an important physiological role regulating many
processes including vasodilation and neurotransmission. The binding of NO to the heme in sGC
begins the signaling cascade which synthesizes of the second messenger cyclic GMP (cGMP)
from quanosine-5’-triphosphate (GTP). The significance of the NO-cGMP signaling pathway in
diseases such as hypertension, congestive heart failure, and chronic renal disease make it an
important and active area of research in the health sciences.! The sGC protein is part of the larger
H-NOX (heme nitric oxide/oxygen binding) protein family. H-NOX proteins include important

heme sensing proteins that have been isolated from both prokaryotes and eukaryotes.

In order to build the toolset we need to fully utilize the correlation of ultrafast dynamics
to the local environment in complex heme protein systems such as sGC we begin with a model

iron-nitrosyl system: sodium nitroprusside (SNP). The molecular structure of SNP is shown in
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Figure 1.1 Molecular structure of sodium nitroprusside

Figure 1.1. SNP is an excellent model system for the study of iron-nitrosyl systems because it
contains only one NO ligand and has a six coordinate structure. Both our group and others have
extensively studied SNP.%® Further work presented in this thesis has looked in depth into the
protein nitrophorin 4 (NP4), which is used as a NO storage and transport protein in the salivary
gland of the blood sucking insect Rhodnius prolixus. NP4 is a pH-sensitive heme protein which

2



undergoes a large conformational change from the insect saliva pH of ~5 to the human blood pH
of ~7. As a result the protein tightly binds the highly reactive NO molecule when in the salivary
gland, where it would it could cause oxidative damage, but while sucking the prey’s blood, the
increase in pH induces a structural rearrangement of the protein that allows NO release. The

release of NO causes vasodilation allowing the insect to have a more readily available meal.

The advantage of an infrared technique in studying the active site of proteins comes from
the specificity of the experiment and the measurable timescales. Ultrafast experiments in the
mid-IR are able to measure structural changes in molecules happening on the picosecond to
femtosecond timescales. Infrared probes are also sensitive to the local environment and can be
selected and probed independently of other molecular processes. In the case of Fe-NO systems,
you can directly measure the NO stretching mode which allows for monitoring of the system
without the addition of chromophores. In Fe-NO systems we can specifically excite the NO
stretching frequency and then watch the evolution of the vibration over the time scale of solvent
reorganization and larger structural reorganization. Heme proteins have been extensively studied
by probing the Fe-NO motif in proteins including myoglobin®, horseradish peroxidase’, soluble

guanylyl cyclase, as well as nitrophorins®® demonstrating that the V\o Vibration is a sensitive

probe within the protein active site.
1.3 Outline of Thesis

The experiments and analysis described in this work walks through the background of
lineshape analysis in two-dimensional infrared (2D IR) experiments and then applies rigorous
lineshape analysis to increasingly complex systems. A detailed explanation of the 2D IR

lineshape analysis which | have applied to iron-nitroysl systems is provided in Chapter 2. A



thorough look at the vibrational dephasing dynamics of SNP, which we have correlated to the
local solvent polarity, is covered in Chapter 3. By extending the polarity and dephasing
relationship of the nitrosyl stretching mode of SNP to the dephasing dynamics of the same mode
in NP4 we can better understand the local environment of the distal pocket of the NP4 protein at

two pH conditions. 2D IR studies of nitrophorin 4 are covered in Chapter 4.



REFERENCES

1. Bredt, D. S.; Snyder, S. H., Nitric Oxide: A Physiologic Messenger Molecule. Annual review of
biochemistry 1994, 63, 175-95.

2. Lynch, M. S.; Cheng, M.; Van Kuiken, B. E.; Khalil, M., Probing the Photoinduced Metal-Nitrosyl
Linkage Isomerism of Sodium Nitroprusside in Solution Using Transient Infrared Spectroscopy. Journal of
the American Chemical Society 2011, 133 (14), 5255-5262.

3. Tayama, J.; Ohta, K.; Tominaga, K., Vibrational Transition Frequency Fluctuation of the No
Stretching Mode of Sodium Nitroprusside in Aqueous Solutions. Chem. Lett. 2012, 41 (Copyright (C)
2012 American Chemical Society (ACS). All Rights Reserved.), 366-368.

4, Carducci, M. D.; Pressprich, M. R.; Coppens, P., Diffraction Studies of Photoexcited Crystals:
Metastable Nitrosyl-Linkage Isomers of Sodium Nitroprusside. J. Am. Chem. Soc. FIELD Full Journal

Title:Journal of the American Chemical Society 1997, 119 (11), 2669-2678.

5. Manoharan, P. T.; Hamilton, W. C., The Crystal Structure of Sodium Nitroprusside. Inorganic
Chemistry.
6. Adamczyk, K.; Candelaresi, M.; Kania, R.; Robb, K.; Bellota-Anton, C.; Greetham, G. M.; Pollard,

M. R.; Towrie, M.; Parker, A. W.; Hoskisson, P. A.; Tucker, N. P.; Hunt, N. T., The Effect of Point Mutation
on the Equilibrium Structural Fluctuations of Ferric Myoglobin. Phys. Chem. Chem. Phys. 2012, 14
(Copyright (C) 2012 American Chemical Society (ACS). All Rights Reserved.), 7411-7419.

7. Simpson, N.; Adamczyk, K.; Hithell, G.; Shaw, D. J.; Greetham, G. M.; Towrie, M.; Parker, A. W.;
Hunt, N. T., The Effect on Structural and Solvent Water Molecules of Substrate Binding to Ferric
Horseradish Peroxidase. Faraday Discuss 2015, 177, 163-79.

8. Spiro, T. G.; Soldatova, A. V.; Balakrishnan, G., Co, No and 02 as Vibrational Probes of Heme

Protein Interactions. Coordination Chemistry Reviews 2013, 257 (2), 511-527.



9. Soldatova, A. V.; Ibrahim, M.; Olson, J. S.; Czernuszewicz, R. S.; Spiro, T. G., New Light on No
Bonding in Fe(lii) Heme Proteins from Resonance Raman Spectroscopy and Dft Modeling. Journal of the
American Chemical Society 2010, 132 (13), 4614-4625.

10. Nienhaus, K.; Maes, E. M.; Weichsel, A.; Montfort, W. R.; Nienhaus, G. U., Structural Dynamics
Controls Nitric Oxide Affinity in Nitrophorin 4. The Journal of biological chemistry 2004, 279 (38), 39401-

7.



CHAPTER 2

RIGOROUS LINE SHAPE ANALYSIS THROUGH GLOBAL FITTING OF
TWO DIMENSIONAL INFRARED SPECTRA

2.1 Conceptual Description of a Two-Dimensional Infrared Experiment

It is helpful to have a conceptual picture of 2D IR while discussing the specifics of the

anyalysis of 2D IR experiments. The work presented in this dissertation looks at how the NO

stretching mode (v,,) changes as a function of the local environment. What are the physical

changes and how can we observe those experimentally? How can we use the experimental
observables to make meaningful predictions? It is of course the goal of the studies presented in
this dissertation to be able to apply that knowledge to understand complex systems, but we will

begin simply with a single interaction with infrared light.

Normalized Absorbance

0- -,
1 1 1 1 1
1850 1875 1900 1925 1950 1975
Frequency(cm-1)

Figure 2.1 FTIR of v, stretching mode of sodium nitroprusside in a series of seven solvents.*

The first experimental observation that we make in infrared spectroscopy is to measure
the average frequency of the vibration in question. We can also measure how that the frequency

changes as a function of solvent, which is known as the solvochomatic shift. Consider the
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Fourier transform infrared (FTIR) spectrum of the v, strech of sodium nitroprusside (SNP) in a

series of solvents shown in Figure 2.1 where v, shifts drastically with solvent. As the solvent
changes, the nature of the intermolecular forces between SNP and the solvent change. This
change is observed as a shift in the center frequency of the v,, vibrational mode. A shift in
frequency results from a change in strength of the N-O bond. When describing a molecular

vibration using Hooke’s Law the the spring constant, K, is proportinal to the bond strength as

well as the frequency of oscillation as shown in Equation 2.1 where g is the reduced mass.

1 |k

V=—
2\ 21

The next experimental observation is the linewidths of the peaks, which tell us something about
the distribution of frequencies. The distribution is a result of the underlying dynamics of the

system but the measurement is not easily resolved into molecular level changes. In an FTIR we
see an ensemble average so we see all the possible frequencies of v,, averaged together. We can
gain a deeper understanding of how v, is changing by measuring the frequency changes over

time. The cartoon in Figure 2.2 shows how the stretching frequency changes as a function of

time as the chemical bonds within the molecule vary. The change in frequency from v to o' can

bl

A% Vv

ol o - o oo

_>.

Figure 2.2 Cartoon of metal complex with a vibration v which changes with time 7, ..
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Figure 2.3 Deviation from average vibrational frequency <a)> of an oscillator as a function of

time and a frequency-frequency correlation function.

be caused by the change in the solute-solvent environment, changes in geometry, and energy
distribution in the molecule under study. If we could map how the frequency changes over time
we would have the information to build a movie of how the molecule interacts with the
environment. The way in which we describe the change in the vibrational mode over time is

through frequency-frequency correlations functions (FFCF) of the form of equation 2.2.
C(t)=(so(t)5(0)) 2.2

FFCFs show how well correlated the frequency at some time t is to the frequency at time zero. In
other words, FFCFs tracks how well the mode remembers where it was at the beginning as time

goes on. Figure 2.3 pictorially describes how the frequency of a mode changes in a random walk

about the mean frequency (a)) as a function of time with a corresponding correlation function

that shows how after some correlation time 7, the mode is no longer dependent on where it was

at time zero. We measure FFCFs using 2D IR, where the x axis maps environment of the
molecule at the beginning of the experiment and the y axis shows the environment at the end of
the experiment. FFCFs are backed out from a 2D IR experiment by performing lineshape

analysis. FFCFs obtained in all of the experiments presented in this work are of the form of



equation 2.2 . From the resulting FFCFs the ultimate goal is to tie the dephasing dynamics to

underlying intermolecular interactions and environments.

C, (1) :iAﬁ exp(—ij+@ 2.3

n=1 cn T2

2.2 Calculating Nonlinear Response for 2D IR

In order analyze 2D IR spectra we will simulate 2D IR signals using nonlinear response
formalism. We have drawn upon the nonlinear response formalism published by others and

added (or while adding) simplifications for our system.?® The quantum mechanical description
of nonlinear spectroscopy begins with the Hamiltonian describing the matter ( H,, ), which
describes the molecule, as well as the Hamiltonian describing the coupling that occurs from

classical external fields ( H;, ) shown in equation 2.4.
H,=H,+H,, 2.4

The H,, term is composed of the Hamiltonians describing the system, the bath, and the system

bath interaction.
Hint :,Ll(Q)E(r,t) 2.5

1(Q) is the dipole moment operator and E(r, t) is the electric field of the external radiation (in

our case always an ultrashort mid-IR pulse). The interaction results in a time-dependent material

polarization P(r, t). It is this polarization that we are able to measure during our 2D IR

10



experiments. Those wishing for further detail on derivation of the signal should refer to

references 2 and 3.

The 2D IR experiment measures the third order polarization (P® ) of the sample
resulting in the interaction of the sample with three time-ordered infrared fields. Using nonlinear
response formalism we will build the molecular response from the interaction of the system. For

the sake of this work we will focus on a three level system.

It is often more useful to describe the third-order nonlinear response in a conceptual way,
so we will begin with a conceptual walk through the possible energy transitions that a single
oscillator can undergo in a three level system. Figure 2.4 visually shows all of the transitions
possible with three time ordered light-matter interactions on a three level system. The
understanding given in the energy level diagrams is incomplete because it does not take into

account phase matching in 2D experiments. The Feynman diagrams represented in Figure 2.5

2 2 2
1 1 1
0 0 0

Time

Figure 2.4 A simplified schematic of the possible transitions of a single oscillator in a three-level
system.

describe all of the possible energy states that a three level system can go through in a 3™ order

11



nonlinear experiment in which the phase matching conditions include k, =-k +k,+k; and

k, =k, —k, +k, where subscripts describe the ordering of the pulse sequence.

As shown in the Feynman diagrams in Figure 2.5, in the 2D IR experiment the system

starts out in the ground vibrational state. This is described as o =|0)(0|. We build the response

functions by adding an interaction to the response function for each successive light-matter
interaction. The beginning of the experiment is defined as t =0 and time begins when the first

light pulse interacts with the sample.

The first pulse puts the system into a coherence between the ground and first excited

state, in effect labeling the initial frequency. This initial frequency will be displayed along the

10 10 21
11 00 11
/01 / ?‘:01
00

01
00\ 00\ \

10 10 21
11 00 11
10\ 10 /10
00 /00 /OO

Figure 2.5 Feynman diagrams describing all of the possible transitions giving rise to signal
in a 2D IR experiment. The top row represents the rephasing pathways and the bottom row

represents the non-rephasing pathways which differ by a phase difference of 7 /2.
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o, axis. The coherence oscillates at the frequency corresponding to the energy difference

between the ground and first excited state:

EI_EO 26

The coherence evolves over the time period z,. The second pulse puts the system back into a

population in either the ground or first excited state. This state is allowed to evolve over the time

7, after which the third pulse puts the system back into a coherence, labeling the state of the
system at the time of the third pulse. The time delay 7z, is scanned and Fourier transformed in
order to obtain the @, frequency axis. The vibrational echo emitted from the sample is over-
lapped with a local oscillator field, and then dispersed onto an array detector allowing the w,

axis to be detected spectrally. Each 2D IR spectrum is collected with a set z, time, which is

o
-
[
a
1950
e 19251
S
O
& 1900+
g
1875
1875 1900 1925 1875 1900 1925
o4/27c (cm™) o4/27c (cm™)

Figure 2.6 Underlying distributions giving rise to FTIR and 2D IR spectra at early time (on the
left) and times greater than the correlation time (on the right). The rounding out of the 2D IR

peaks is indicative of spectral diffusion
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then varied over the course of the experiment. The distribution of frequencies evolves as a
function of z, through spectral diffusion. This is evident in 2D IR spectra as the turning and
rounding out of the peak from elongated along the diagonal to a symmetric peak. The change in
lineshape is caused by a change in distribution of the local environment of the reporting mode.
By understanding how the lineshape changes we can understand how the local environment of
the molecule changes. Figure 2.6 shows how the distributions change with increasingz, . The 2D
IR represented in Figure 2.6 demonstrates how the same FTIR spectrum can be represented by
different frequency distributions, a powerful testament to the limitation of using FTIR alone to
understand distributions. Dephasing dynamics and relaxation mechanisms cause the line
broadening which affects the FTIR and 2D IR lineshapes but are more easily observed in the
later 2D IR spectra. Since 2D IR is a time-resolved technique we can watch the dynamics that

give rise to the linewidths present in the FTIR.

2.3 Simulations of 2D IR Spectra

Methods for utilizing third order nonlinear response formalism in order to simulate 2D IR
spectra have been published extensively. Rather than repeat all of equations used, I will highlight

the assumptions and deviations that were utilized in later chapters.

e Harmonic Scaling of Frequency — Frequency Correlation Functions

When assuming harmonic scaling between the correlation functions for 0, 1, and 2

vibrational states are

sz (t) = 2C21 (t) = 2C12 (t) = 4C11 (t) 2.7

14



Our work with SNP revealed that harmonic scaling often does not correctly calculate the
2D IR spectra, particularly when the time scales of the 0 —1 and 1— 2 transitions are
clearly different. When harmonic scaling cannot be used, such as with the nitrosyl stretch
of SNP, an amplitude correction factor can be utilized. To correct for this deviation we
included the scaling factor X resulting in the relationship between correlation functions

shown in Equation 2.8.
C,, () =2xC,, (t) = 2xC,, (t) = 4x°C,, (t) 2.8

Harmonic Scaling of Dipole Moment

In harmonic scaling the relationship between the dipole moment for the 0—1 and 1-2

transitions, u,, and g, , Is

My = ‘Eﬂm 2.9

If the absolute magnitude of the fundamental and overtone do not scale as one would

expect as a result of this approximation, then the transition dipole z,, is assumed to be 1
and the s, dipole is allowed to float with fitting parameters to correct for non-harmonic

scaling.
Assumption of Gaussian Dynamics

It is useful to assume that the underlying dynamics of vibrational modes under study are
Gaussian. This allows an analytical solution for the FFCFs, however this is not always
the case. While this assumption was used in the studies shown in this work it is important

to note that the underlying dynamics in many systems are clearly not Gaussian. Previous

15



work has shown that deviation from Gaussian dynamics can be seen in the wings of 2D
IR peaks.® We do not include any correction to this in the work presented in this thesis,
but the potential deviation from this approximation is seen in the experiments presented

in Chapter 3.

e Harmonic Approximation for Vibrational Lifetimes

Harmonic scaling of vibrational lifetimes has been utilized in all of the work presented.

2.4 Fitting of Experimental and Simulated 2D IR Spectra

In order to obtain the most accurate FFCFs for all of the correlation functions described

in this work normalized simulated 2D IR spectra at all z, times are fit to normalized
experimental spectra while floating the correlation function parameters. Other parameters used to

fit the spectra include the dipole moment(,uiz)and a correction factor for scaling of FFCFs. The

resulting FFCFs obtained are in the form of Equation 3.2. While the time scales were on the
same order of magnitude as those obtained by other lineshape analysis methods, the time scales
obtained by the fitting described in section 2.3 provide a better match with experimental 2D IR.

The scripts used to fit 2D IR experiments are shown in appendix A.
2.4 Other Methods of Lineshape Analysis

The analysis presented in this work has been developed in order to improve on the
current standard of 2D IR analysis where many years of work have continued to improve the
ability of spectroscopists to extract useful and meaningful information from 2D IR. The method
of simultaneously fitting all experimental spectra was used in order to obtain correlation
functions with more confidence than the current analysis techniques used by other groups.
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Several methods of extracting FFCFs from 2D IR spectra have been developed since the
development of 2D IR. Methods used previously to extract correlation functions include: nodal
line slope, center line slope®, index of inhomogeneity®, ellipticity’, slope of phase, and peak shift.
Each method includes limitations. The nodal line slope measures the slope of the line at the node
between the 0 —1 and 1— 2peaks. An obvious limitation of the method is that the slope is
dependent on the correlation functions giving rise to both peaks without a way to decouple them.
This becomes a particularly large issue when it is clear in experimental data that both peaks do
not turn at the same rate. The index of inhomogeneity utilizes the differing amplitudes of the
rephasing and nonrephasing spectra.® At early times the rephasing spectrum has larger amplitude

and as 7, increases they become more similar in amplitude. Often lineshape analysis methods

are used to find time scales and then final amplitude values are found by fitting simulated FTIR

spectra to experimental FTIR as demonstrated by Fayer et al.’

During the analysis of our 2D IR data sets described in great length in later chapters we
found that this is not the most accurate way to obtain FFCFs from our systems. In this work all
FFCFs have been determined by using the center line slope to obtain a first guess of FFCFs and
then nonlinear response formalism is used to simulated 2D IR spectra which are fitted to
experimental 2D IR spectra. The obtained FFCFs are then used to simulate the FTIR in order to

check the goodness of the FFCF.

2.5 Lineshape Analysis in a Two Component System

Obtaining FFCFs by iterative fitting simulated to experimental 2D IR spectra at all 7,

times for a three level system can easily be extended to more complex systems such as proteins
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with multiple conformers. In the event of two non-interacting, non-interconverting modes, such
as in the case of 17,  in the pH-dependent protein nitrophorin 4, you can simulate the 2D IR
spectra using two sets of all of the response functions corresponding to the Feynman diagrams
above. Each set of response functions is independent and FFCFs obtained correspond to those of
each n, peak. It is important to note that all of the work presented within this dissertation
represents non-interacting, non-interconverting modes. In the instance of modes coupling to

other modes response functions for cross-peaks would need to be added to the model. In the case

of interconverting conformers population transfer terms would need to be added.
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CHAPTER 3

THE EFFECT OF SOLVENT POLARITY ON THE VIBRATIONAL
DEPHASING DYNAMICS OF THE NITROSYL STRETCH IN AN FE"
COMPLEX REVEALED BY 2D IR SPECTROSCOPY

The work presented in this chapter has been previously published in

Brookes, J. F.; Slenkamp, K. M.; Lynch, M. S.; Khalil, M. Effect of Solvent Polarity on the
Vibrational Dephasing Dynamics of the Nitrosyl Stretch in an Fe Complex Revealed by 2D IR
Spectroscopy. J Phys Chem A 2013,117 (29), pp 6234-66243.
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The vibrational dephasing dynamics of the nitrosyl stretching vibration (wo) in sodium

nitroprusside (SNP, Nay[Fe(CN)sNO]-2H,0) are investigated using two-dimensional infrared

(2D IR) spectroscopy. The wo in SNP acts as a model system for the nitrosyl ligand found in

metalloproteins which play an important role in the transportation and detection of nitric oxide

(NO) in biological systems. We perform a 2D IR lineshape study of the wpo in the following

solvents: water, deuterium oxide, methanol, ethanol, ethylene glycol, formamide, and dimethyl

sulfoxide. The frequency of the wo exhibits a large vibrational solvatochromic shift of 52 cm™,

ranging from 1884 cm™ in dimethyl sulfoxide to 1936 cm™ in water. The vibrational

anharmonicity of the wo varies from 21 to 28 cm™ in the solvents used in this study. The
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frequency-frequency correlation functions (FFCFs) of the wo in SNP in each of the seven
solvents are obtained by fitting the experimentally obtained 2D IR spectra using nonlinear
response theory. The fits to the 2D IR lineshape reveal that the spectral diffusion timescale of
the wo in SNP varies from 0.8 — 4 ps and is negatively correlated with the empirical solvent
polarity scales. We compare our results with the experimentally determined FFCFs of other
charged vibrational probes in polar solvents and in the active sites of heme proteins. Our results
suggest that the vibrational dephasing dynamics of the wo in SNP reflect the fluctuations of the
non-homogeneous electric field created by the polar solvents around the nitrosyl and cyanide
ligands. The solute solvent interactions occurring at the trans-CN ligand are sensed through the

n-backbonding network along the Fe-NO bond in SNP.

3.1 INTRODUCTION

The spectral positions, amplitudes, and lineshapes of molecular vibrational absorption
bands are extremely sensitive probes of a molecule’s environment. There is a growing body of
experimental and theoretical work aimed at understanding how heterogeneous fluctuating
electric fields produced by polar solvents and/or biological molecules are measured by the
vibrational frequency shifts and dephasing dynamics of small neutral and charged IR active

probes.’® Time-dependent vibrational frequency shifts of an IR active vibration () are encoded
in the frequency-frequency correlation function (FFCF, <a)(t)a)(0)> ). Nonlinear femtosecond IR

techniques such as two-dimensional IR (2D IR) spectroscopy and three-pulse vibrational echo
peak-shift experiments have successfully measured the FFCFs of amide | vibrations in proteins

and peptides, OH(OD) vibrations of HOD in aqueous solutions, and the carbonyl (vco), cyanide

(ven), azide and nitrosyl (wo) stretching vibrations in ions, metal complexes, active site of
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enzymes and non-natural amino acid side chains.”?’ These studies explore how the amplitudes
and timescales of vibrational frequency fluctuations report on the hydrogen bonding dynamics in
neat polar liquids and on the functionally-relevant dynamics in the interior and exterior of
proteins and peptides. Recently, there have been reports of measuring the FFCFs of the wo in
nitrosyl containing metalloproteins.”®* However, the 2D IR spectroscopy of the o has not
been extensively studied. In this work, we use a model iron nitrosyl compound to systematically
investigate the effect of the local polar solvent environment on the dephasing dynamics of the
WNo-

Nitric oxide (NO) is a highly reactive messenger molecule which plays an important role
in regulating the immune, nervous and cardiovascular systems of mammals. The frequency of
the wo has been studied extensively for probing Fe-NO bonding in several heme-NO proteins
including myoglobin, soluble guanylyl cyclase (sGC) and nitrophorins (NPs).%% Vibrational
Stark effect spectroscopy has shown the nitrosyl stretch to be a very sensitive probe of the local
electric field in proteins and model heme complexes.**** Sodium nitroprusside (SNP) serves as
an excellent model system for studying the effects of Fe-NO bonding and solvent polarity on the
vibrational dynamics of a nitrosyl ligand. SNP is a six-coordinate complex containing five
cyanide ligands and one nitrosyl ligand in an octahedral geometry as shown in Figure 3.1. The
crystal structure of SNP reveals that both the Fe-N-O and Fe-C-N bonds are linear, the nitrosyl
ligand coordinates only with iron, and water-SNP interactions take place mainly at the cyanide
ligands.*® Both the CN and NO ligands are capable of accepting electron density from the iron
center in the form of z-backbonding though their z* orbitals. Therefore, there is a natural
competition between the trans-CN and NO ligands for electron density from the metal known as

the trans-effect (Fig. 1). The trans-effect has been implicated in the vibrational solvatochromism
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of the woin SNP when dissolved in polar solvents.*”* While in the electronic ground state, the
NO in SNP coordinates to the iron through the N atom (GS, wo = 1909 cm™ in methanol).
However, two photoinduced metastable metal-nitrosyl linkage isomers exist where the nitrosyl is
either bound through the O atom (MS1, wo = 1794 cm™ in methanol) or with the nitrosyl
perpendicular (MS2, wo = 1652 cm™ in methanol) to the original bonding axis.>*** We have
recently shown the presence of the metastable linkage isomers at room temperature in a

methanol.*?

The sensitivity of the wo in SNP to the Fe-N bonding geometry, the trans-ligand
and solvent polarity makes it an excellent model system for studying the nonlinear vibrational
spectroscopy of NO bound to heme proteins.

In this work we use 2D IR spectroscopy to investigate the effect of the local solvent
environment on the dephasing dynamics of the nitrosyl stretching vibration in SNP. We measure
the FFCF of the wpo in seven polar solvents. Our results reveal a negative correlation between
the timescale of frequency fluctuations and empirical parameters of solvent polarity. We discuss

the role of local solute-solvent interactions and the collective reorganization of the solvent which

results in the vastly different solvent-dependent dephasing dynamics of the vy in SNP.

0O 2—

Figure 3.1 Structure of SNP highlighting the network of z-backbonding along the NO bond and
the trans CN ligand.
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3.2 EXPERIMENTAL METHODS
3.2.1 Materials. Sodium nitroprusside (NasFe(CN)sNO-2H,O, SNP) and solvents (> 99.9%
pure, spectroscopic grade) were purchased from Sigma Aldrich Co. and used without further
purification. Solutions of SNP dissolved in methanol (MeOH), water, deuterium oxide, ethylene
glycol (EG), formamide (FA), and dimethyl sulfoxide (DMSO) were prepared to concentrations
of 31, 41, 30, 37, 39, and 21 mM, respectively. A saturated solution of SNP in ethanol (EtOH)
was prepared, filtered, and subsequently used for experiments. The FTIR spectra of the sample
solutions were obtained using a JASCO FT/IR-4100 spectrometer with 2 cm™ resolution. The
sample was held in an FTIR sample cell with BaF, windows and a 100 gm thick Teflon spacer
under ambient conditions.
3.2.2 2D IR experiments. The 2D IR experiment is performed with the 800 nm output of a
commercial Spectra Physics Spitfire Pro-35F-XP regenerative amplifier operating at 1 kHz with
35 fs pulse duration and ~ 3 W average power. The mid-IR pulses are obtained by sending ~1 W
of the 800 nm light to pump a two-pass optical parametric amplifier (OPA-800C, Newport).
Near-IR signal and idler pulses from the OPA are spatially and temporally overlapped and
undergo difference-frequency mixing in a 0.5 mm AgGas; crystal to produce ~75 fs mid-IR
pulses with spectral bandwidths greater than 200 cm™ at center wavelengths of 5.3 zm.

The mid-IR pulse is sent into five-beam interferometer to generate three input pulses, a
tracer beam and a local oscillator field. The interferometer has been described in detail

43-44

previously. The three input IR beams are arranged in a “boxcar” geometry, temporally
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overlapped, and focused onto the sample with a spot-size of ~150 um (1/e%). The home-built
sample cell is equipped with two 1 mm CaF, windows and a 100 um Teflon spacer. The
resulting background-free signal field is overlapped with the local oscillator field on a
beamsplitter for heterodyne detection. Reflected and transmitted beam combinations are 7 out of
phase with respect to each other and are vertically offset. The signal fields are detected at the
focal plane of a spectrometer (Triax 190, Horiba Jobin Yvon, 150 mm* grating) using a 2 x 64
mercury cadmium telluride (MCT) array detector (IR0144, Infrared Systems Development). This
experimental geometry allows us to subtract signals from the two linear arrays to perform
“balanced detection” on a shot-to-shot basis which greatly improves our signal to noise by a
factor of ~10. Further experimental details can be found in Ref. 44.

The 2D IR experiments are performed with each of the three input IR fields having pulse
energies of 0.35 wJ and parallel polarizations. The IR coherence (z1) and waiting (z) time delays
are accurately controlled by Newport XMS50 linear stages. The =z delay was scanned in 4 fs
steps from 0 to 1.7-1.9 ps depending on the sample being studied. The 7, delay was scanned in
unequal time steps from 0 to 6-70 ps, where the maximum time delay was dictated by the
vibrational lifetime of the wo in SNP dissolved in a particular solvent. Rephasing and non-
rephasing experiments were performed at each 7 delay in order to construct absorptive 2D IR
correlation spectra. The raw experimental data was zero padded to 32.8 ps and Fourier
transformed along 7; to obtain the @ axis. Each data point represents an average of 1500 laser
shots and each 7, scan was collected twice and averaged to obtain the experimental 2D IR
correlation spectra analyzed in this study. The final 2D IR spectrum is corrected for the phase
ambiguities corresponding to drift of the relative timing between the local oscillator and signal

fields. The correction is a phasing procedure which compares the projection of the 2D IR
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spectrum along the @, axis to a two-beam dispersed pump-probe spectrum collected for the same
values of 7. The experimental spectral resolution in the «; and @, dimensions is 2 and 1 cm™
respectively. The 2D IR spectra are smoothed in the @z dimension by using a Savitzky-Golay
FIR smoothing filter to remove narrow H,Oy) absorptions of the signal from the air. The
lineshapes before and after filtering were compared in order to ensure that smoothing did not
affect the lineshape of the 2D spectrum.

3.2.3 2D IR spectral fitting. The experimental 2D IR spectra were fit by iteratively calculating
the third-order nonlinear signal field as a function of z and z3 in the time domain and then
Fourier transforming it to obtain theoretical spectra. 2D IR spectra of SNP in each solvent were
simulated using a three-level system with a ground, first-excited and second-excited vibrational
state (0, 1, 2) using the nonlinear response formalism detailed previously.*® For our system,
there are a total of 6 response functions for the rephasing and non-rephasing signals. We assume
a separation of timescales for the vibrational and orientational dynamics for calculating the third-
order nonlinear response functions. Our goal was to extract the underlying vibrational structural
dynamics giving rise to the solvent-dependent 2D IR lineshapes of the o in SNP. We modeled
the 2D lineshapes using the following form for the frequency-frequency correlation function

(FFCF):

2 t ot
Cyut)=D Al exp[——}ﬁ (3.1)
n=1 cn TZ

In the above expression, A, and 7z, describe the amplitude and timescales of the
frequency fluctuations in the Kubo model, 5(t) is the Dirac delta function and T, represents the

timescales of fast dynamics determining the homogenous linewidth of the wo in SNP.

Analytical expressions for the nonlinear dephasing functions in terms of the correlation functions
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are obtained using the methodology described in Ref. 45. The rotational correlation functions
were written assuming a symmetric diffuser with an orientational diffusion constant Do, using the
values in Table 3.1. We accounted for the effects of vibrational population relaxation by
introducing exponential relaxation rates into the vibrational response functions during all three

time periods and assuming a harmonic approximation for our three-level system. For example, if

the vibrational lifetime for the first excited state of wpo is T,, then the vibrational lifetime of the

second excited state is 1/2T,.*"*® We found that the harmonic scaling relations could not be used

for the energy gap fluctuations to describe the vibrational dynamics of our three level system. To

account for the anharmonicity and keep the number of floating parameters in our model low, we
assume the following relationships for our frequency-frequency correlation functions:

C,, (t) =2xC,, (t) = 2xC,, (t) = 4x*C, (t) (3.2)

In the above expression, x is the amplitude correction factor for the correlation functions.

If we assumed harmonic scaling to relate the vibrational dynamics of the 0, 1, and 2 vibrational

states of wo, Xx=1. For each solvent, experimental 2D IR spectra for all z points were fit

simultaneously by floating parameters from the correlation functions (A, and =, (n=1-2), x and

T,). Additionally, the magnitude of the transition dipole moment between the first and second

excited states, |u12|, is adjusted iteratively. The simulated and experimental spectra were fit

using a nonlinear least squares fitting routine written in MATLAB. The simulated and

experimental FTIR spectra are shown in Figure 3.2.
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Figure 3.2 Solvent-subtracted normalized FTIR spectra of the wo in SNP dissolved in various
solvents and the corresponding simulated FTIR signal obtained by fitting .
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Figure 3.3 Solvent-subtracted normalized FTIR spectra of the wo in SNP dissolved in various
solvents.

28



3.3.1 FTIR spectra of the wo in SNP dissolved in polar solvents. Figure 3.3 shows solvent-
subtracted FTIR spectra of the non-degenerate wo in SNP dissolved in the polar solvents used in
this study. Table 1 lists the center frequency, spectral linewidth (Avewnm), Vibrational

anharmonicity (A, =2v;5> —viS°), vibrational lifetime and anisotropy decays of the first

excited state of the wo (T1,Tor),*® and the integrated molar absorptivity (& = I g,dv). The table

also lists empirical solvent parameters and the viscosity of the solvents used in this study.**>*

The FTIR spectra illustrate a solvatochromic shift of the center frequency of the wo as large as
52.3 cm™, ranging from 1883.5 cm™ in DMSO to 1935.8 cm™ in H,O. The anharmonicity was
accurately determined using the FTIR spectrometer, as we were able to measure the

harmonically-disallowed transition to the second vibrationally excited state of the wo (i.e.,

v2<® ~ 3800 cm™) using saturated solutions of SNP in the solvents used in this study. The

vibrational anharmonicity of the o is strongly solvent dependent and ranges from 21 cm™ for

H,O to 28 cm™ for EtOH. The variation in the A,, values shows how the potential energy

surface for the wo is modulated by specific solute-solvent interactions around the nitrosyl
ligand. The integrated molar absorptivity for the wo is similar in all solvents at ~ 3.6x10* M™
cm. The solvent-dependent vibrational lifetimes of the wo in SNP have been measured and
discussed extensively in Ref. 38. Along with the variation in frequency and anharmonicity, there
is a large change in spectral linewidth of the wo when SNP is dissolved in different solvents.
The spectral linewidths listed in Table 3.1 are obtained by fitting a Voigt profile to each
experimental lineshape. The FTIR linewidths of vibrations are governed by timescales of
population relaxation, orientational diffusion and frequency fluctuations. For the wo in SNP, the

spectral linewidth (FWHM) ranges from 17 cm™ in the aqueous solvents to 28 cm™ in EG. While

29



some of the changes in linewidths can be accounted for by the differences in the vibrational
lifetime and orientational diffusion times of the wo, the spectral linewidths are far wider than the
contribution from the vibrational population dynamics. For example, the contribution of the
population and orientational diffusion time of the wo in EG is respectively 6.8 and 6.6% of the
total linewidth. Using 2D IR lineshape analysis we can measure the timescales of frequency

fluctuations which dictate the linewidth of the wo in SNP dissolved in various polar solvents.

Table 3.1 Spectroscopic observables of the nitrosyl stretching vibration in SNP dissolved in

various solvents. The error bars correspond to a 95% confidence interval.

Solvent wo (cm™) Avewnv  Aw T To' e(M'em? EN@B0) AN  Viscosity

(cm?)  (cm?) Ps) (ps) C (mPas)f

DMSO 1883.5+0.1 21.4+0.2 21.0+0.2 39 49 3.8x10" 0.444  0.352 1.987

EtOH 1905.240.2 20.4+0.6 28.1+0.2 24° - - 0.654 0.677 1.074

MeOH 1909.0+0.1 21.8+0.2 24.8+0.2 29 46 3.6x10" 0.762 0.754 0.544

EG 1913.0£0.1 27.3+0.6 22.6+0.2 28 >300 3.8x10" 0.790 0.781° 16.1

FA 1918.4+0.3 24.1+0.8 25.8+0.3 25 62 3.3x10° 0.775 0.708 3.343

DO 1934.6+0.1 16.9+0.1 23.8+0.3 22 20 3.2x10" 0.991 - -

H.O 1935.8+0.1 17.7+0.2 20.8+0.2 7.3 16 3.7x10° 1.000 1.000 0.890

3 Ref. 38.° This work. ©Ref. 49. Y Ref. 49. ® Ref. 50. 'at 25 °C. Ref. 51.
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Figure 3.4 Experimental 2D IR spectra of the w in SNP dissolved in various solvents. Contour
levels are drawn at 5% intervals. The z values and the normalization factors for each 2D plot are
given in the top left and bottom left corners, respectively.
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3.3.2 2D IR spectra of the wo in SNP. Figure 3.4 displays the 2D IR spectra of the o in SNP
dissolved in the solvents used in this study. The waiting time (z) indicated in the top left corner
of each 2D IR spectrum increases from left to right for each solvent. The 2D IR spectrum shows
two peaks with opposite signs. The positive diagonal (i.e., when @ = @3) peak displays
transitions between the 0-1 vibrational states during both the evolution (71) and detection time
(zs) periods. The negative off-diagonal peak results from transitions between the 0-1 and 1-2
vibrational states during z; and 73 respectively. The separation of the two peaks in the @
dimension, directly measures the anharmonicity of the wo and the values agree with those
measured using FTIR spectroscopy (Table 3.1).

The 2D IR lineshape is a sensitive measure of the frequency-frequency correlation
function (FFCF) which governs the spectral linewidth of the vibrational absorption band of the
Wo in SNP._ At small values of the waiting time, we see that the 2D IR lineshape is elongated
along the diagonal reflecting a positive correlation between the frequencies excited during z; and
73. As the waiting time increases, the 2D lineshape becomes more round, reflecting the loss of
correlation among the system frequencies. This loss of correlation or spectral diffusion tracks the
timescales of structural dynamics of the solute-solvent complex being studied. The ability to
measure the timescales of solute-solvent structural dynamics with 2D IR experiments is limited
by the vibrational lifetime of the chromophore under investigation.

It is evident from the 2D IR spectra in Figure 3.4 that the timescales for spectral diffusion
for the wo in SNP change drastically between the polar solvents. The timescales for frequency
fluctuations seem to be the fastest in the aqueous solvents and slowest in ethylene glycol. It also
appears that the timescales for the frequency fluctuations for the negative peak involving

transitions to the second excited state of the wy are different than those for the positive peak.
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Figure 3.5 shows the effect of the non-harmonic scaling of FFCFs in the 2D spectrum of the
nitrosyl stretching vibration in SNP dissolved in FA. To extract the parameters of the FFCF we
fit the 2D IR spectra as described in the Methods section. We emphasize that in this paper we
focus our efforts on understanding the 2D IR lineshape of the fundamental transition of the wo

in SNP.
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Figure 3.5 The effects of the non-harmonic scaling of the correlation function demonstrated for
the simulated 2D spectra of the nitrosyl stretching vibration in SNP dissolved in FA. The only
parameter changing in the two spectra is x in equation 3.2. All other parameters of the FFCF
have been taken from table 2. The difference spectrum in the right panel depicts how the effect
of the non-harmonic scaling are evident in the 2D spectrum.

3.3.3 Extraction of the FFCF parameters from fits of the 2D IR spectra of the wo in SNP.
Figure 3.6 displays the 2D IR spectra resulting from the best fits of the experimental spectra
assuming the form of the correlation functions given by Equations 1 and 2. The resulting
parameters of the FFCF are listed in Table 3.2. We find that the homogenous dephasing time (T>)
for the wo in SNP dissolved in all the solvents is on the order of 2 ps. The homogenous
contribution to the IR linewidth is governed by fluctuations much faster than the experimental
time window of a 2D IR experiment. We find that frequency fluctuations of the wo in SNP can
be described by a picosecond timescale (z1) which ranges from 0.8-4.4 ps. The exception to this

is ethylene glycol which shows longer dephasing dynamics on a ~13 ps timescale. As seen in
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Figures 3.4 and 3.6, the 2D IR lineshape in EG is more elongated along the diagonal at early
time delays than the other solvents and it undergoes a process of slow spectral diffusion. The 2D
IR spectra of the wo in SNP dissolved in H,O shows that the lineshape moves from being
elongated along the diagonal to a rounded lineshape by 3 ps with a correlation time of 0.8 ps.
The timescale of the FFCF of the wy in D0 is almost double that at 1.4 ps. The two alcohols
used in the experiment, methanol and ethanol, have a z; of 2.3 and 3.9 ps respectively. Both
these solvents also exhibit frequency fluctuations on longer timescales of 25 and 29 ps,
respectively. While also containing alcohol functional groups, EG has significantly different
dephasing dynamics as discussed above. DMSO and FA are the only two solvents used in this
study that do not contain —OH functional groups. Formamide, while not containing a hydroxyl
group, is able to form hydrogen bond with the nitrosyl and cyanide ligands in SNP through the
amide proton. The FFCF of the wyo in FA has a fast timescale of 2.2 ps. DMSO is the only
aprotic solvent used in this study and it has a z;; timescale of 4.4 ps.

While the FFCF of the negative off-diagonal 2D peak is not analyzed in this study, the
peak was fit floating both the dipole moment (|yﬂ|) and a factor accounting for the non-

harmonic scaling of the lineshape functions (x) as discussed in the Methods section. We found

this to be necessary to obtain quantitative agreement between the experimental and the simulated
2D spectra. The best-fit value of the |;112| of the wo in SNP are listed in Table 3.2 for each
solvent and we find that they are smaller than the value of 2 (except for EG), which would
result from harmonic scaling. The amplitude correction factor for the lineshape functions was

found to be less than 1 for all of the solvents used in this study, with the exception of ethanol.

The amplitude correction parameters are shown in Table 3.3.
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Table 3.2 Best fit parameters of the FFCF for the wo in SNP extracted from fitting the 2D IR

data. The error bars correspond to a 95% confidence interval.

Solvent A;(ps®)  wi(ps) A2 (psT) w2 (ps) T2 (ps) |4

DMSO 1.23+0.02 4.4+0.5 1.72+0.06 1.32

EtOH  1.40+0.06 3.8+0.5 0.50+£0.02 29+9  2.1+0.1 1.36

MeOH 1.29+0.05 2.3+0.5 0.6+0.1 25+9 1.7#0.1 1.04

EG 1.69+0.01 12.7+0.4 1.60+£0.02 1.49

FA 1.57+0.01 2.16+x0.09 0.84+0.02 20+9  1.8+0.1 1.30

DO 1.22+0.03 1.4+0.1 2.0+0.1 1.40

H.O 1.47+0.05 0.84+0.07 1.8+0.1 1.36

Table 3.3 Correction factor to account for non-harmonic scaling of the correlation function

determined by 2D fitting for each solvent.

Solvent X

DMSO 0.906
EtOH  1.058
MeOH 0.865
EG 0.978
FA 0.826
D,0 0.858
H,0 0.955
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Figure 3.6 Fits of the 2D IR spectra of the v in SNP dissolved in various solvents. Contour
levels are drawn at 5% intervals. The z values for each 2D plot are given in the top left corner.
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3.4  DISCUSSION

Our results reveal a strong dependence of the solvent on the vibrational frequency
fluctuations of the nitrosyl stretching vibration in SNP. In this section we discuss the
microscopic origins for the vibrational solvatochromic shifts and the dephasing dynamics of the
Wo In a series of polar solvents. We also compare our results with 2D IR studies measuring the
FFCFs of other IR probe molecules in aqueous and polar solvents and in the interior of proteins.
3.4.1 Correlating 1D and 2D spectral parameters with empirical measures of solvent
polarity. Chemists have developed several empirical scales for relating the effect of the medium
(solvent) on chemical reactions.*® *>*® These empirical scales provide a way to define solvent
polarity for a particular solvent, which cannot be quantitatively described by a single physical
constant such as permanent dipole moment or dielectric constant. In this work we look for
correlations of the wo frequency and the timescales of frequency-fluctuation with two empirical
parameters of solvent polarity: E+(30) and the acceptor number (AN). The parameter E+(30) is an
empirical measure of solvent polarity based on the solvatochromism of the UV/vis spectrum of
the pyridinium N-phenolate betaine dye developed by Reichardt. Values of E+(30) for commonly

used solvents are often tabulated in units of kcal mol™. We use the unitless normalized EXY(30)

scale which has been normalized to the values of E+(30) in water and tetramethylsilane as the
most polar and least polar solvents on the polarity scale.** The acceptor number (AN) is a
dimensionless number based on the chemical shift of 3P NMR of triethylphosphine oxide. The

AN is a measure of the solvent’s electrophilic properties and its ability to act as a Lewis acid.>®
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Figure 3.7 Correlation of the wo frequency with (a) EJ (30) and (b) AN polarity scales. The
correlation of the vibrational dephasing timescale z; with (c) EY (30) and (d) AN polarity scales.
The values of E(30) and AN for the solvents used in this study have been listed in Table 3.1.

Figure 3.7(a) and (b) show correlation plots of the frequency of the o in SNP with
empirical solvent parameters. We note that EY (30) and AN have a positive correlation with the
frequency shift with R? values of 0.98 and 0.92, respectively. Previous work from Estrin et al.
has shown that the interaction of the solvent at the trans-cyanide ligand in SNP plays the most
important role in the frequency shifts of the vo.>” They showed that the sensitivity of the metal-
cyanide complex to the AN increased with an increasing number of CN ligands. In SNP, the
cyanide ligands are negatively charged and able to donate electron density to the solvent through
a 7* orbital. The transfer of electron density from the nitrogen atom of the cyanide ligand causes
the cyanide to pull electron density from the iron center in the form of stronger z-backbonding.
Consequently, the z~backbonding interaction of the Fe and nitrosyl ligand decreases resulting in

an increase in the strength of the N-O bond and a higher frequency of the wo. Recent work by
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Huber et al, have measured a positive correlation of the 1o frequency and the AN in a dioxygen
adduct of Vaska’s complex and have attributed it to interactions of the trans O, ligand and the

solvents which modulates the metal-CO z-backbonding interactions.>” The parameter EY(30)

has not been previously correlated with the frequency of the wo in SNP, but it has been
correlated with the wo in CINO by Bixby et al, where they see a similar positive correlation.>®
While there is a strong correlation with the frequency of the NO stretch and empirical measures
of the solvent polarity, there is no correlation with the linewidth of the NO stretch or its
vibrational lifetime.

The fits of the 2D IR spectra reveal that the homogenous dephasing time of the NO
stretch is almost identical (~1.8 ps) in all the solvents studied here as seen from Table 3.2 and is
not dependent on the solvent polarity. However, we notice a very interesting correlation between

the shorter timescales of spectral diffusion (z;) and the empirical solvent parameters as seen in
Figures 3.7(c) and (d). The z; values are negatively correlated with the EY(30) and AN

parameters with R” values of 0.93 and 0.83, respectively. The fact that ethylene glycol is an
outlier in Figure 3.7(c) is attributed to the large difference in viscosity of ethylene glycol in
comparison with all the other polar solvents used in this study (see Table 3.1). Our results imply
that the more polar and electrophilic the solvent, the faster the timescale for vibrational
dephasing of the vno in SNP. We note that even though we find a correlation between shorter
timescales of spectral diffusion (=) and the empirical solvent parameters, this does not lead to a
correlation of the linewidth of the NO stretch and solvent polarity. This is because the vibrational
lifetimes and the longer timescales for spectral diffusion do not correlate with the empirical

solvent parameters.

39



The correlation between dephasing times (z;) and solvent polarity suggests that local
electric field fluctuations may drive the vibrational dephasing dynamics of the wo in SNP.
Given the geometry of the molecule and the strong interactions between the CN ligands and the
solvent, we do not expect a linear relationship between the wo frequency and the local electric
field. Based on our discussion of the zbackbonding network along the NO bond in SNP, we
would expect that the frequency fluctuations of the vy and the wo to be anti-correlated.
However, we do not observe a cross-peak in the 2D IR spectra between the vcy and the vyo at
early waiting times suggesting that we can view the wo as a local mode. We have also collected
preliminary 2D IR spectra of the ey in SNP dissolved in methanol and have measured
timescales for spectral diffusion which are roughly half the value of z; measured for the wo. It
has been previously observed that the vcy frequency in SNP is not very sensitive to solvent
effects because of competing o— and n-backbonding interactions with the Fe atom.*” Given that
the frequency of the wo is affected only by the n-backbonding interactions, we might expect
differences in frequency fluctuations measured by the nitrosyl and cyanide ligands in SNP. We
do not see any correlation between the anharmonicity of the vno and the empirical solvent
polarity scales of EY(30) and AN implying that there are specific solute-solvent H-bonding
effects which are modifying the Fe-NO bonding geometry and affecting the vibrational dynamics
of the wo. All of the above observations suggest that the vibrational dephasing dynamics of the
wo are driven by the fluctuations of the electric field generated by the specific and non-specific
interactions of the polar solvent molecules around the nitrosyl and cyanide ligands in SNP.

3.4.2 Vibrational dephasing dynamics of charged species in polar solvents. The role of

electric field fluctuations in the dephasing dynamics of charged species dissolved in polar
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solvents has been widely studied to understand the role of solvent fluctuations in chemistry and
biology. There is growing experimental evidence that the collective dynamics of the solvent
around small ionic solutes play the biggest role in determining the amplitudes and timescales of
the vibrational frequency fluctuations of the solute.” " *®2 Tominaga and co-workers have
performed systematic studies of measuring the FFCFs of the cyanide, nitrosyl and azide
stretching vibrations in ionic solutes dissolved in aqueous solvents.>?*>>® Their studies find a
common timescale ranging from 1-1.5 ps for the frequency fluctuations for various ions
regardless of the vibration being studied. This similar timescale has been obtained in
experimental studies of the OH(OD) stretch of HOD in D,O(H,0).1%*% 3% Molecular dynamics
simulations have been used to obtain the FFCF of the azide stretch in D,O and the OH(OD)
stretch of HOD in D,O(H,0).> ™ ® The simulation studies have shown that the experimentally
measured picosecond vibrational dephasing dynamics are driven by electric field fluctuations
originating from collective reorganization of the hydrogen bonding network. In addition,
molecular dynamic simulations have shown that the hydrogen bonding dynamics in methanol are
three times slower than those in water.®®

The role of collective hydrogen bonding dynamics driving electric field fluctuations
which are measured by the vibrational FFCFs is borne out by our measurements of the o in
SNP dissolved in protic solvents. Tominaga and co-workers have recently measured the FFCF of
the wo in SNP dissolved in aqueous solvents using three-pulse vibrational echo peak shift
spectroscopy.?’ Their results reveal vibrational dephasing timescales of 1.1 ps for the wo in
SNP dissolved in H,O and D,0, homogenous dephasing times (denoted as T,*) of 1.2 ps (1.7 ps)
for H,O (D,0) and the presence of a static component to the FFCF for SNP dissolved in D,0. In

contrast, our experiments measure an isotopic effect in the z; time scale which is 1.4 ps for D,O
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and 0.84 ps for H,0 and we do not observe any static inhomogeneity for SNP dissolved in D,0.
As noted previously, the homogenous dephasing time (T,) is ~ 1.9 ps in the aqueous solvents,
similar to the value reported for D,O in Reference 27. We attribute the discrepancy in the FFCF
parameters obtained in our study and those reported in Reference 27 to the use of two different
experimental techniques and the use of different anharmonicities for the wo (see Table 3.1). We
note that the z; timescale for the wo is 0.8 ps and 1.4 ps in H,O and D,0O respectively which is
similar to that measured by the experiments of other ions in aqueous solvents. Additionally, the
71 for the wyo in SNP is ~3 times longer in MeOH than in H,O. Based on the discussion above,
and comparison to the reported FFCFs of ions in aqueous solutions, we propose that collective
hydrogen bonding dynamics which modulate the electric field along the NO bond, govern the
picosecond vibrational dephasing dynamics of the wo in SNP dissolved in the protic solvents
used in this study. Only three solvents, FA, MeOH and EtOH display vibrational dephasing
dynamics of the wo on timescales >20 ps. While these timescales roughly scale with the
viscosity of the solvents, it is presently difficult to shed light on the microscopic origins of the 20
ps timescale without further experiments and/or molecular dynamics simulations.

3.4.3 Vibrational dephasing dynamics of the vno in metalloproteins. Fe(ll) and Fe(lll)
metalloproteins which bind nitric oxide are of great importance as both transporters and
receptors of nitric oxide in biological systems. It has been noted by several researchers that the
frequency of the wo found in the active site is a sensitive reporter of the nature of the trans
ligand and the environment of the distal pocket of the protein.*® 2D IR studies utilizing the vco as
a vibrational probe have measured the functionally relevant dynamics in the active site of several
heme proteins.®”®® Molecular dynamics simulations have demonstrated that the experimentally

measured timescales in the FFCF of the v in wild type and mutant myoglobin-CO are governed
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by the dynamics of the distal histadine ligand, and protein-water interactions.t” " 2D IR
studies of the wo in wild-type ferric myoglobin-NO and ferric cytochrome C-NO have measured
vibrational dephasing timescales of 3.3 ps and 5.2 ps, respectively.?®%® Our group has recently
measured pH-dependent dephasing dynamics of the vno in Nitrophorin-4 which is a pH-sensitive
NO transporter protein.’” Studying the binding ligand at the active site of metalloproteins instead
of functionalized amino acids provides the distinct advantage of seeing the local protein
environment without altering it. By measuring the FFCF of the wo we can gain information
about the role of the local environmental fluctuations at the active site on the overall protein
activity. This study detailing the dephasing dynamics of the wo in SNP dissolved in various
polar solvents holds implications for measuring the polarity and the timescales for electric field

fluctuations in the distal pocket of metalloproteins such as the Nitrophorins.

3.5 SUMMARY

We measure the vibrational dephasing dynamics of the wo in SNP dissolved in a series
of polar solvents. Our experiments reveal that the solvent polarity has a strong influence on the
timescales of vibrational frequency fluctuations of the vyo in SNP varying from 0.8 ps in H,O to
4.4 ps in DMSO. The timescales measured in our experiments are comparable to those measured
for the vibrational dephasing of small charged ions in aqueous solutions. We find that the shorter
timescales of spectral diffusion (z;) are negatively correlated with empirical solvent parameters.
The solvent-dependent frequency, dephasing dynamics, and anharmonicity of the wwo measured
in this study suggests that both local and non-local fluctuating solvent environments around the
nitrosyl and trans cyanide ligands drive the vibrational dephasing dynamics of the wo in SNP.

We believe that our study of solvation dynamics around SNP probed via the FFCF of the wo
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provides a foundation to better understand the local environment of nitric oxide binding sites in
heme-NO metalloproteins and provides tests for molecular dynamics simulations of vibrational

probes in polar solvents.
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CHAPTER 4

THE PH-DEPENDENT PICOSECOND STRUCTURAL DYNAMICS IN THE
DISTAL POCKET OF NITROPHORIN 4 INVESTIGATED BY 2D IR
SPECTROSCOPY

The work presented in this chapter has been previously published in

Cheng, M.*; Brookes, J. F.*; Montfort, W. R.; Khalil, M. pH Dependent Picosecond Structural
Dynamics in the Distal Pocket of Nitrophorin 4 Investigated by 2D IR Spectroscopy. J. Phys.
Chem. B 2013, 117, 15804—15811.

*Equal contribution
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Nitrophorin 4 (NP4) belongs to a family of pH-sensitive, nitric oxide (NO) transporter proteins
which undergo a large structural change from a closed to an open conformation at high pH to
allow for NO delivery. Measuring the pH-dependent structural dynamics in NP4-NO around the
ligand binding site is crucial for developing a mechanistic understanding of NO binding and
release. In this study we use coherent two-dimensional infrared (2D IR) spectroscopy to
measure picosecond structural dynamics sampled by the nitrosyl stretch in NP4-NO as a
function of pH at room temperature. Our results show that both the closed and open conformers
of the protein are present at low (pD 5.1) and high (pD 7.9) pH conditions. The closed and open
conformers are characterized by two frequencies of the nitrosyl stretching vibration labeled Ay

and A;, respectively. Analysis of the 2D IR lineshapes reveals that at pD 5.1, the closed
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conformer experiences structural fluctuations arising from solvation dynamics on a ~3 ps
timescale. At pD 7.9, both the open and closed conformers exhibit fluctuations on a ~1 ps
timescale. At both pD conditions, the closed conformers maintain a static distribution of
structures within the experimental time window of 100 ps. This is in contrast to the open
conformer, which is able to interconvert among its sub-states on a ~100 ps timescale. Our results
directly measure the timescales of solvation dynamics in the distal pocket, the flexibility of the
open conformation at high pH, and the rigidity of the closed conformers at both pH conditions.
We discuss how the pH dependent equilibrium structural fluctuations of the nitrosyl ligand

measured in this study are related to the uptake and delivery of nitric oxide in Nitrophorin 4.
4.1 INTRODUCTION

Nitrophorins (NPs) are a particular class of nitrosyl binding heme proteins found
naturally in the saliva of blood feeding insects. In these proteins, NO is stored in the low pH
environment of the salivary gland (pH ~5) and is released in the higher pH environment of the
host tissue (pH ~7.5) to induce vasodilation and prevent blood coagulation.*? Nitric oxide is a
reactive messenger molecule implicated in regulating the immune, nervous and cardiovascular
systems of mammals.> Given the importance of NO in biology, the NPs serve as excellent
models to probe the interplay of structure, dynamics and function for a naturally occurring NO
delivery system. Nitrophorin 4 is a widely studied protein of the Nitrophorin family. Figure 4.1
shows a high-resolution crystal structure of the NP4-NO protein acquired at pH 5.6. The protein
structure consists of an eight-stranded antiparallel B-barrel with a heme buried at one end. The
protein is known to undergo a conformational change upon binding to NO, such that the A-B
(residues 31-37) and the G-H (residues 125-132) loops pack tightly together to form a

hydrophobic pocket preventing NO escape.*® Crystal structures of NP4 reveal a distal pocket
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with structurally distinct closed and open conformations.® The closed conformation is
characterized by a dynamic hydrophobic cavity with a network of hydrogen bonds between the
residues of the A-B and G-H loops. The hydrogen bond network is disrupted in the open
conformation resulting in a more hydrophilic cavity with the presence of water molecules and
flexible loop regions. The two conformations are found to exist at all pH conditions by X-ray
crystallography, with the fraction of the open conformation increasing at higher pH.°

Kinetic studies of the binding and dissociation of NO using histamine displacement and
laser photolysis have revealed multi-exponential pH-dependent NO release rates across a wide
range of timescales.”™® The pH dependence of the NO release is completely eliminated for the
double mutant D129A/L130A confirming that the conformational flexibility of the loop regions
is responsible for the pH-dependent NO release in NP4.” However, the cause for the non-
exponential NO release rates remains an open question. There have been several molecular
dynamics simulations on the NO release dynamics of NP4."**® These simulations have revealed
the importance of the flexibility of the loop regions, the protonation state of Asp 30 and the
equilibrium of the closed and open conformers to the pH dependent NO release mechanism in

the NP4 protein.
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Figure 4.1 Cartoon showing the NP4-NO protein at pH 5.6 (PDB ID: 1X80). The positions of

the loops A-B and G-H are highlighted in dark blue.

While the structural flexibility of the A-B and G-H loops and the polarity of the distal
pocket have been extensively discussed in experimental and theoretical studies of NP4-NO, there
have been no measurements of the timescales of equilibrium structural fluctuations of the

nitrosyl ligand. The time-dependent frequency fluctuations (dat)) of an IR active vibration ()
are encoded in the frequency-frequency correlation function (FFCF, <5a)(t)5a)(0)>). Two-

dimensional (2D) IR spectroscopy has been used effectively to measure the FFCF of carbonyl
and nitrosyl ligands in heme proteins to characterize the structural fluctuations around the ligand
binding sites.’®?* There is a growing body of literature on how the frequency shifts of the
nitrosyl stretching vibration (vno) in heme proteins are a sensitive reporter of the local electric
field and Fe-NO bonding interactions.?>”. The goal of this study is to measure the equilibrium
structural dynamics in the distal pocket of NP4-NO as a function of pH using 2D IR
spectroscopy to measure the FFCF of the vno. Our experiments sample the conformational

heterogeneity and directly measure the timescales of equilibrium structural fluctuations in the
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vicinity of the Fe—-NO bond. We discuss how the spectroscopic data reveal a dynamic distal

pocket environment that is crucial for the binding, release and regulation of NO in NP4.

4.2 EXPERIMENTAL METHODS

4.2.1 Sample preparation. Nitrophorin 4 was overexpressed from an Escherichia coli strain and
refolded from inclusion bodies supplemented with heme, as described previously.* In order to
resolve the weak mid-IR absorption band of the NO stretching vibration at ~1905 cm™ from the
absorbance of H,O in the same spectral region, samples of purified ferric NP4 underwent a
buffer exchange process to replace the 20 mM sodium phosphate buffer (at pH 7.0) with a
deuterated buffer. Acidic (pD 5.1) and basic (pD 7.9) 20 mM potassium dideuterium phosphate
(KD2PO4) buffer solutions were prepared in D,0. Centrifugal filter devices (Amicon Ultra-0.5)
were used to exchange the aqueous buffer as well as to concentrate the protein samples. In order
to prepare the ferric NP4—NO complex, fresh NO gas was generated by mixing ascorbic acid
(880 mg in 25 mL of water) and sodium nitrite (40-60 mg) after degassing each of them under Ar
for at least 30 minutes. The sample was also degassed for at least 15 minutes prior to flushing
with the generated NO gas using an airtight syringe. Linear FTIR (Jasco FT/IR-4100) and UV-
Vis (Jasco V-630) spectra of the samples were obtained (sample path length = 50 pm) before and
after each 2D IR scan to ensure that the protein had not degraded during the experiment. The
final concentrations of the protein sample at the start of each scan were determined by the
intensity of the alpha and beta bands in the UV-Vis spectra of ferric NP4-NO.”® The final
concentrations were 6.4 mM and 4.1 mM for the acidic and basic samples, respectively. These
concentrations yield an OD of 0.046 and 0.037 for the vno peak at 1905 cm™.

4.2.2 2D IR Experiment. Femtosecond pulses of mid-IR light were generated from a

combination of commercial equipment, beginning with a regenerative amplifier (Spectra Physics
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Spitfire Pro-35F-XP), which outputs 3 W, 800 nm, 35 fs pulses of light at 1 kHz. Approximately
1 W of the 800 nm output is sent to an optical parametric amplifier (OPA-800C) to produce the
near-IR signal and idler pulses. The two near IR fields undergo difference frequency mixing in a
0.5 mm AgGa$; crystal to generate 80 fs mid-IR pulses with a spectral bandwidth of ~200 cm™
at a center wavelength of 5.1 pm.

The mid-IR pulse is sent into a five-beam interferometer to generate three input pulses, a
tracer beam and a local oscillator field as described previously.?**° The three input IR beams
have parallel polarizations and are arranged in a “boxcar” geometry, temporally overlapped, and
focused onto the sample with a spot-size of ~150 um. Each of the input beams has 0.2 pJ of
energy per pulse. The home-built sample cell is equipped with two 1 mm CaF, windows and a 50
pum Teflon spacer. The resulting background-free signal field is overlapped with the local
oscillator field on a beamsplitter for heterodyne detection. The reflected and transmitted
combined signal and local oscillator fields are w out of phase with respect to each other and are
detected at the focal plane of a spectrometer (Triax 190, Horiba Jobin Yvon, 150 lines/mm
grating) using a 2 x 64 mercury cadmium telluride (MCT) array detector (IR0144, Infrared
Systems Development). We subtract signals from the two linear MCT arrays to perform
“balanced detection” on a shot-to-shot basis as explained in Ref. 30.

The evolution (11) and waiting (t2) time delays between the consecutive pairs of pulses
1,2 and 2,3 are accurately controlled by Newport XMS50 linear stages. Rephasing and non-
rephasing experiments were performed at each 1, delay in order to construct absorptive 2D IR
correlation spectra. The 11 delay was scanned in 4 fs steps from 0 to 4(3) ps for the rephasing
(non-rephasing) experiments. The t, delay was scanned in unequal time steps from 0 to 70 ps in

unequal time steps with each data point representing 2000 laser shots. The raw experimental data
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was zero padded to 32.8 ps and Fourier transformed along t; to obtain the ®; axis. The final 2D
IR spectrum is corrected for the phase ambiguities corresponding to drift of the relative timing
between the local oscillator and signal fields by comparing the projection of the 2D IR spectrum
along the ®; axis to a two-beam dispersed pump-probe spectrum collected for the same values of
T2_31

4.2.3 2D IR spectral fitting. The experimental 2D IR spectra were fit by iteratively calculating
the third-order nonlinear signal field as a function of t; and t3 in the time domain and then
Fourier transforming it to obtain theoretical spectra as described previously.”® 2D IR spectra of
NP4 under both pH conditions were simulated using a six-level system for two non-interacting
NP4-NO populations, each with a ground, first-excited and second-excited vibrational state (0, 1,
2) using the nonlinear response formalism detailed previously.>* In our system, there are a
total of 12 response functions for the rephasing and non-rephasing signals. We ignore any cross
correlation terms between the two non-interacting NP4-NO populations since the experiment
does not reveal the presence of any cross-peaks. We assume a separation of timescales for the
vibrational and rotational dynamics for calculating the third-order nonlinear response functions.

The goal of the spectral fitting procedure is to extract parameters of the FFCF of the vno in NP4-

NO as a function of pH. We modeled the 2D lineshapes using the following form for the FFCF:

Cyu(t)= ZZ:Aﬁ exp(—i} 5(E) (4.2)

n=1 cn T2
In the above expression, A, and 1, describe the amplitude and timescales of the frequency
fluctuations in the Kubo model, §(t) is the Dirac delta function and T, represents the timescales

of fast dynamics determining the homogenous linewidth of the vno in NP4-NO. Analytical

expressions for the nonlinear dephasing functions in terms of the correlation functions are

61



obtained using the methodology described in Ref. 33. The contribution of the rotational
correlation functions to the 2D IR lineshape was not included because of the long time scales
associated with orientational rearrangement of the protein. We accounted for the effects of
vibrational population relaxation by introducing exponential relaxation rates into the vibrational
response functions during all three time periods using harmonic scaling rules. For example, if the

vibrational lifetime for the first excited state of vno is Ty, then the vibrational lifetime of the
second excited state is 1/2T, . The vibrational lifetime of the first excited state of vno for both the

sub-populations of NP4-NO was determined to be 30 ps using IR pump-probe experiments.
Harmonic scaling was used for the energy gap fluctuations in our two separate 3-level systems to
relate the FFCFs of the first (1) and second (2) vibrational states of our three level system, such
that: C,,(t) =2C,, (t) =2C,,(t) =4C,,(t) . For each pH condition, the experimental 2D IR spectra
for all t, points were fit simultaneously by floating the parameters in the FFCFs, the vibrational

anharmonicity (A, =215’ —vis?), and the transition dipole moment between the first and

second excited states (| ,u12|) for each of the sub-populations of NP4-NO. The best-fit values are

listed in Table 4.2. The simulated and experimental spectra were fit using a nonlinear least

squares fitting routine written in MATLAB.
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43 RESULTS and DISCUSSION

4.3.1 pH-Dependent FTIR Spectra and conformational sub-states of NP4-NO
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Figure 4.2 pH-dependent FTIR spectra of NP4-NO. The shaded areas represent the fits of the

two peaks using a Voigt lineshape.

The FTIR spectrum of NP4—-NO in the vno region is shown in Figure 4.2 as a function of
pH. The spectra show two peaks in the vno region centered at ~1905 and ~1917 cm™. We see
that the peak at 1917 cm™ increases in amplitude under higher pH conditions. The shaded areas
represent fits to the two peaks using Voigt lineshapes and the best-fit parameters are listed in
Table 4.1. The two peaks in the vno region indicate the presence of two conformational sub-
states of the NP4-NO protein which exist under acidic and basic pH conditions. Previous FTIR
and Raman studies of NP4-NO have assigned the peak centered at ~1905 cm™ to the closed
conformation where the NO ligand is in a hydrophobic environment and the peak at ~1917 cm™
to the open conformation with a hydrophilic distal pocket.® ?** The shift of the vno vibration to
higher frequencies in more hydrophilic/polar environments is also seen in other Fe—-NO

complexes like sodium nitroprusside.?® ** In this work, we label the peak at ~1905 cm™ as Aq
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and the peak at ~1917 cm™ as A;. The labeling scheme follows from the FTIR spectroscopy of

ferric myoglobin-NO (Mb"'NO) under various pH conditions.*®%

Table 4.1 Spectral characteristics of the vno region in NP4-NO. The error bars correspond to a

95% confidence interval.

Peak Sample pD vno (em™) Avewnwm (cm™)
Ao 5.1 1904.9+0.2 11.720.4

A1 5.1 19171 14+2

Ao 7.9 1904.3+0.2 12.1+0.4

A 7.9 1916+1 12+1

High-resolution crystal structures of NP4-NO at pH 5.6 and 7.5 have revealed the
presence of at least two major conformers and considerable loop disorder at higher pH.® Figures
4.3(a-b) display the distal pocket configuration for the closed and open conformational sub-states
of NP4-NO at pH 5.6. We see that in the closed conformation the hydrogen bonding interaction
between the residues of the A-B and G-H loops is preserved, the non-polar residues are packed
into the binding pocket providing favorable non-polar interactions with the NO ligand. In
contrast, the open conformation shows that Leu 130 has moved away from the distal pocket,
providing room for several solvent molecules. The position of the electron density of Leu 130 in
the open conformer matches closely with the NP4-NH; crystal structure at pH 7.4, which shows
the presence of several (~5) water molecules in the distal pocket.® In the refined crystal structure

of NP4-NO at pH 5.6, the open conformer was found to have an occupancy of 0.29. Based on the
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crystal structures and the pH-dependent FTIR spectra, we assign the Ag and A; peaks in Figure

4.2a to the closed and open conformational sub-states of NP4-NO at pH 5.6.

Figure 4.3 Multiple conformers of NP4-NO determined by X-ray crystallography. The top panel
shows the closed (3a) and open (3b) conformers at pH 5.6 (PDB ID 1X80). The bottom panel

shows the closed (3c) and open (3d) conformers at pH 7.5 (PDB 1D 1X8N).

The closed and open conformers of the high resolution crystal structure of NP4-NO at pH
7.5 are shown in Figures 4.3c-d. The x-ray study has noted the difficulty in modeling loops A-B
and G-H because of considerable disorder. The structural distinction between the closed and
open conformers is seen in the residues 129-131. Leucine 130 flips its position between the
closed and open conformational sub-states in a manner similar to the crystal structure obtained at

pH 5.6. Water molecules are seen in the distal pocket within ~3.8 A of the nitrosyl ligand in the
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crystal structure at higher pH. Given that the frequencies of the vno peaks are very similar at
both pH conditions, we assign the Ao and A; peaks in Figure 4.2b to the closed and open
conformational sub-states of NP4-NO at pH 7.5.

The vno peak assignments described above agree with the studies on ferric Mb-NO and
DFT calculations.®® ***" In wild type Mb"'NO at room temperature, a major peak at ~1927 cm™
and a weak feature at ~1902 cm™ are observed in the vno region at neutral pH.*® The mutant,
H64L, of Mb"'NO shows a single peak at 1904 cm™. The negative polar interaction of the
nitrosyl ligand with a tautomeric form of the distal histidine has been proposed for the protein
conformer giving rise to the peak at 1927 cm™ in wild type Mb"'NO.3" The absence of this
interaction in the H64L mutant, results in the downshift of the vyo frequency to 1904 cm™,
which is very similar to the frequency of the A, peak in NP4-NO. The DFT calculations have
shown how the frequency of the vno in ferric heme proteins reports on the polarity of the heme
protein and interactions of the NO moiety with nearby Lewis base donors.*® The same DFT
study has assigned an increase in frequency of the vno in open conformer of NP4-NO to lone
pair interactions of the NO with a water molecule.

The fits of peaks in the vno region reveal that the fraction of the A; peak is 16% and 26%
at pD 5.1 and 7.9 respectively. Previous FTIR studies of NP4-NO had measured a ratio of 0.2 at
cryogenic temperatures for NP4-NO at pH 7.5.% The linewidths of the peaks in the FTIR spectra
range from 12-14 cm™ and are governed by the frequency-frequency correlation function (FFCF)
of the vno Vvibration, which measures the timescales of structural dynamics around the NO
binding site for the open and closed conformations. Using 2D IR lineshape analysis we can
measure the timescales of frequency fluctuations, which dictate the linewidth of the wo in NP4-

NO as a function of pH.
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4.3.2 pH-dependent 2D IR spectra and extraction of the FFCF parameters
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Figure 4.4 (a) Experimental 2D IR spectra of the wo in NP4-NO at pD 5.1. (b) Best fits to the
experimental 2D IR spectra. Contour levels are drawn at 5% intervals. The t, values and the

normalization factors for each 2D plot are given in the top left and bottom right corners,

respectively.

The top panel of Figure 4.4 displays a series of experimental 2D IR spectra of the vyo in

NP4-NO plotted as a function of 1, at pD 5.1. In each of the spectra, the positive diagonal peaks
correspond to vibrational transitions between the ground and first excited state of the vno (Vi )-

The off-diagonal negative peaks involve transitions between the first and second excited states of



the vno (v;gz). The separation of the two peaks in the w3z dimension of the 2D IR plots is a direct

measure of the vibrational anharmonicity of the vno in NP4-NO. Focusing on the strong positive
2D peaks in Figure 4.4a, we note that they are elongated along the diagonal axes at 1,=0.2 ps
representing a distribution of structures for the closed (Ap) and open (A;) conformations of NP4-
NO at low pH. As 1, increases, structural fluctuations cause the vibrational frequencies to lose
correlation and results in the 2D lineshapes becoming more symmetric. It is important to note
that the Ao peak remains elongated along the diagonal even at t, = 70 ps. A qualitative
comparison between the Ay and A; peaks at 1, = 70 ps suggests that the latter peak undergoes
faster frequency fluctuations. The evolving 2D lineshape is a direct measure of the FFCF and
provides information on the amplitude and timescales of the structural fluctuations in the open
and closed conformations of NP4—NO.

We fit the 2D IR spectra to extract the parameters of the FFCF as described in the
Methods section. In this paper we focus our efforts on understanding the 2D IR lineshape of the
fundamental transition of the wo in NP4-NO. The bottom panel in Figure 4.4 displays the 2D IR
spectra resulting from the best fits of the experimental spectra assuming the form of the
correlation functions given by Equation 1. The resulting parameters of the FFCF are listed in
Table 4.2. We find that the homogenous dephasing time (T,") for the Aq and A; peaks of the wo
in NP4-NO at pD 5.1 is 7 ps. While the homogenous contribution to the spectral linewidth is
similar for the Ay and A; peaks, the timescales for structural diffusion (z; and z) are very
different. The wo of the closed conformer exhibits fast structural fluctuations on a 3 ps timescale
(z1). Significant portions of the dynamics are too slow to be measured on our experimental

timescale of ~100 ps. This is represented as z,=co in Table 4.2. The wo of the open conformer
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exhibits structural fluctuations on a 0.9 ps and a 130 ps timescale. The ratio of the amplitudes of

the structural fluctuations (A% ) is 1 and 3.5 for the Ag and A; peaks.
1

Table 4.2 Best fit parameters of the FFCF for the wo in NP4-NO extracted from fitting the 2D

IR data.
Ax (ps™) w1 (ps) Az (ps™) w2 (Ps) T, (ps) Arz (cm™)
pDs5.1
Ao 0.55£0.04 3%l 0574005 o 742 3042
A 0.40£0.06  0.9:0.4  1.4+0.1 130£30 742 202
pD 7.9
Ao 0.3£0.1 14:0.7  0.36£004 742 3042
A 0574007 0804  1.2¢0.1 70£30 742 20+2

Figure 4.5 shows the experimental and best fit 2D IR spectra for the wo in NP4-NO
obtained at pD 7.9. At 1,=0.2 ps, the Ap and A; peaks are elongated along the diagonal indicating
the presence of structural inhomogeneity in the two conformational sub-states. Similar to the 2D
IR data taken at pD 5.1, the A; peak loses its frequency correlation faster than the Aq peak as
evidenced by their different 2D lineshapes at 1,=25 ps. Our best fits to the 2D IR data (see Table
2) find that the vibrational anharmonicity is pH independent and is ~30 cm™ for peaks A and A;
peaks. The wo of the closed conformer exhibits fast structural fluctuations on a 1.4 ps timescale

(z1) and on timescales longer than our experimental time window of ~100 ps. This is represented
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as zz=c0 in Table 4.2. The wo of the open conformer exhibits structural fluctuations on a 0.8 ps
and a 70 ps timescale. The ratio of the amplitudes of the structural fluctuations (A% )island?2
1

for the Ap and A; peaks.
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Figure 4.5 (a) Experimental 2D IR spectra of the wo in NP4-NO at pD 7.9. (b) Best fits to the
experimental 2D IR spectra. Contour levels are drawn at 5% intervals. The t, values and the

normalization factors for each 2D plot are given in the top left and bottom right corners,

respectively.

The homogenous contribution to the IR linewidth is governed by protein and solvent

fluctuations much faster than the experimental time window of a 2D IR experiment. The

measured homogenous timescale (T,), falls within the range of 5-12 ps for the vco in
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myoglobin-CO, neuroglobin-CO and for cyt-P450..m-CO substrate complexes.'® % In particular,
the homogenous dephasing time for the H64V mutant of myoglobin-CO was measured to be 7.7
ps. In contrast, the homogenous dephasing time for the wo of sodium nitroprusside
(NayFe(CN)sNO-2H,0, SNP) dissolved in various polar solvents was measured to be ~2 ps.?* %
These comparisons suggest that the dephasing timescales are slower in non-polar environments
such as the distal pocket of NP4-NO in contrast to the polar solvent environments experienced
by the wo of sodium nitroprusside. The vibrational anharmonicity value of ~29.5 cm™ for the Ay
and A; peaks extracted from the fits of the 2D IR spectra is not affected by pH. This value is
similar to the measured anharmonicity of 29 cm™ for the vyo in wild-type Mb"'NO and 28 cm™
for the vno in ferric cytochrome C-NO.?

The closed conformer at acidic pH is characterized by a well packed distal pocket where
the NO is surrounded by non-polar residues held together by hydrogen bonding interaction
between the A-B and G-H loops as seen in Figure 4.3a. In contrast, the open conformation at the
acidic pH is characterized by greater disorder in the A-B and G-H loops and displays room for
several water molecules in the distal pocket.® The FFCF of the Aq and A; peaks exhibits spectral
diffusion on 3 and 1.4 ps timescales, respectively. The crystal structures of the distal pocket at a
higher pH are characterized by a greater degree of loop flexibility and the presence of several
water molecules near the nitrosyl binding site. The FFCF of the Ao and A; peaks in the pD 7.9
sample exhibits spectral diffusion on a 1.4 and 0.8 ps timescales, respectively. We assign the fast
timescales to fluctuations of the local electric field around the nitrosyl ligand in NP4-NO for the
closed and open protein conformers. Our previous work on characterization of the FFCF of the

Wo in SNP found a negative correlation between the solvent polarity and the timescale for

spectral diffusion.?® The solvent polarity was defined by the empirical solvent parameters:
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EX(30) and the acceptor number (AN).“? It is interesting to note that the z; timescale of the

vno in NP4-NO mentioned above are very similar to the measured z; values of vyo in SNP
dissolved in ethanol (3.2 ps), methanol (2.3 ps), D,O (1.4 ps) and H,O (0.84 ps). Based on the
above comparison, we propose that the polarity of the protein distal pocket in the closed and

open conformers at pD 5.1 can be characterized by a maximum EY (30) value corresponding to

that of ethanol ( EY (30) = 0.65) and water ( E} (30) = 1), respectively. The timescale for spectral

diffusion of the closed conformer changes from 3 to 1.4 ps on increasing the sample pH. This
can be explained by the presence of water molecules reported in the crystal structure resulting in
an increase in the polarity of the distal pocket upon increasing the sample pH.

The 2D IR lineshape study also reveals the presence of slow (t.,) frequency fluctuations
of the closed and open conformers. The frequency fluctuations of the vno in the closed
conformer under all pH conditions are too slow to be measured on the timescale of our
experiment and appear static. In contrast the vyo in the open conformer undergoes frequency
fluctuations on the 130 ps and 70 ps timescale for the pD 5.1 and 7.9 samples respectively. We
attribute these long timescale dynamics to the structural dynamics of the loop regions of NP4-
NO. These dynamics appear to be frozen for the closed conformers on the 100 ps timescale.
However, the loop dynamics are faster for the open conformers. Our finding is consistent with
X-ray crystallography studies, where it has been found that the A-B and G-H loops are poorly
modeled for the open conformers of the NP4-NO protein.®

The carbonyl ligand has been used extensively as a vibrational probe in 2D IR studies to
measure structural dynamics in the active site of several heme proteins.*#* These studies have
measured timescales for spectral diffusion on 1-10 ps timescales and also slower timescales

ranging from 60-300 ps. The fast timescales can be characterized as local structural fluctuations
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around the CO probe and the slower fluctuations have been attributed to global motions
involving the entire protein. For example, molecular dynamics simulations have demonstrated
that the experimentally measured timescales in the FFCF of the 1o in wild type and mutant
myoglobin-CO are governed by the dynamics of the distal histadine ligand, and protein-water
interactions.'® ?# #*2 2D IR studies of the wo in wild-type Mb"'NO and ferric cytochrome C-
NO have measured vibrational frequency fluctuation timescales of 3.3 ps and 5.2 ps,
respectively.?2* The woin the H64Q-NO mutant of Mb"'NO exhibits a slower timescale of
~10 ps in the measured FFCF.?* A reduction in polar interactions with the nitrosyl ligand in the
mutant without the distal histidine, results an increase in the timescale of frequency fluctuations

which is in keeping with the trend seen in NP4-NO.

4.3.3 Relating structure, function and dynamics in Nitrophorin 4

The results and discussion of the 2D IR lineshape analysis reveals a picture of a dynamic
distal pocket with structural fluctuations on a range of timescales. We next discuss how our
measurement of the equilibrium structural fluctuations in the distal pocket of the open and closed
conformers of NP4-NO at two different pH conditions shed light on the function of this NO
transporter protein. The binding and release of NO from the heme has been described as the

following two step process:’

k K ... (pH dep.) k
NP-NO2 off1/“oit2 >[NP:NO] k<:>1 NP + NO
on -1

In this model, NO dissociation occurs with two pH-dependent rates (Koff1 2) involving a
slow protein conformational change of the protein and a faster rate (k;) representing release from

the open conformation. It has been shown that the pH dependence of the slower off-rates can be
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attributed to the flexibility and dynamics of the loop regions from various mutant studies which
have destabilized the closed conformation and altered the pH dependence of the equilibrium
populations of the open and closed conformers.” *® Ultrafast rebinding studies following
photodissociation of NO from ferric NP4-NO have measured a 10-25 ps and a >150 ps timescale
for geminate recombination.’ The faster timescale has been attributed to NO rebinding from a
hydrophobic closed conformer and the longer timescale has been attributed to rebinding from the
hydrophilic open conformer.

Our results demonstrate that there is a static distribution of the closed conformers at both
pH conditions and a distribution of interconverting open conformers on the ~100 ps timescale.
These heterogeneous structures arising from different interactions of the NO and its local
environment in the distal pocket, would allow for slightly different rates of thermal bond
cleavage resulting in a truly non-exponential ligand release process. The results in this study
provide experimental verification for MD simulations which have suggested that the structural
loops in NP4 should not be viewed as rigid cages that confine NO, but rather as a “dynamical oil
droplet” that contains NO within the fluctuating nonpolar pocket.® ** We directly measure
timescales of 3 ps and ~1 ps for fast structural fluctuations in a hydrophobic and hydrophilic
environment of the distal pocket.

We plan to perform 2D IR studies on mutants of NP4 where several key residues in the
A-B and G-H loops have been replaced to affect the binding and release rates of NO, in the
future. Measuring the FFCF of the w in these mutants will allow us to directly probe the
correlation between equilibrium structural fluctuations in the distal cavity and the function of this
NO transporter protein. The rates of NO binding/release to ferric myoglobin are 10/2000 fold

faster than those for NP4, in addition to being described by a single phase.** A recent study has
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measured the FFCF of the wo in wild-type Mb"'NO to have a timescale of 3 ps and significant
portions of the dynamics were too slow to measure on the experimental timescale.?* In
comparison with the NP4-NO 2D IR results presented in this manuscript, the wo in wild-type
Mb"'NO lacks equilibrium structural fluctuations on the 70-100 ps timescale. This suggests that
the equilibrium frequency fluctuations arising from local electric field fluctuations in the distal

pocket and the loop dynamics have a role to play in regulating the uptake and diffusion of the

nitrosyl ligand in NP4.

4.4 SUMMARY

In summary, we use 2D IR spectroscopy to measure the picosecond structural dynamics in the
distal pocket of NP4-NO. We assign the Ao and A; peaks in the nitrosyl stretching region of the
FTIR to the wo of the closed and open conformers of NP4-NO present at pD 5.1 and 7.9. The
assignment is in agreement with previous IR and Raman studies of NP4-NO and Mb"'NO and
DFT calculations. The measured timescales of the FFCF for the Ag and A; peaks are a
quantitative description of the structural heterogeneity and solvent dynamics in the vicinity of the
heme. The ability of the open conformer to exchange among its sub-states in ~100 ps measures
the structural flexibility of the loop regions. The spectroscopic data provides a microscopic
explanation for the previously observed kinetic heterogeneity in the release rates of NO from the
protein at all pH conditions. This study highlights how picosecond structural dynamics in the
distal pocket of NP4-NO are linked to its function and could hold implications for ligand binding

and release in other NO transport and receptor proteins.
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APPENDIX A

EXAMPLE MATLAB CODE FOR FITTING OF 2D IR SPECTRA OF THREE
LEVEL SYSTEM

clear all

global Al tcl wl03 amp deltal2 T2star A2 tc2 wl2 w2l mul2 taulR wl taulNR w0l wl0 Dor Tpop
thetaor c2w taul tlstep muOl ratiol2 ratio2l rho00 Matfin_exp Tau_2_exp wlstart wlend t21
triangleR triangleNR

% Input Variables
tlstep=10;
taulR=0:tlstep:2700;
taulNR=0:tlstep:1800;
[t1mR, tlR]=size(taulR);
t1R=taulR;

tINR=taulNR;

tau2=0;
tau3=0:tlstep:4000;
t3=tau3;

[t3m, t3n]=size(tau3);
c2w=2.0.%*pi.%2.998.%10.A-5;
de1tal2=24.427354416541906.*c2w;%19.5.%*c2w;
w01=434.60778081033.*c2w;
wl0=-434.60778081033.*c2w;
w1l03=-0.081427077295031;
wl2=w0l-deltal2;
w21=wl0+deTltal2;

mu0l=1;

mulO=1;

mul2=sqrt(2);
mu2l=sqrt(2);

rho00=1;

% hbar=1.05457148E-19;

% Create Frequency Axis
diagonalx=1800:2000;
diagonaly=diagonalx;
newfeq=zeros(1,2048);

for p = 1:2048;
newfreq(p)=p/(2048*tlstep);
end

9=0:1:2048;
freql=zeros(size(g));
freq2=newfreq(1:2048/2);
freq2=fliplr(freq2);
freq2=freq2.*(-1);
freql(1:2048/2)=Ffreq2;
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freql(2048/2+1)=0;
freql(2048/2+2:end)=newfreq(1:2048/2);

wlstart=round(350%2048*3*tlstep/100000+2048/2+1);
wlend=round(525%2048*3*t1lstep/100000+2048/2+1);
wl=freql(wlstart:wlend)'./2.9979e-05;

wl=w1l+1500;

w3=wl;

%Clear to save memory

clear freql

clear freq2

clear newfreq

%Load Data for Fitting
load('Tau_2_exp.mat');
Tau_2_exp=Tau_2_exp;
load('Matfin_Tau2_D20.mat"')
Mat_exp=Matfin_Tau2_D20(:,:,:);
Toad('wlexp.mat')
Toad('w3exp.mat')
Toad('triangleR_D20.mat")
triangleR=triangleR_D20;
Toad('triangleNR_D20.mat")
triangleNR=triangleNR_D20;
w3exp(23)=[1;

%

% figure

% contourf(Mat_exp(:,:,2),40)
%

% figure

% contourf(Mat_exp(:,:,2),20)

%Normalize the matrices
[s3 sl]=size(w3exp);
% [t21 t22]=size(Tau_2_EG);

%%Number of tau2 points in data set
t21=18;

%Check Spectrum
% figure
% contourf(matfin_D20_exp(:,:,2),40)

%Create zero mtrix so interp doesn't increase size of matrix each round
Mat_D20_Tau2_interpl=zeros(63,121);

%interp experimental matrix to have equal points on x and y axis and same
%number of points as simulated spectrum

for m=1:t21;

for x=1:s53;
Mat_exp_interpl(x,:,m)=interpl(wlexp,Mat_exp(x,:,m),wl);
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end
end

[smatl smat2 smat3]=size(Mat_exp_interpl);

for n=1:smat3;

for x=1:smat2;

Matfin_expl(:,x,n)=interpl(w3exp,Mat_exp_interpl(:,x,n),w3);

% Matfin_expl(:,x,n)=interpl(w3exp, Mat_D20_Tau2_interpl(:,x,n),w3"');
end

Matfin_exp(:,:,n)=Matfin_expl(:,:,n)./(max(max(Matfin_expl(:,:,1))));
end

%Get rid of the NAN
Matfin_exp(96:109,:,:)=[];

% Matfin_exp(13,:,:)=[];

%

% figure

% contourf(Matfin_exp(:,:,2),40)

%Clear to save memeory

% clear Mat_D20_Tau2_interp
clear Mat_exp_interpl

clear matfin_D20_exp

clear Matfin_expl

%%%Line Shape Functions

%%¥%Make sure that FFCFs have been intengrated twice
Tpop=22000;

thetaor=0;

Dor=8.3E-6;

FSM-1

%starting from FTIR FITS

% A1=0.000956905307935752;

% tcl=35056.3651039564; %15000;
% A2=0.00121116566083891;

% tc2=1854.67615469559;

% T2star=2233.25888520697;

%%starting from 2D fits that look good
A1=0.001229213846698;
tc1=1.385150206426212e+03;
A2=0.000665859832646125;

tc2=5000000;

T2star=1.973156719554166e+03;

% deTtal2=18.880048466552.*%c2w;%19.5.*c2w;
% wl2=w0l-deltal2;

% w21l=wlO+deltal2;

mul2=1.398287157635783;
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amp=0.858049521703135;
%

% q0=[mul2,amp];

% 1b=[1.1,0.8];

% ub=[1.6,1.6];

%Starting Parameters for this round of fit

q0=[Al,tcl,T2star,mul2,amp];

Tb=[0.001,1380,1900,1.3,0.85];

ub=[0.0013,1390,2000,1.4,0.95];

% Ccomment the next three Tines out if you do not want to actually perform

% fit

% options=optimset('MaxFunEvals', 100000, 'MaxIter', 100000, 'TolFun',1E-10);
% [q, resnorm,

residual(:,:,:),exitflag,output,lambda, jacobian]=1sqnonlin('Fit_3D"',q0,1b,ub,options);
% ci=nlparci(q,residual, 'jacobian',jacobian, 'alpha',0.05);

%%%Line Shape Functions
%%¥%Make sure that FFCFs have been intengrated twice

%Make sure the next lines are uncommented if you performed a fit inorder to
%see what your fit looks Tike

% Al=q(1);

% tcl=q(2);

% T2star=q(3);

% mul2=q(4);

% amp=q(5);

for h=1:t21;
tau2=Tau_2_exp(h);

% mul2=q(1l);
% amp=q(2);

% w1l03=q(6);

% deltal2=q(7).*c2w;

% wl2=w0l-deltal2;

% w21=wlO0+deltal2;
%%%Line shape functions

gll = @(t) Al.*Al.*tcl.*tcl.*(exp(-abs(t)./tcl)+abs(t)./tcl-1);%+A2.*A2.%tc2.*tc2.*(exp(-
abs(t)./tc2)+abs(t)./tc2-1);

gl2 = @(t) 2.*amp.*gll(t);

g22 = @(t) 4.*amp.*amp.*gll(t);

g21=g12;

%%%0rientational contribution
% Dor=q(2);%5.5E-7;%%% fsA-1

% thetaor=0; %%%The angle between 01 and 12 vectors

cl = @(t) exp(-2.*Dor.*abs(t));
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c2 = @(t) exp(-6.*Dor*abs(t));

%%%Nonrephasing

%Response functions

%%6%60606%60676%60676%6R € pha s 1 ng2%J6%e0676%606%66760696%

%%%%0rientational Component
tl=taulR;

taul=taulR;

t3=tlR;

[j tln]=size(tl);
[j t3n]=size(t3);

Y_2_0101=(1./9).*cl(tl).*cl(t3).*(1+(4./5).*c2(tau2));
Y_3_0101=(1./9).*cl(tl).*cl(t3).*(1+(4./5).*c2(tau2));

Y_5_0121=(1./9) .*c1(tl).*c1(t3).*(1+(4./5).*c2(tau2)).*cos(thetaor) .A2+(1./15).*c1(tl).*cl(t3).*c
2(tau2).*sin(thetaor).A2;

R2_0101=zeros(tln,t3n,1);

for 1=1:tln;

tl=taul(1);

R2_0101(:,1,1)=Y_2_0101.*rho00.*(mu0l) .A4.*exp(1i.*wl0.*tl-17.*wl03.*t3).*exp(-
(gll(tl+tau2)+gll(-tau2-t3)+gl1(tl)-gll(t3+tl+tau2)-gll(-tau2)+gl1(t3))).*exp(-
(t3+t1)./(2.*Tpop)) . *exp(-tau2./Tpop) . *(exp(-tl./T2star).*exp(-t3./T2star));
end

% figure
% contourf(taul,tau3,rR2_0101,10)

% w_R2=fftshift(fft2(R2_0101,2048,2048));
% w_R2=fTiplr(w_R2);

%

% figure

% contourf(wl,w3,real(w_R2(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('Rephasing: R_2A0A1IAQAL \tau_2=0")
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R3_0101=zeros(tln,t3n,1);

for 1=1:tln;
tl=taul(1);
R3_.0101(:,1,1)=Y_3_0101.*rho00.*(mu0l) .A4.*(exp(1i.*wl0.*tl-11.*wl03.*t3).*exp(-conj((gll(-
t3)+911(tl)-gll(t3+tau2+t1)+gll(t3+tau2)+gll(tau2+tl)-gll(tau2))))) .*exp(-
(t3+t1)./(2.%Tpop)) . *exp(-tau2./Tpop) .*(exp(-tl./T2star).*exp(-t3./T2star));
end

% w_R3=fftshift(fft2(R3_.0101,2048,2048));
% w_R3=fT1ipTr(w_R3);

%

% figure

% contourf(wl,w3,real(w_R3(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('Rephasing: R_3A0A1IAQAL \tau_2=0")

R5_0121=zeros(tln,t3n,1);

for 1=1:tln;
tl=taul(1);
R5_0121(:,1,1)=Y_5_0121.*rho00.*(mu0l) .A2.*(mul2) .A2.*(exp(+1i.*wl0.*t1+1i.*wl2.*t3).*exp(-
conj(g22(t3)+gl1l(-tau2)+gll(tl+tau2+t3)+gl2(-t3-tau2)-gl2(-t3)-gl2(-tau2)+g21l(tl+tau2)-
g21(tl+tau2+t3)-9g21(-t3)+911(t1)-gll(-t3-tau2)-gll(tl+tau2)+gll(-t3)))).*exp(-
t3./0(3./2) .*Tpop)) . *exp(-tau2./Tpop) . *exp(-tl./(2.*Tpop)) .*(exp(-tl./T2star) .*exp(-t3./T2star));
end

% figure
% contourf(R5_0121)

% w_R5=Fftshift(fft2(R5.0121,2048,2048));
% w_R5=Ff1iplr(w_R5);

%

% figure

% contourf(wl,w3,real(w_R5(wlstart:wlend,wlstart:wlend)),20)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')
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% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('Rephasing: R_5A0A1A2A1 \tau_2=0"')

% matnrfl=zeros(2048,301);
% matrfl=zeros(2048,2048);

timemat_R=R2_0101+R3_0101-R5_0121;
matrf2=timemat_R.*triangler;
wmat_R(:,:,h)=Ffliplr(fftshift(fft2(matrf2(:,:),2048,2048)));

% % wmat_R=f1iplr(fftshift(fft2(timemat_R,2048,2048)));
%

% figure

% contourf(real (wmat_R(wlstart:wlend,wlstart:wlend)),20)
% title('Rephasing frequeny \tau_2=0")

% figure

% contourf(taul,tau3,timemat_R)

% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])
% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% xTlabel('\taul_1 (fs)")

% ylabel('\tau3_3(fs)")

% title('Rephasing time domain \tau_2=0")

% figure
% contourf(wl,w3,wmat_R(wlstart:wlend,wlstart:wlend),20)

0/0/0/0/0/0, 0/0/0/0/0, %
%%%%260626%6%6%%Non rephas i ngkrkrkk%slslsls’r
0/0/0/0/0/0, 0/0/0/0/0,

(]

%%%0rientational Component

tl=taulNR;
taul=tl;

t3=t1;

[j tln]=size(tl);
[j t3n]=size(t3);

Y_1_0101=(1./9).*c1(tl).*c1(t3).*(1+(4./5).*c2(tau));
Y_4_0101=(1./9) .*c1(tl) .*c1(t3).*(1+(4./5).*c2(tau));
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Y_6_0121=(1./9) .*c1(tl).*c1(t3).*(1+(4./5).*c2(tau2)).*cos(thetaor) .A2+(1./9).*cl(tl).*cl(t3).*(1
-(2./5).*c2(tau2)).*sin(thetaor) .A2;

NR1_0101=zeros(tln,t3n,1);

for 1=1:tln;

tl=taul(1);

NR1_0101(:,1,1)=Y_1_0101.*rho00.*abs(mu0l) .A4.*exp(-(1i.*wl0*t1+1i.*wl03.%t3)).*exp(-(gll(-
tau2)+gll(tl+tau2+t3)+911(tl)-gll(-t3-tau2)-gll(tl+tau2)+gll(-t3))).*exp(-
(t3+t1)./(2.%Tpop)) . *exp(-tau2./Tpop) .*(exp(-tl./T2star).*exp(-t3./T2star));
end
%

% w_NR1=fftshift(fft2(NR1_0101,2048,2048));
%

% % figure

% % contourf(taul,tau3,NR1_0101,10)

% % title( 'NR1'")

%

% figure

% contourf(wl,w3,real(w_NR1(wlstart:wlend,wlstart:wlend)),20)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('NR R_IAOAIAQOAL \tau_2=0")

% hold on

% plot(diagonalx,diagonaly, "k--", "Tinewidth',3)

NR4_0101=zeros(tln,t3n,1);
for 1=1:tln;

tl=taul(1);

NR4_0101(:,T1,1)=Y_4_0101.*rho00.*abs(mu0l) .A4.*exp(-1i.*wl0.*tl-11.*wl03.*t3).*exp(-
(911(t3)+gl1(t1)+gll(tl+tau2+t3)-glli(t3+tau2)-gll(tau2+tl)+glli(tau2))).*exp(-
(t3+t1)./(2.*Tpop)) . *exp(-tau2./Tpop) . *(exp(-tl./T2star).*exp(-t3./T2star));
end

% W_NR4=Ffftshift(fft2(NR4_0101,2048,2048));

%

%

% figure

% contourf(wl,w3,real(w_NR4(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])
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% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('NR R_4AOALIAOAL \tau_2=0")

% hold on

% plot(diagonalx,diagonaly, 'k--", 'Tinewidth',3)

NR6_0121=zeros(tln,t3n,1);
for 1=1:tln;

tl=taul(1);

NR6_0121(:,T1,1)=Y_6_0121.*rho00.*abs(mu0l) .A2.*abs(mul2) .A2.*exp(-
1. %*wl0*t1+17 . *(wl2) .*t3) . *exp(-conj(g22(t3)+gll(tl+tau2)+gll(-tau2-t3)+gl2(-tau2)-gl2(t3)-gl2(-
tau2-t3)+921(tl+tau2+t3)-g21(tl+tau2)-g21(t3)+g11(tl)-gll(t3+tl+tau2)-gll(-tau2)+gll(t3))).*exp(-
t3./0(3./2) .*Tpop)) . *exp(-tau2./Tpop) .*exp(-tl./(2.*Tpop)) . *(exp(-tl./T2star) .*exp(-t3./T2star));
end
%
% W_NR6=Fftshift(fft2(NR6_0121,2048,2048));

% figure

% contourf(wl,w3,real(w_NR6(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('NR R_6A0ALIA2AL \tau_2=0")

% hold on

% plot(diagonalx,diagonaly, "k--", "Tinewidth',3)

timemat_NR=NR1_0101+NR4_0101-NR6_0121;

matnrf2=timemat_NR(:,:).*triangleNnRr;
wmat_NR(:,:,h)=Ffftshift(fft2(matnrf2,2048,2048));

% % wmat_R=f1iplr(fftshift(fft2(timemat_R,2048,2048)));

% figure

% contourf(wl,w3,real(wmat_NR(wlstart:wlend,wlstart:wlend)),20)
%

% figure

% contourf(real (wmat_R(wlstart:wlend,wlstart:wlend)),20)

% title('Rephasing frequeny \tau_2=0")
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% wmat_NR=fftshift(fft2(timemat_NR,2048,2048));

% figure

% contourf(wl,w3,real (wmat_NR(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])
% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")
% ylabel('\omega_3/2\pic (cmA-A1)")
% title('NR frequency')

% hold on

% plot(diagonalx,diagonaly, "k--", "Tinewidth',3)
%

%

% figure

% contourf(taul, tau3, timemat_NR)

% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])
% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% xTlabel('\taul_1 (fs)")

% ylabel('\tau3_3(fs)")

% title('NR time \tau_2=0")

% Matfin(:,:,k)=real(wmat_R(:,:,k)+wmat_NR(:,:,k));
% maxl=max(max(Matfin(:,:,1)));
Matfin(:,:,h)=real (wmat_R(:,:,h)+wmat_NR(:,:,h));

diagonalx=1850:1950;
diagonaly=diagonalx;

figure
contourf(wl(1:78),w3(1:78), (real(Matfin(wlstart: (wlstart+77) ,wlstart: (wlstart+77),h))./max(max(Ma
tfin(:,:,1)))),20);

axis square

axis([1885 1965 1885 1965])

box on

set(gca, "'tickdir', 'out')

set(gca, 'ticklength', [0.03,0.01])

set(gca, 'fontsize', 16)
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set(gca, 'linewidth', 3)

set(gca, 'fontname', 'arial')

set(gca, 'fontweight', 'b')

xlabel('\omega_1/2\pic (cmA-A1)")
ylabel('\omega_3/2\pic (cmA-A1)")

% title('Correlation Spectrum')

hold on

plot(diagonalx,diagonalx, 'k--","'Tinewidth',3)
plot(diagonalx, (diagonalx-deltal2), 'k--", 'Tinewidth',3)
hold off

end

for h=1:t21

figure
contourf(wl(1:78),w3(1:78),real(Matfin_exp(1:78,1:78,h)),20);
axis square

axis([1885 1965 1885 1965])

box on

set(gca, "'tickdir', 'out')

set(gca, 'ticklength', [0.03,0.01])

set(gca, 'fontsize', 16)

set(gca, 'Tinewidth', 2)

set(gca, 'fontname', 'arial')

set(gca, 'fontweight', 'b")

x1abel ('\omega_1/2\pic (cmA-A1)")

ylabel ('\omega_3/2\pic (cmA-A1)")

% title('Correlation Spectrum')

hold on

plot(diagonalx,diagonalx, 'k--","'Tinewidth',3)
hold off

end

for k=1:t21
Matfin_norm(:, :,k)=Matfin(wlstart:wlend,wlstart:wlend,k)./max(max(Matfin(
end

s1lice_fundamental=mMatfin_norm(:,53,:);
s1lice_fundamental_exp=Matfin_exp(:,53,:);
s1lice_fundamental2=Matfin_norm(:,58,:);
s1ice_fundamental_exp2=Matfin_exp(:,58,:);
s1lice_fundamental3=Matfin_norm(:,48,:);
s1ice_fundamental_exp3=Matfin_exp(:,48,:);

s1ice_fundamental_3=Matfin_norm(53,:,:);
s1ice_fundamental_exp_3=Matfin_exp(53,:,:);
s1lice_fundamental2_3=Matfin_norm(58,:,:);
s1ice_fundamental_exp2_3=Matfin_exp(58,:,:);
s1lice_fundamental3_3=Matfin_norm(48,:,:);
s1ice_fundamental_exp3_3=Matfin_exp(48,:,:);
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% %%¥%plot slices along wl

for k=1:t21

figure
plot(w3(1:95),s1ice_fundamental_exp(1:95,1,k),'k", 'Tinewidth',3)
axis([1885 1965 -1.2 11)

box on

set(gca, "'tickdir', 'out')

set(gca, 'ticklength', [0.03,0.01])
set(gca, 'fontsize', 16)

set(gca, 'Tinewidth', 3)

set(gca, 'fontname', 'arial')
set(gca, 'fontweight', 'b')
title('plotted on /w3")

hold on
plot(w3(1:95),s1lice_fundamental(1:95,1,k),'r", 'Tinewidth',3)
plot(w3(1:95),s1ice_fundamental_exp2(1:95,1,k), 'k--"',"'Tinewidth',3)
plot(w3(1:95),s1lice_fundamental2(1:95,1,k), " 'r--","Tinewidth',3)
plot(w3(1:95),s1ice_fundamental_exp3(1:95,1,k), 'k-.", " "Tinewidth',3)
plot(w3(1:95),s1lice_fundamental3(1:95,1,k), " 'r-.", "Tinewidth',3)
hold off

end

% %%%plot slices along w3

for k=1:t21

figure

plot(wl(1:95),s1ice_fundamental_exp_3(1,1:95,k), 'k, 'Tinewidth',3)
axis([1885 1965 -1.2 11)

box on

set(gca, "'tickdir', 'out')

set(gca, 'ticklength', [0.03,0.01])

set(gca, 'fontsize', 16)

set(gca, 'lTinewidth', 3)

set(gca, 'fontname', 'arial')

set(gca, 'fontweight', 'b")

hold on
plot(wl(1:95),slice_fundamental_3(1,1:95,k),'r', 'linewidth',3)
plot(wl(1:95),slice_fundamental_exp2_3(1,1:95,k), 'k--","'linewidth',3)
plot(wl(1:95),slice_fundamental2_3(1,1:95,k), " 'r--","'linewidth',3)
plot(wl(1:95),slice_fundamental_exp3_3(1,1:95,k), 'k-.","linewidth',3)
plot(wl(1:95),slice_fundamental3_3(1,1:95,k),'r-.", " "linewidth',3)
hold off

end

%%%Simulate FTIR

Toad('SNP_32_7mg_D20_beforescan_81911 sub.txt")
SNP_exp=SNP_32_7mg_D20_beforescan_81911_sub(1555:1650,:);
SNP_exp(:,2)=SNP_exp(:,2)./max(SNP_exp(:,2));

tlstep=3;

% c2w=2.0.%pi.%2.998.%10.A-5;
w01=-434.60778081033.*c2w;
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% mu0l=1;
t=1:3:8000;

% Al=q(1);

% A2=q(2);

% tc2=q(3);

% T2star=q(4);

% phi=2.089;
% theta=92;

for p = 1:8192;
newfreq(p)=p/(8192*tlstep);
end
g=0:1:8192;
freql=zeros(size(g));
freq2=newfreq(1:8192/2);
freq2=f1liplr(freq2);
freq2=freq2.*(-1);
freql(1:8192/2)=freq2;
freql(8192/2+1)=0;
freql(8192/2+2:end)=newfreq(1:8192/2);

wlstart=round(200%8192*3*tlstep/100000+8192/2+1);
wlend=round(600*8192*3*tlstep/100000+8192/2+1);
wl=freql(wlstart:wlend)'./2.9979e-05;

wl=w1l+1500;

w3=wl;

Tor=46000;

g = @Ct) Al.*Al.*tcl.*tcl.*(exp(-abs(t)./tcl)+abs(t)./tcl-1);%+A2.%A2.*tc2.*tc2.*(exp(-
abs(t)./tc2)+abs(t)./tc2-1);%

%%cos part -1./((1+theta.A2*%tcl3.A2).A2).*((theta.A3.*tcl3.A3.*cos(phi).*abs(t)-
theta.A2.*tcl3.A3.*exp(-abs(t)./tcl3).*cos(theta.*abs(t)+phi)-

cos(phi) .*abs(t).*theta.A2.*%tcl3.A2-2.%theta.*tcl3.A2.*sin(phi)+2.*theta.*tcl3.A2.*exp(-
abs(t)./tcl3).*sin(theta.*abs(t)+phi)+tcl3.*cos(phi)-tcl3.*exp(-
abs(t)./tcl3).*cos(theta.*abs(t)+phi)+theta.*tcl3.*sin(phi).*abs(t)-

cos(phi) .*abs(t)).*tcl3.*%Al13.A2);

R1l=abs(mu0l) .A2.*exp(-1i.*w0l.*t).*exp(-g(t)).*exp(-abs(t)./T2star).*exp(-
abs(t)./(2.*Tpop)) .*exp(-abs(t)./Tor);

[rR cR]=size(R1l);
ar=1-((1./crR).*(1:1:cR));
freg=fftshift(fft(R1l.*ar,8192));

% figure(l)
% plot(wl,real(freq(wlstart:wlend)))

94



SIM_interp=interpl(wl, freq(wlstart:wlend),SNP_exp(:,1));
SIM_interp=SIM_interp./max(SIM_interp);

figure

plot(SNP_exp(:,1),SNP_exp(:,2), 'k',SNP_exp(:,1),real(SIM_interp),'r', 'Tinewidth',3)
axis square

axis([1890 1965 0 11)

box on

set(gca, 'ticklength', [0.03,0.01])

set(gca, 'xTick',[1895:20:1955])

%

set(gca, 'yTick',[1895:20:1955])

set(gca, "'tickdir', 'out')

set(gca, 'ticklength', [0.03,0.01])
set(gca, 'fontsize', 16)

set(gca, 'Tinewidth', 3)

set(gca, 'fontname', 'arial')
set(gca, 'fontweight', 'b')
title('FTIR")

%
%
%
%
%
%
%
%
%
%
%
%
%
%

%%%Fit the FTIR with the new parameters

global tc2

q0=[Al,A2,T2star];

Tb=[0.00001,0.0001,1000];

ub=[.001,0.001,3000];

options=optimset('MaxFunEvals', 1000000, 'MaxIter', 1000000, 'TolFun',1E-15);

[f, resnorm, residual,exitflag,output,lambda,jacobian]=Tsqnonlin('FITFTIR',q0,1b,ub,options);

Al=f(1);
A2=F(2);
T2star=f(3);

h = @(t) Al.*Al.*tcl.*tcl.*(exp(-abs(t)./tcl)+abs(t)./tcl-1)+A2.*%A2.%tc2.*tc2.*(exp(-

abs(t)./tc2)+abs(t)./tc2-1);%

%
%

R1_fit=abs(mu0l) .A2.*exp(-1i.*w0l.*t).*exp(-h(t)).*exp(-abs(t)./T2star).*exp(-

abs(t)./(2.*Tpop)) .*exp(-abs(t)./Tor);

%
%
%
%
%
%
%
%
%
%
%
%
%
%

[rR cR]=size(R1_fit);
ar=1-((1./crR).*(1:1:cR));
freq_fit=fftshift(fft(R1_fit.*ar,8192));

% figure(l)

% plot(wl,real(freq(wlstart:wlend)))

SIM_interp_fit=interpl(wl, freq_fit(wlstart:wlend),SNP_exp(:,1));
SIM_interp_fit=SIM_interp_fit./max(SIM_interp_fit);

figure

plot(SNP_exp(:,1),SNP_exp(:,2), 'k',SNP_exp(:,1),real(SIM_interp_fit),'r', 'Tinewidth',3)
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% axis([1870 1950 0 11)

% axis square

% set(gca, 'Tickdir', 'out');

% set(gca, 'Fontweight', 'bold')

% set(gca, 'FontSize',20)

% set(gca, 'FontName','Arial')

% set(gca, 'TickLength', [0.03, 0.01])
% set(gca, 'Linewidth', 3)

% title('FTIR")

%%6%6%%% Saving it!
% save Mat_fitl mat_fitl

% save wl wl
% save w3 w3

Published with MATLAB® R2013a
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APPENDIX B

EXAMPLE MATLAB CODE FOR FITTING OF 2D IR SPECTRA OF SIX
LEVEL SYSTEM

clear all

global Al tcl amp wl03 T2star A2 tc2 wl2 w2l mul2 taulR wl taulNR wOl wlO Dor Tpop thetaor c2w
taul tlstep muOl ratiol2 ratio2l rhoOO Matfin_exp Tau_2_exp wlstart wlend t21 triangler
triangleNRr

%%variables

tlstep=10;
taulR=0:tlstep:5000;
taulNR=0:tlstep:5000;
[t1mR, tlR]=size(taulR);
t1R=taulR;

tINR=taulNR;

tau2=0;
tau3=0:tlstep:4000;
t3=tau3;

[t3m, t3n]=size(tau3);
c2w=2.0.%*pi.%2.998.%10.A-5;

rho00=1;
% hbar=1.05457148E-19;

diagonalx=1800:2000;
diagonaly=diagonalx;

newfeq=zeros(1,2048);

for p = 1:2048;
newfreq(p)=p/(2048*tlstep);
end

g=0:1:2048;

freql=zeros(size(g));
freq2=newfreq(1:2048/2);
freq2=fliplr(freq2);
freq2=freq2.*(-1);
freql(1:2048/2)=freq2;
freql(2048/2+1)=0;
freql(2048/2+2:end)=newfreq(1:2048/2);

wlstart=round(350*2048*3*tlstep/100000+2048/2+1) ;
wlend=round(525*2048*3*t1lstep/100000+2048/2+1);
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wl=freql(wlstart:wlend)'./2.9979e-05;
wl=w1l+1500;
w3=wl;

clear freql
clear freq2
clear newfreq

%%%Load Data for Fitting

% load('Tau_2_MeOH.mat');

% Tau_2_exp=Tau_2_MeOH;

% Tload('matfin_MeOH_exp.mat')
% Mat_exp=matfin_MeOH_exp;

% load('wlexp.mat')

% load('w3exp.mat')
Toad('trianglerR.mat")

% load('triangle.mat')

% triangleR=triangleR_MeOH;
Toad('triangleNR.mat")

% triangleNR=triangleNR_MeOH;
% w3exp(23)=[];

%

% figure

% contourf(Mat_exp(:,:,2),40)
%

% figure

% contourf(Mat_exp(:,:,2),20)

%%Normalize the matrices
% [s3 sl]=size(w3exp);
% [t21 t22]=size(Tau_2_EG);

t21=13;

% figure
% contourf(matfin_meOH_exp(:,:,2),40)

% Mat_MeOH_Tau2_interpl=zeros(63,121);

%

% for m=1:t21;

% for x=1:s3;

% Mat_exp_interpl(x,:,m)=interpl(wlexp,Mat_exp(x,:,m),wl);
% end

% end

%

% [smatl smat2 smat3]=size(Mat_exp_interpl);
% for n=1:smat3;

% for x=1:smat2;

% Matfin_expl(:,x,n)=interpl(w3exp,Mat_exp_interpl(:,x,n),w3);
% % Matfin_expl(:,x,n)=interpl(w3exp, Mat_D20_Tau2_interpl(:,x,n),w3"');
% end

% Max=(max(max(Matfin_expl(:,:,1))));
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% Matfin_exp(:,:,n)=Matfin_expl(:,:,n)./(max(max(Matfin_expl(:,:,1))));
% end

% Matfin_exp(79:109,:,:)=[];

% Matfin_exp(13,:,:)=[1;

%

% figure

% contourf(Matfin_exp(:,:,2),40)

%%%clear for more memory

% clear Mat_D20_Tau2_interp
% clear Mat_exp_interpl

% clear matfin_MeOH_exp

% clear Matfin_expl

%%%Line Shape Functions

%%¥%Make sure that FFCFs have been intengrated twice
Tpop_a=28000;

Tpop_b=28000;

thetaor=0;

Dor=3.6E-6;

%Starting from FTIR FITS

% A1=0.000956905307935752;

% tcl=35056.3651039564; %15000;
% A2=0.00121116566083891;

% tc2=1854.67615469559;

% T2star=2233.25888520697;

%%From Original NP4 Paper

%0pen Conformation
w01 _a=405*c2w;
wl0_a=-405.*c2w;
deltal2_a=29.*c2w;
wl2_a=w01l_a-deltal2_a;
w21_a=wl0_a+deltal2_a;
mu0l_a=1;

mulO_a=1;
mul2_a=sqrt(2);
mu2l_a=sqrt(2);
Al_a=0.46./1000;
tcl_a=4.*1000;
A2_a=0.67./1000;
tc2_a=50000;
T2star_a=2030;

%Closed Conformation
w01l _b=418.*c2w;
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wl0_b=-418.*c2w;
deTtal2_b=29.*c2w;
wl2_b=w01l_b-deltal2_b;
w21_b=wl0_b+deltal2_b;
mu0l_b=1;

mulO_b=1;
mul2_b=sqrt(2);
mu2l_b=sqrt(2);
Al_b=0.65./1000;

tcl b=1.3.%1000;
A2_b=1.3./1000;
tc2_b=100.%1000;
T2star_b=2000;

%

% q0=[Al,A2,tc2,T2star,mul2,tcl,wl2];%,tcl,tc2,T2star,deltal2];
% 1b=[0.0001,0.0001,1000,1500,1.3,20000,22];

% ub=[0.001,0.002,3000,6000,1.5,30000,28];

% q0=[Al,T2star,tcl];%,tcl,tc2,T2star,deltal2];
% 1b=[0.0001,1000,5000];
% ub=[0.001,6000,30000];

% q0=[tcl];

% 1b=[25243];

% ub=[25400];

%

% %

% options=optimset('MaxFunEvals', 100000, 'MaxIter', 100000, 'TolFun',1E-10);

% [q, resnorm,

residual(:,:,:),exitflag,output,lambda, jacobian]=1sgnonlin('Fit_3D"',q0,1b,ub,options);

% ci=nlparci(q,residual, 'jacobian',jacobian, 'alpha',0.05);

%%%Line Shape Functions
%%%Make sure that FFCFs have been intengrated twice

Tau_2=0:500:10000;
for h=1:21;
tau2=Tau_2(h);

% % % k=1;
% tcl=q(1l);

%%%Line shape functions
gll = @(t) Al_a.*Al_a.*tcl_a.*tcl_a.*(exp(-abs(t)./tcl_a)+abs(t)./tcl_a-

1)+A2_a.*A2_a.*tc2_a.*tc2_a.*(exp(-abs(t)./tc2_a)+abs(t)./tc2_a-1);
gl2 = @(t) 2.*%glli(t);
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922 = @(t) 4.*gll(v);
g21=g12;

hll = @(t) Al_b.*Al_b.*tcl_b.*tcl_b.*(exp(-abs(t)./tcl_b)+abs(t)./tcl_b-
1D+A2_b.*A2_b.*tc2_b.*tc2_b.*(exp(-abs(t)./tc2_b)+abs(t)./tc2_b-1);

h1l2 = @(t) 2.*hl1l(t);
h22 = @(t) 4.*hl11(t);
h21=h12;

%%%0rientational contribution
% Dor=q(2);%5.5E-7;%%% fsA-1

% thetaor=0; %%%The angle between 01 and 12 vectors

cl
c2

@(t) exp(-2.*Dor.*abs(t));
@(t) exp(-6.*Dor*abs(t));

%%%Nonrephasing

%Response functions

%%676%606%60676%60676%6R € pha s 1 ng%J6%e0676%606%676%696%

(]

%%%%0rientational Component
tl=taulR;

taul=taulR;

t3=tlR;

[j tln]=size(tl);
[j t3n]=size(t3);

Y_2_0101=(1./9).*c1(tl).*cl(t3).*(1+(4./5)
Y_3_0101=(1./9).*cl(tl).*cl(t3).*(1+(4./5)
Y_5_0121=(1./9).*c1(tl).*cl(t3).*(1+(4./5)
2(tau2).*sin(thetaor).A2;

R2_0101_a=zeros(tln,t3n,1);

for 1=1:tln;
tl=taul(1);

.*c2(tau2));
.*c2(tau2));
.*c2(tau2)).*cos(thetaor) .A2+(1./15) .*c1(tl) .*cl(t3).*c

R2_0101_a(:,1,1)=Y_2_0101.*rho00.*(mu0l_a) .A4.*exp(1i.*wl0_a.*tl-1i.*wlO_a.*t3).*exp(-
(gll(tl+tau2)+gll(-tau2-t3)+gl1(tl)-gll(t3+tl+tau2)-gll(-tau2)+gl1(t3))).*exp(-

(t3+t1)./(2.*Tpop_a)) . *exp(-tau2./Tpop_a) .
end

R2_0101_b=zeros(tln,t3n,1);

for 1=1:tln;
tl=taul(l);

*(exp(-tl./T2star_a).*exp(-t3./T2star_a));

R2_0101_b(:,1,1)=Y_2_0101.*rho00.*(mu0l_b) .A4.*exp(1i.*wl0_b.*tl-1i.*wl0_b.*t3).*exp(-
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(h11(tl+tau2)+h11(-tau2-t3)+h11(tl)-h11(t3+tl+tau2)-h11(-tau2)+h11(t3))).*exp(-
(t3+t1) ./ (2.*Tpop_b)) .*exp(-tau2./Tpop_b) . *(exp(-tl./T2star_b) .*exp(-t3./T2star_b));
end

% figure
% contourf(rR2_0101_b,10)

% w_R2=fftshift(fft2(R2_.0101,2048,2048));
% w_R2=FfT1ipTr(w_R2);

%

% figure

% contourf(wl,w3,real (w_R2(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1l)")

% title('Rephasing: R_2A0A1IAQAL \tau_2=0")

R3_0101_a=zeros(tln,t3n,1);

for 1=1:tln;
tl=taul(1);
R3_.0101_a(:,1,1)=Y_3_0101.*rho00.*(mu0l_a).A4.*(exp(1i.*wl0O_a.*tl-1i.*wl0_a.*t3).*exp(-
conj ((gl1l(-t3)+911(t1)-gli(t3+tau2+t1)+gll(t3+tau2)+gll(tau2+tl)-gll(tau2))))).*exp(-
(t3+t1)./(2.*Tpop_a)) . *exp(-tau2./Tpop_a) . *(exp(-tl./T2star_a) .*exp(-t3./T2star_a));
end

R3_0101_b=zeros(tln,t3n,1);

for 1=1:tln;

tl=taul(1);

R3_0101_b(:,1,1)=Y_3_0101.*rho00.*(mu0l_b) .A4.*(exp(1i.*wl0O_b.*tl-1i.*wl0_b.*t3).*exp(-
conj((h11l(-t3)+h11(t1)-h11(t3+tau2+t1)+h11(t3+tau2)+h11(tau2+tl)-hll(tau2))))).*exp(-
(t3+t1) ./(2.*Tpop_b)) . *exp(-tau2./Tpop_b) . *(exp(-tl./T2star_b) .*exp(-t3./T2star_b));
end

% w_R3=fftshift(fft2(R3_.0101,2048,2048));

% w_R3=f1iplr(w_R3);

%

% figure

% contourf(wl,w3,real(w_R3(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)
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% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('Rephasing: R_3A0A1AO0ALl \tau_2=0"')

R5_0121_a=zeros(tln,t3n,1);

for 1=1:tln;
tl=taul(1);

R5.0121_a(:,1,1)=Y_5_0121.*rho00.*(mu0l_a).A2.*(mul2_a).A2.*(exp(+1i.*wl0O_a.*tl+1i.*wl2_a.*t3).%e
xp(-conj(g22(t3)+gll(-tau2)+gll(tl+tau2+t3)+gl2(-t3-tau2)-gl2(-t3)-gl2(-tau2)+g21(tl+tau2)-
g21(tl+tau2+t3)-921(-t3)+911(t1)-gll(-t3-tau2)-gll(tl+tau2)+gll(-t3)))).*exp(-

t3./((3./2) .*Tpop_a)) .*exp(-tau2./Tpop_a).*exp(-tl./(2.*Tpop_a)) .*(exp(-tl./T2star_a).*exp(-
t3./(T2star_a)));

end

R5_0121_b=zeros(tln,t3n,1);

for 1=1:tln;
tl=taul(1);

R5_.0121_b(:,1,1)=Y_5_0121.*rho00.*(mu0l_b) .A2.*(mul2_b).A2.*(exp(+1i.*wlO_b.*tl+1i.*wl2_b.*t3).%e
xp(-conj (h22(t3)+h1ll(-tau2)+h11(tl+tau2+t3)+h12(-t3-tau2)-h12(-t3)-h1l2(-tau2)+h21(tl+tau2)-
h21(tl+tau2+t3)-h21(-t3)+h11(tl)-h11l(-t3-tau2)-h11l(tl+tau2)+h11(-t3)))).*exp(-

t3./((3./2) .*Tpop_b)) .*exp(-tau2./Tpop_b) .*exp(-tl./(2.*Tpop_b)) .*(exp(-tl./T2star_b).*exp(-
t3./(T2star_b)));

end

% figure
% contourf(R5_0121)

% w_R5=fftshift(fft2(R5.0121,2048,2048));
% w_R5=Ff1iplr(w_R5);

%

% figure

% contourf(wl,w3,real(w_R5(wlstart:wlend,wlstart:wlend)),20)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('Rephasing: R_5A0A1A2A1 \tau_2=0")

% matnrfl=zeros(2048,301);
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% matrfl=zeros(2048,2048);
timemat_R=R2_0101_a+R3_0101_a-R5_0121_a+R2_0101_b+R3_0101_b-R5_0121_b;
matrf2=timemat_R.*triangler;
wmat_R(:,:,h)=Ffliplr(fftshift(fft2(matrf2(:,:),2048,2048)));

% wmat_R=f1iplr(fftshift(fft2(timemat_R,2048,2048)));

% figure
% contourf(real (wmat_R(wlstart:wlend,wlstart:wlend)),20)
% title('Rephasing frequeny \tau_2=0")

% figure

% contourf(taul,tau3,timemat_R)

% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])
% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\taul_1 (fs)")

% ylabel('\tau3_3(fs)")

% title('Rephasing time domain \tau_2=0")

% figure
% contourf(wl,w3,wmat_R(wlstart:wlend,wlstart:wlend),20)

0/0/0/0/0/0, 0/0/0/0/0, 00
%%6%%%60626%6%6%%Non rephas i ngkKkrkk%slslslsk
0/0/0/0/0/0, 0/0/0/0/0, 0,

(]

%%%0rientational Component

tl=taulNR;
taul=tl;

t3=t1;

[j tln]=size(tl);
[j t3n]=size(t3);

Y_1_0101=(1./9).*c1(tl).*c1(t3).*(1+(4./5).*c2(tau2));
Y_4_0101=(1./9) .*c1(tl) .*c1(t3).*(1+(4./5).*c2(tau));

Y_6_0121=(1./9) .*c1(tl).*c1(t3).*(1+(4./5).*c2(tau2)).*cos(thetaor) .A2+(1./9) .*c1(tl).*cl(t3).*(1
-(2./5).*%c2(tau2)) .*sin(thetaor) .A2;

NR1_0101_a=zeros(tln,t3n,1l);
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for 1=1:tln;

tl=taul(1);

NR1_0101_a(:,T1,1)=Y_1_0101.*rho00.*abs(mu0l_a) .A4.*exp(-(Li.*wlO_a*tl+1li.*wl0_a.*t3)).*exp(-
(gl1l(-tau2)+gll(tl+tau2+t3)+gl1(tl)-gll(-t3-tau2)-gll(tl+tau2)+g911(-t3))).*exp(-
(t3+t1)./(2.*%Tpop_a)) . *exp(-tau2./Tpop_a) . *(exp(-tl./T2star_a) .*exp(-t3./T2star_a));
end

NR1_0101_b=zeros(tln,t3n,1);

for 1=1:tln;

tl=taul(1);

NR1_0101_b(:,T1,1)=Y_1_0101.*rho00.*abs(mu0l_b) .A4.*exp(-(1i.*wlO_b*t1l+1i.*wl0_b.*t3)).*exp(-
(h11(-tau2)+h11(tl+tau2+t3)+h11(tl)-h11(-t3-tau2)-hll(tl+tau2)+h11(-t3))).*exp(-
(t3+t1) ./ (2.*Tpop_b)) .*exp(-tau2./Tpop_b) . *(exp(-tl./T2star_b) .*exp(-t3./T2star_b));
end
%

% wW_NR1=fftshift(fft2(NR1_0101,2048,2048));
%

% % figure

% % contourf(taul,tau3,NR1_0101,10)

% % title( 'NR1'")

%

% figure

% contourf(wl,w3,real(w_NR1(wlstart:wlend,wlstart:wlend)),20)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('NR R_IAOAIAQOAL \tau_2=0")

% hold on

% plot(diagonalx,diagonaly, "k--", "Tinewidth',3)

NR4_0101_a=zeros(tln,t3n,1);
for 1=1:tln;

tl=taul(1);

NR4_0101_a(:,1,1)=Y_4_0101.*rho00.*abs(mu0l_a) .A4.*exp(-1i.*wlO_a.*tl-11i.*wl0_a.*t3).*exp(-
(911(t3)+gl1(t1)+gll(tl+tau2+t3)-glli(t3+tau2)-gll(tau2+tl)+glli(tau2))).*exp(-
(t3+t1)./(2.*Tpop_a)) . *exp(-tau2./Tpop_a) . *(exp(-tl./T2star_a) .*exp(-t3./T2star_a));
end

NR4_0101_b=zeros(tln,t3n,1l);
for 1=1:tln;

tl=taul(l);

NR4_0101_b(:,T1,1)=Y_4_0101.*rho00.*abs(mu01_b) .Ad.*exp(-1i.*wl0_b.*tl-11i.*wl0_b.*t3).*exp(-
(h11(t3)+h11(tD)+h11(tl+tau2+t3)-h1l1(t3+tau2)-hll(tau2+tl)+h1ll(tau2))).*exp(-
(t3+t1)./(2.*Tpop_b)) .*exp(-tau2./Tpop_b) . *(exp(-tl./T2star_b) .*exp(-t3./T2star_b));
end

105



% W_NR4=fftshift(fft2(NR4_0101,2048,2048));

%

%

% figure

% contourf(wl,w3,real (w_NR4(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('NR R_4AOAIAQAL \tau_2=0")

% hold on

% plot(diagonalx,diagonaly, "k--", "Tinewidth',3)

NR6_0121_a=zeros(tln,t3n,1);
for 1=1:tln;

tl=taul(1);

NR6_0121_a(:,1,1)=Y_6_0121.*rho00.*abs(mu0l_a) .A2.*abs(mul2_a).A2.*exp(-
1i.%*wl0_a*tl+1i.*(wl2_a).*t3).*exp(-conj(g22(t3)+gll(tl+tau2)+gll(-tau2-t3)+gl2(-tau2)-gl2(t3)-
gl2(-tau2-t3)+g21(tl+tau2+t3)-g21(tl+tau2)-g21(t3)+911(tl)-gll(t3+tl+tau2)-gll(-
tau2)+g11(t3))).*exp(-t3./((3./2) .*Tpop_a)) . *exp(-tau2./Tpop_a) . *exp(-tl./(2.*Tpop_a)).*(exp(-
tl./T2star_a).*exp(-t3./T2star_a));
end

NR6_0121_b=zeros(tln,t3n,1);
for 1=1:tln;

tl=taul(1);

NR6_0121_b(:,T1,1)=Y_6_0121.*rho00.*abs(mu0l1_b) .A2.*abs(mul2_b) .A2.*exp(-
1. %*wl0_b*t1+1i.*(wl2_b).*t3).*exp(-conj(h22(t3)+h11l(tl+tau2)+hll(-tau2-t3)+h12(-tau2)-h12(t3)-
h12(-tau2-t3)+h21(tl+tau2+t3)-h21(tl+tau2)-h21(t3)+h11(t1l)-h11(t3+tl+tau2)-hll(-
tau2)+h11(t3))).*exp(-t3./((3./2) .*Tpop_b)) .*exp(-tau2./Tpop_b) .*exp(-tl./(2.*Tpop_b)).*(exp(-
tl./T2star_b).*exp(-t3./T2star_b));
end

% W_NR6=fftshift(fft2(NR6_0121,2048,2048));

% figure

% contourf(wl,w3,real(w_NR6(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])

% set(gca, 'fontsize', 16)
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% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% title('NR R_6A0ALIA2AL \tau_2=0")

% hold on

% plot(diagonalx,diagonaly, 'k--", 'Tinewidth',3)

timemat_NR=NR1_0101_a+NR4_0101_a-NR6_0121_a+NR1_0101_b+NR4_0101_b-NR6_0121_b;
matnrf2=timemat_NR(:,:).*triangleNnRr;
wmat_NR(:,:,h)=Ffftshift(fft2(matnrf2,2048,2048));

% % wmat_R=f1iplr(fftshift(fft2(timemat_R,2048,2048)));

% figure

% contourf(wl,w3,real (wmat_NR(wlstart:wlend,wlstart:wlend)),20)
%

% figure

% contourf(real (wmat_R(wlstart:wlend,wlstart:wlend)),20)

% title('Rephasing frequeny \tau_2=0")

% wmat_NR=fftshift(fft2(timemat_NR,2048,2048));

% figure

% contourf(wl,w3,real (wmat_NR(wlstart:wlend,wlstart:wlend)),-1200:100:1200)
% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])
% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b'")

% x1abel('\omega_1/2\pic (cmA-A1)")
% ylabel('\omega_3/2\pic (cmA-A1)")
% title('NR frequency')

% hold on

% plot(diagonalx,diagonaly, "k--", "Tinewidth',3)
%

%

% figure

% contourf(taul,tau3,timemat_NR)

% axis square

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.01,0.03])
% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')
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% x1abel('\taul_1 (fs)")
% ylabel('\tau3_3(fs)")
% title('NR time \tau_2=0"')

% Matfin(:,:,k)=real(wmat_R(:,:,k)+wmat_NR(:,:,k));
% maxl=max(max(Matfin(:,:,1)));
Matfin(:,:,h)=real(wmat_R(:,:,h)+wmat_NR(:,:,h));

diagonalx=1850:1950;
diagonaly=diagonalx;

figure

contourf(wl,w3,real (Matfin(wlstart:wlend,wlstart:wlend,h)),20);
axis square

axis([1850 1950 1850 1950])

box on

set(gca, "'tickdir', 'out')

set(gca, 'ticklength', [0.03,0.01])

set(gca, 'fontsize', 16)

set(gca, 'Tinewidth', 3)

set(gca, 'fontname', 'arial')

set(gca, 'fontweight', 'b')

x1abel ('\omega_1/2\pic (cmA-A1)")

ylabel ('\omega_3/2\pic (cmA-A1)")

% title('Correlation Spectrum')

hold on

% plot(diagonalx,diagonalx, "k--","Tinewidth',3)
hold off

end

%

% for h=1:t21

% figure

% contourf(wl(1:78),w3(1:78),real(Matfin_exp(1:78,1:78,h)),20);
% axis square

% axis([1870 1945 1870 1945])

% box on

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.03,0.01])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 2)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% x1abel('\omega_1/2\pic (cmA-A1)")

% ylabel('\omega_3/2\pic (cmA-A1)")

% % title('Correlation Spectrum')

% hold on

% plot(diagonalx,diagonalx, "'k--", "Tinewidth',3)
% hold off

% end
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%
%

for k=1:t21

Matfin_norm(:,:,k)=Matfin(wlstart:wlend,wlstart:wlend,k)./max(max(Matfin(:,:,1)));

end

s1lice_fundamental=Matfin_norm(:,37,:);
sTice_fundamental_exp=Matfin_exp(:,37,:);
s1ice_fundamental2=Matfin_norm(:,25,:);
sTice_fundamental_exp2=Matfin_exp(:,25,:);
s1ice_fundamental3=Matfin_norm(:,53,:);
sTice_fundamental_exp3=Matfin_exp(:,53,:);

s1lice_fundamental_3=Matfin_norm(37,:,:);
sTice_fundamental_exp_3=Matfin_exp(37,:,:);
s1lice_fundamental2_3=Matfin_norm(25,:,:);
sTice_fundamental_exp2_3=Matfin_exp(25,:,:);
s1ice_fundamental3_3=Matfin_norm(53,:,:);

sTice_fundamental_exp3_3=Matfin_exp(53,:,:);

% %%¥%plot slices along wl

for k=1:t21

figure
plot(w3(1:78),slice_fundamental_exp(1:78,1,k),'k", 'Tinewidth',3)
axis([1870 1945 -1.2 1]1)

box on

set(gca, 'tickdir', 'out')

set(gca, 'ticklength', [0.03,0.01])
set(gca, 'fontsize', 16)

set(gca, 'Tinewidth', 3)

set(gca, 'fontname', 'arial')
set(gca, 'fontweight', 'b")
title('plotted on /w3")

hold on
plot(w3(1:78),slice_fundamental(1:78,1,k),'r"', 'linewidth"',3)
plot(w3(1:78),slice_fundamental_exp2(1:78,1,k), 'k--","'linewidth',3)
plot(w3(1:78),slice_fundamental2(1:78,1,k), ' 'r--","linewidth',3)
plot(w3(1:78),slice_fundamental_exp3(1:78,1,k), " 'k-.", "linewidth',3)
plot(w3(1:78),slice_fundamental3(1:78,1,k),'r-.","linewidth',3)
hold off

end

% %%%plot slices along w3

for k=1:t21

figure

plot(wl(1:78),slice_fundamental_exp_3(1,1:78,k), k"', 'linewidth',3)
axis([1870 1945 -1.2 1)

box on

set(gca, 'tickdir', 'out')

set(gca, 'ticklength', [0.03,0.01])

set(gca, 'fontsize', 16)

set(gca, 'lTinewidth', 3)

set(gca, 'fontname', 'arial')

set(gca, 'fontweight', 'b')
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hold on
plot(wl(1:78),slice_fundamental_3(1,1:78,k),"'r", 'Tinewidth',3)

plot(wl(1:78),slice_fundamental_exp2_3(1,1:78,k), "'k--","Tinewidth',3)
plot(wl(1:78),slice_fundamental2_3(1,1:78,k), " 'r--", 'Tinewidth',3)
plot(wl(1:78),slice_fundamental_exp3_3(1,1:78,k), 'k-.","Tinewidth',3)
plot(wl(1:78),s1lice_fundamental3_3(1,1:78,k),"'r-.", 'Tinewidth',3)
hold off

end

%%%Simulate FTIR

Toad('SNP_MeOH_14_8mM_100um_4_5_11_sub.txt")
SNP_exp=SNP_MeOH_14_8mM_100um_4_5_11_sub(1525:1610,:);
SNP_exp(:,2)=SNP_exp(:,2)./max(SNP_exp(:,2));

tlstep=3;

% c2w=2.0.%pi.*2.998.%10.A-5;
w01=-409.02763515864.*c2w;

% mu0l=1;

t=1:3:8000;

% Al=q(1);
% A2=q(2);
% tc2=q(3);
% T2star=q(4);

% phi=2.089;
% theta=92;

for p = 1:8192;
newfreq(p)=p/(8192*tlstep);
end
g=0:1:8192;
freql=zeros(size(g));
freg2=newfreq(1:8192/2);
freq2=Ffliplr(freq2);
freq2=freq2.*(-1);
freql(1:8192/2)=freq2;
freql(8192/2+1)=0;
freql(8192/2+2:end)=newfreq(1:8192/2);

wlstart=round(200%8192*3*tlstep/100000+8192/2+1);
wlend=round(600%8192*3*tlstep/100000+8192/2+1);
wl=freql(wlstart:wlend)'./2.9979e-05;

wl=w1l+1500;

w3=wl;

Tor=46000;
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%

%

% g = @(t) Al.*Al.*tcl.*tcl.*(exp(-abs(t)./tcl)+abs(t)./tcl-1)+A2.%A2.%tc2.*tc2.*(exp(-
abs(t)./tc2)+abs(t)./tc2-1);%

% %%cos part -1./((1+theta.A2%tcl3.A2).A2).*((theta.A3.*tcl3.A3.*cos(phi).*abs(t)-
theta.A2.%tcl3.A3.*exp(-abs(t)./tcl3).*cos(theta.*abs(t)+phi)-

cos(phi) .*abs(t).*theta.A2.*%tcl3.A2-2.*theta.*tcl3.A2.*sin(phi)+2.*theta.*tcl3.A2.*exp(-
abs(t)./tcl3).*sin(theta.*abs(t)+phi)+tcl3.*cos(phi)-tcl3.*exp(-
abs(t)./tcl3).*cos(theta.*abs(t)+phi)+theta.*tcl3.*sin(phi).*abs(t)-
cos(phi).*abs(t)).*tcl3.*%Al13.A2);

%

% Rl=abs(mu0l) .A2.*exp(-1i.*w0l.*t).*exp(-g(t)).*exp(-abs(t)./T2star).*exp(-
abs(t)./(2.*Tpop)) .*exp(-abs(t)./Tor);

%

% [rR cR]=size(R1);

% ar=1-((1./crR).*(1:1:crR));

% freq=fftshift(fft(rRl.*ar,8192));

%

% % figure(l)

% % plot(wl,real(freq(wlstart:wlend)))

%

%

% SIM_interp=interpl(wl,freq(wlstart:wlend),SNP_exp(:,1));

% SIM_interp=SIM_interp./max(SIM_interp);

%

% figure

% plot(SNP_exp(:,1),SNP_exp(:,2), 'k',SNP_exp(:,1),real(SIM_interp),'r', 'linewidth',3)
% axis square

% axis([1870 1945 0 11)

% box on

% set(gca, 'YTick',[1875:20:1935])

% set(gca, 'XTick',[1875:20:1935])

% set(gca, 'tickdir', 'out')

% set(gca, 'ticklength', [0.03,0.01])

% set(gca, 'fontsize', 16)

% set(gca, 'linewidth', 3)

% set(gca, 'fontname', 'arial')

% set(gca, 'fontweight', 'b')

% title('FTIR")

%

% % %%%Fit the FTIR with the new parameters

% %

% % global tc2

% % q0=[Al,A2,T2star];

% % 1b=[0.00001,0.0001,1000];

% % ub=[.001,0.001,3000];

% % options=optimset('MaxFunEvals', 1000000, 'MaxIter', 1000000, 'TolFun',1E-15);
% % [f, resnorm, residual,exitflag,output,lambda,jacobian]=1sgnonlin('FITFTIR',q0,1b,ub,options);
% %

% % Al=f(1);

% % A2=f(2);

% % T2star=f(3);

% %
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% % h =@(t) AL.*Al.*tcl.*tcl.*(exp(-abs(t)./tcl)+abs(t)./tcl-1)+A2.%A2.%tc2.*tc2.*(exp(-
abs(t)./tc2)+abs(t)./tc2-1);%

% %

% % R1_fit=abs(mu0l) .A2.*exp(-11.*w01l.*t).*exp(-h(t)).*exp(-abs(t)./T2star).*exp(-
abs(t)./(2.*Tpop)) .*exp(-abs(t)./Tor);

% %

% % [rR cR]=size(R1_fit);

% % ar=1-((1./cR).*(1:1:cR));

% % freq_fit=fftshift(fft(R1_fit.*ar,8192));

% %

% % % figure(l)

% % % plot(wl,real(freq(wlstart:wlend)))

% %

% %

% % SIM_interp_fit=interpl(wl,freq_fit(wlstart:wlend),SNP_exp(:,1));
% % SIM_interp_fit=SIM_interp_fit./max(SIM_interp_fit);

% %

% % figure

% % plot(SNP_exp(:,1),SNP_exp(:,2), " 'k',SNP_exp(:,1),real(SIM_interp_fit),'r', 'lTinewidth',3)
% % axis([1870 1950 0 1])

% % axis square

% % set(gca, 'Tickdir', 'out');

% % set(gca, 'Fontweight', 'bold")

% % set(gca, 'FontSize',20)

% % set(gca, 'FontName','Arial')

% % set(gca, 'TickLength', [0.03, 0.01])

% % set(gca,'Linewidth', 3)

% % title('FTIR")

%

%

%

% %%%%%% Saving it!

%

% % save Mat_fitl Mat_fitl

% % save wl wl

% % save w3 w3

Published with MATLAB® R2013a
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