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Abstract

Dynamic IR Peak Coalescence and Ultrafast Chemical Exchange Reactions
Studied by Two Dimensional Infrared Spectroscopy

By
Matthew Cody Zoerb
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Charles B. Harris, Chair

Vibrational spectroscopy is one of the most powerful techniques in chemistry due to its ability to
report direct information on the geometries and nuclear motions of complex molecules. At
thermal equilibrium, rearrangements between different, or equivalent, molecular structures help
to define the reactivity of the system. On the ultrafast timescale, these chemical exchange
reactions may cause features in the vibrational spectrum to become averaged. The Bloch
equations have been used previously to quantitatively predict the rates of such reactions. This
approach has been quite successful in NMR spectroscopy where exchange on the microsecond
timescale is often sufficient to cause peak coalescence. The application of the Bloch equations to
IR spectroscopy has been debated due to the presence of other contributions to the vibrational
lineshape that may prevent an accurate description of the relevant dynamics. Two dimensional
infrared spectroscopy (2D-IR) is a time resolved ultrafast technique that is capable of directly
measuring the kinetics of chemical exchange at thermal equilibrium where there is no net change
in the populations of reactants and products. This work examines two model systems that display
dynamic IR peak coaescence. A group of mixed valence dimers of trinuclear ruthenium clusters
have exhibited a wide range of IR coalescence that is sensitive to solvent, temperature, and
ligand substitution. No electron exchange was observed by 2D-IR during the timescale required
for peak coalescence. The two isomers of a square pyramidal ruthenium dithiolene compound
also result in highly coalesced spectra. The equilibrium populations, as well as the extent of peak
coalescence, are strongly dependent on temperature and solvent. The experimental results of this
second project were largely inconconclusive; however, future work with density functional
theory calculations looks promising for revealing more information on these dynamics.
Ultimately, the application of the Bloch equations to IR spectrais not generaly reliable. While
this type of analysis may still yield accurate results in some special cases, it is very difficult to
distinguish legitimate exchange induced coal escence from similar broadened lineshape features,
and this approach should be avoided.
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Chapter 1

| ntroduction

Stated most simply, physical chemistry is the study of how molecules work. Ultrafast
laser spectroscopy has revolutionized the ways through which we access the molecular level
details of chemical reactions. Not all chemical reactions proceed in the femto- to picosecond
timescale, but many of the fundamental transformations leading to this reactivity involve
ultrafast changes in the electronic and nuclear coordinates. In the condensed phase, structural
changes, solvent fluctuations, and charge redistribution on the ultrafast timescale define how
molecules interact with one another and ultimately form chemical products.

Vibrational spectroscopy is one of the most powerful techniques in chemistry. Molecular
vibrations give us direct information on the nuclear coordinates of the system. Time-resolved
vibrational spectroscopy allows us to monitor these structural details as they change over time.
At thermal equilibrium, molecules are far from static. Intramolecular rearrangements and
intermolecular interactions dynamically alter their properties and determine the behavior of the
molecule. These equilibrium dynamics are the focus of this work.

Progress in physical chemistry is driven both by the desire to understand basic chemical
phenomena and the technological advances necessary to make new types of observations. | have
followed this reasoning by pursuing experiments designed to elucidate the fundamental physics
and chemistry of several metal complexes that exhibit IR spectral coalescence. Using ultrafast
two dimensiona infrared spectroscopy (2D-IR) and density functional theory calculations
(DFT), I have studied the dynamics of charge redistribution and structural exchange in severa
ruthenium compounds. These experiments also allow me to address the origin and interpretation
of peak coalescence in vibrational spectroscopy.

Peak coalescence is a phenomenon in which two or more spectral features become
averaged as a result of exchange. To cause peak coalescence, the exchange dynamics must occur
at a rate similar to the frequency splitting between the spectral features. Peak coalescence is
fairly common in NMR spectroscopy where peak splittings are in the hertz to megahertz range.
Dynamics on the order of seconds to microseconds may cause coalescence.”™ It is much less
common in vibrational spectroscopy where peak splittings in the terahertz range require
picosecond dynamics to affect the spectra. In this way, any steady state spectroscopic
measurement has an inherent element of time resolution.

The prototypical example of peak coalescence is the spectra of iron pentacarbonyl. Iron
pentacarbonyl is fluxional, meaning it is constantly exchanging between equivalent structures.
The carbony! ligands are exchanged via the Berry pseudorotation mechanismin ca. 8 ps.> The IR
spectrum of iron pentacarbonyl has two carbonyl stretches, one for the axial CO based normal
mode and one for the degenerate equatorial CO based normal modes. The *C NMR spectra of
iron pentacarbonyl have only one peak; the five carbonyl ligands exchange much too quickly to
be resolved by this “slower” technique.®’



In many cases, the degree of peak coalescence can be varied, typically by changes in
sample temperature. The Bloch equations provide a mathematical formalism to describe the
spectral features associated with exchange and facilitate quantitative predictions of the barrier
height and timescales of the exchange reaction. This approach is relatively common in NMR,
and many fluxional and isomerization reactions happen on the timescales associated with this
technique.™ IR peak coalescence is much less common due to the requirement that dynamics
must be ultrafast to affect the spectrum. Further, the analysis of coalesced IR spectra with the
Bloch equations has been debated because of the sensitivity of IR lineshapes to interfering
dynamics.®?! The first goal of this work is to employ time-resolved IR spectroscopy to assess the
ability of the Bloch equations to accurately determine quantitative kinetic information from
coalesced IR spectra.
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Figure 1.1: Simulated spectra with a peak separation of
50 cm'* and exchange time constants 0.1-10 ps (dark to light).

Electron transfer is one of the most basic transformations in chemistry and is important to
many fields including biology and materials science.? In particular, intramolecular electron
transfer has received significant interest due to its relevance to molecular scale devices and their
function.””* Despite this interest, many details of charge transport through molecules are poorly
understood. In cases of high electronic coupling, electron transfer between sites can be very rapid
and the extent of charge distribution can be ambiguous. This border between localized and
delocalized electronic behavior is the subject of many theoretical treatments.*>** This regime
also presents some unique challenges experimentally. Near delocalization, electron transfer
approaches the ultrafast timescale and can begin to alter vibrational lineshapes.

Bridged ruthenium dimers, such as the compound in Figure 1.2, have been studied
extensively by the group of Clifford Kubiak at UC San Diego.*>* Upon reduction to the -1
mixed valence state, these compounds exhibit a wide variety of interesting behavior including
highly tunable coalescence of the carbonyl vibration peaks. This peak coalescence was
previoudly interpreted as a signature of ultrafast transfer of the extra electron between the two
metal sites. Lineshape analysis with the Bloch equations yielded exchange time constants under
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1 psfor severa of the dimers. The broad tunability of peak coalescence in these systems offers a
unique opportunity to test the ability of the Bloch equations to make accurate quantitative
predictions of the mechanism and timescale of ground state exchange.

Figure 1.2: One example of the dimers of ruthenium
trimers detailed in Chapter 4.

In collaboration with the Kubiak group, | have comprehensively studied the IR spectra
and electronic behavior of the dimers of ruthenium trimers with 2D-IR and DFT calculations.
Surprisingly, | measured no site exchange in any of the ruthenium dimers. The experimental
window was limited by average vibrational relaxation times of ca. 12 ps in these systems. While
| was not able to directly measure electron transfer in these systems, | can place alower limit on
the exchange rate. Any electron transfer likely takes place on a longer timescale than this
relaxation time. The Bloch equations predict that exchange must be faster than ca. 10 psto cause
any change to the IR spectrum.® If no exchange takes place in the first 10 ps in these systems,
peak coalescence must have some other origin. These experiments span the full range of
timescales relevant to peak coalescence. Although | was unable to measure electron site
exchange, | can directly address the viability of the Bloch equations for the analysis of coalesced
IR lineshapes.

Also in collaboration with the Kubiak group, | have studied the isomerization of
Ru(S;(CCF3)2)(PPh3).CO. The IR spectra of this compound are another example of dynamic IR
peak coalescence. Unlike the electron transfer reactions, this is not a self-exchange reaction. The
coalescence involves the CO peaks from two different isomers. An interesting feature of the
isomerization reaction is that the degree of peak coalescence and relative isomer populations
both vary with changes in solvent and temperature. Unfortunately, 2D-IR was unable to
conclusively determine the isomerization rate. The peaks were either too highly coalesced to
resolve the exchange or too weak to measure enough signal. The results of DFT calculations do,
however, give some insight on possible mechanisms and timescales of isomerization. More
theoretical work is needed to fully understand the dynamic equilibrium in these systems.

1.1 Two Dimensional Infrared Spectroscopy

Few techniques are capable of directly measuring dynamics at thermal equilibrium where
there is no net change in populations and no formation of new products. Fluctuations in structure
and electron distribution on the ultrafast timescale often have alarge impact on reactivity, but the
associated spectral features can appear averaged and may obscure important details about the
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system properties. Two dimensional infrared spectroscopy (2D-IR) is a relatively new technique
that iswell suited to investigate such ultrafast ground state dynamics.

2D-IR isanonlinear vibrational spectroscopy that combines ultrafast time resolution with
the ability to measure the ground state interactions and transformations of molecular vibrations.
There are two primary implementations of the technique. The full four-wave mixing Fourier
transform approach involves sending three broadband mid-IR pulses to the sample and
interfering the generated vibrational echo with another mid-IR pulse.®>>" This approach offers
temporal resolution only limited by the laser bandwidth, and full phase information is maintained
by controlling each interaction of the electric field with the sample. Nearly equivaent
information can be collected with the double resonance frequency domain technique used in this
work.>®* This approach requires just two mid-IR beams in a pump-probe geometry. Only one
beam time delay, rather than three, needs to be controlled. A spectrally narrow band pump pulse
scans the frequency range of interest, selectively exciting the vibrations of the system. This is
followed in time by a broadband probe pulse. This implementation has several advantages. The
apparatus and alignment are simplified, and detailed kinetics traces can be taken quickly by
holding the frequency of the pump pulse fixed and varying the time delay. These horizontal
dlices of the two dimensional spectrum are taken as simple pump-probe spectra. For the same
kinetic information from the Fourier transform technique, one of the time delays must be
scanned and Fourier transformed for each kinetic time point. The primary disadvantage to the
frequency domain technique is that the spectrally narrow band pump pulse has a larger temporal
width and the time resolution is reduced to approximately 1 ps. More recently, many of the
advantages of both of these 2D-IR variants have been combined by the introduction of mid-IR
pulse shapers.®®*®* These experiments combine the high time resolution and phase information of
the Fourier transform technique with the fast data acquisition associated with the frequency
domain technique.
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Figure 1.3: Schematic 2D-IR spectrum.



In frequency domain 2D-IR, a narrowband IR pump pulse creates a population in the first
excited level of avibration. This excitation can be thought of as a vibrationa label. A second
pulse follows after a variable delay time and monitors the evolution of the vibrational label. This
is shown schematically in Figure 1.3. The pump pulse is generated by passing a broadband mid-
IR pulse through a Fabry-Perot interferometer. This is an optical cavity with two highly
reflective end mirrors placed very close to one another. The mirror spacing determines what
wavelengths are transmitted and can be varied to change the frequency of the narrow band pulse
and scan across the frequency range of interest. The spectrum is collected as a difference
spectrum; only the spectral changes associated with the introduction of the pump pulse are
displayed in the spectrum. Features in the spectrum are usually present as peak pairs. The blue
peaks are negative and represent the depletion of vibrations in the v=0 state. Since the pump
pulse creates a population in the v=1 state, transitions from v=1 v=2 are al so0 accessible and
appear as the positive red peaks. These peaks are shifted to lower frequency due to the
anharmonicity of the vibrational potential. If no dynamics affect the vibrational label, the
frequency will not change during the time delay and the frequency will be the same aong both
axes, resulting in adiagonal peak. Along the diagonal, these peaks give analogous information to
linear absorption spectra. In exchanging systems, the environment around the labeled vibration
may change, causing a frequency shift. As the waiting time increases, this will result in a
decrease in peak amplitude along the diagonal with new peaks growing in the off diagonal
region. These cross peaks are shifted along the horizontal, allowing them to be correlated to the
original excitation frequency. The rate of cross peak growth and diagonal peak decay correspond
to the rate of equilibrium exchange.

The major limitation to this technique is that the dynamics of interest must occur faster
than, or on a similar timescale to, vibrational energy relaxation (VER). VER will eventually
cause any solution phase vibrationa excitation to decay by energy transfer to the surrounding
bath. The vibrational label must persist for long enough to observe the dynamics. For
organometallics, VER can be anywhere from a few picoseconds to hundreds of picoseconds.
Other vibrational dynamics can also interfere with the 2D-IR measurement. For example,
intramolecular vibrationa redistribution (IVR) can cause the energy of the vibrational label to be
redistributed among other vibrations in the absence of exchange. This can even include uphill
energy flow by coupling to the solvent.

I

metal d orbital CO 1T* orbital
Figure 1.4: m backbonding from a metal d orbital to a carbonyl ligand.

Metal carbonyls are excellent probes of dynamicsin infrared spectroscopy. Conveniently,
they typically exhibit sharper and stronger peaks than most other vibrations. Perhaps more
important is their interaction with the metal d orbitals (Figure 1.4). In organometallic
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compounds, the frontier molecular orbitals are usually based primarily in the metal atom based d
orbitals. Carbonyl ligands donate density to the metal through a ¢ interaction, but withdraw
density through = interactions known as & backbonding.62 Changes in geometry or electron
distribution can have significant effects on the orbital overlap and density. The © backbonding
occurs between the d orbitals of the metal and a n* orbital of the CO ligand. Small changes in the
population of this orbital directly affect the strength of the CO bond and, therefore, the frequency
of the vibration. This sensitivity to changes in the environment at the metal center make CO
ligands uniquely suited as probes of both electron distribution and geometry in vibrational
spectroscopy.



Chapter 2

M ethods

2.1 Two Dimensional Infrared Spectroscopy

The apparatus used for these experiments is capable of a variety of ultrafast vibrational
spectroscopic techniques. It is convertible between UV pump-IR probe transient spectroscopy,
broadband IR pump-IR probe spectroscopy, two dimensional infrared spectroscopy (2D-IR),
two-color 2D-IR, and transient 2D-IR setups. The experiments in this thesis all use the two-color
2D-IR setup tuned to one color for reasons mentioned below.

The apparatus begins with a commercia laser system from Spectra-Physics comprising
four separate lasers. The first is a diode pumped Nd:Y VO, continuous wave laser (Millennia Vs
J) with an output of 5W at 532 nm. This laser pumps the ultrafast Ti:Sapphire oscillator
(Tsunami) whose pulsed output at 800 nm, 80 MHz, and average power ~650 mW seeds the
regenerative amplifier. The amplifier is pumped by a 527 nm Q-switched Nd:YLF pump laser
(Empower) with a maximum average power of 10 W at 1 kHz. The Ti:Sapphire regenerative
amplifier (Spitfire) produces ultrafast pulses at 800 nm, 1 kHz, and average power ~1.2 W. After
the amplifer, the rest of the apparatus is home built.

The output of the amplifier is split by a 50/50 800 nm beam splitter into two mid-IR
optical parametric amplifiers (OPAS). The OPAs are tunable from 3-6 um with a FWHM of ca.
150 cm™. The general design has been reported previously in the theses of multiple graduate
students®™® and is based on the design of Hamm®. | personally built the second OPA as a
duplicate of the first. The two OPAs are nearly identical and need no comment beyond the
previous descriptions. The two-color 2D-IR setup with both OPAs, however, requires some
noteworthy modifications. The modified apparatus is depicted schematically in Figure 2.1 and
the major optics and equipment are listed in Table 2.1. Some of the optics have been in place for
many years and the manufacturer is unknown. These optics are fairly generic and can be
purchased from many suppliers. The wedged window (WW) has recently been replaced by a
series of two beamsplitters. The origina wedged window reflected ca. 15% from both the front
and back surfaces to separate the probe and reference lines. The remaining ca. 70% was
transmitted to the pump line. The new pair of optics consists of an 85/15 beamsplitter (BS1) to
split the pump/(probe and reference) followed by a 50/50 beamsplitter (BS2) to split
probe/reference. BS1 and BS2 are not pictured in Figure 2.1.

The output of the pump OPA first passes through a Fabry-Perot interferometer. Since it
was originally reported,®® | replaced the mirrors with higher quality optics that have 85 + 3%
reflectivity. The old mirrors worked over the full spectral range of the OPAs, but varied
significantly from the average 85% reflectivity. The new mirrors are designed for use over a
narrower frequency range, requiring multiple sets to span the full output range of the OPAs. For
the work described here, the operating range was 5.0-5.6 pm or approximately 1786-2000 cm™.
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Compared to the old Fabry-Perot mirrors, the reflectivity is significantly higher over much of the
spectral range.

Multiple modes are supported in any resonator. There is arelationship between the output
peak width and the separation between adjacent modes. The ratio of peak separation to peak
width is called the finesse of the cavity. Increasing the mirror reflectivity increases the finesse of
the cavity by the following relationship®”:

1
64 1-—R

where R is the mirror reflectivity, and is wavelength dependent. The peak separation is AA and
the peak width is 1. The overall spectral bandwidth of the input mid-IR beam is ca. 150 cm™. |
usually kept the pump pulse spectral width at 12-15 cm™. For a cavity with low finesse, multiple
narrowband peaks can be supported for 12-15 cm™ peak widths over a 150 cm™ range. Thisis
undesirable since we want a single narrowband pump pulse at the sample to excite a single
vibration. Multiple pump frequencies can cause multiple vibrations to be pumped accidentally
and ruin the specificity of the vibrational label. Maintaining high mirror reflectivity reduces the
chance of unwanted pump intensity at the wrong frequency. In practice, with the new mirrors, |
rarely saw multiple peaks supported within the 150 cm™ spectral envelope of the pump OPA.

Commercial

Laser
800 nm, 1 kHz, 1.2W

FP WP OC
OPA 1 l L1 unlabeled mirrors are PSM
mid-IR pump
3 sz MCT detector
OPA 2
mid-IR probe/reference L1 Ww
spectrograph

PM PM
Figure 2.1: Schematic of the two OPA 2D-IR apparatus. The equipment and optics labels are
described in Table 2.1.



Before reaching the sample, the narrow band pump pulse also passes through a half wave
plate and an optical chopper. The wave plate allows me to change the polarization of the pump
pulse relative to the probe pulse. For al of the experiments reported here, | held the two beams at
magic angle, 54.7°, relative to one another to remove the effects of orientational diffusion. The
optical chopper runs at a frequency of 500 Hz, half of the repetition rate of the laser system. This
blocks every other pump pulse from hitting the sample. A difference spectrum can be collected
by subtracting spectra of (pump on) — (pump off), alowing me to take a data point with 1000
averages every 2 seconds. The time delay between the two pulses is controlled by passing the
pump pulse through a mechanical delay stage. The stage changes the time delay between the two
pulses by changing the distance that the pump pulse travels relative to the probe beam path.
Finally, the pump and probe pulses are focused onto the sample with an off-axis parabolic
mirror. Parallel beams impinging on a parabolic mirror will have the same focal point. During
beam alignment, | only need to assure that the two beams are parallel entering the first parabolic
mirror. The probe pulse passes through no moving parts so that proper alignment into the
detector is maintained.

L abel Description Source
PM ggfaﬁz; sFPE\rEoll (I) Ccrrrrl: rror, Protected Gold Janos Technology
PSM | Protected Silver Mirror Thorlabs Inc.
WW | ZnSe Wedge Window, 1° wedge, uncoated Rocky Mountain Instrument Co.
BS1 | 85/15 Beamsplitter, 3-7 um, ZnSe, 3° wedge Rocky Mountain Instrument Co.
BS2 | 50/50 Beamsplitter, 3-7 um, CaF Infrared Optical Products, Inc.
OC | Optical Chopper, Model 3501 New Focus
FP Fabry-Perot Interferometer -
Ei/zz?(elcef_t;_i _cpl;inematic Mount, Thorlabs Inc.
ZnSe Mirror, Rag =85+ 3% @ 5.0 -5.6 um Rocky Mountain Instrument Co.
WP | Waveplate -
Motorized Rotation Stage, Model RGV 100 Newport Corp.
rDeEcﬁ dEL(eCrgeztS(%%Srlcr:ﬁISe) Waveplate, 180 Cleveland Crystals
L1 CaF; Lens, FL =100 cm unknown
L2 CaF; Lens, FL =15cm unknown
L3 CaF; Lens, FL =30 cm unknown

Table 2.1: Description of optics and equipment from Figure 2.1.




The probe and reference beams are focused into a spectrograph (Acton Research Corp.,
SpectraPro-150) where the beams are dispersed by a tunable grating onto a 2x32 pixel mercury
cadmium telluride detector (Infrared Associates, Inc., MCT-7-64). The raw signals are passed
through a data processing unit (Infrared Systems Development Corp., IR-6416) before being
transferred to our data collection computer. The data collection program (LabView) and data
processing programs (Matlab) were written in house by previous graduate students and have only
had small modifications since their previous description.®®

The primary advantage of the 2 OPA setup is that it is capable of collecting two-color
2D-IR spectra. The two OPAs can be tuned independently to different spectral regions. A
secondary benefit is that each OPA in the 2 OPA setup has a higher output power with lower
input power relative to the normal 1 OPA setup. The usual 1 OPA setup includes separate line
for the UV generation. The amplifier output is split 30/70 between UV and IR, respectively, by
an 800 nm beamsplitter. For the 2 OPA setup, the UV/IR beamsplitter is removed, and the
amplifier output is split into the two OPAs. As aresult, each OPA only gets 50% of the amplifier
output instead of 70% in the 1 OPA setup. The 1 OPA setup usually requires filters in both the
first and second pass pump lines to avoid optical damage to the BBO crystal. With the lower
input power of the 2 OPA setup, these filters can be removed. Removing the filters should
compensate somewhat for the lower OPA input power. Perhaps the lower power allows us to
focus harder into the BBO crystal and have higher conversion efficiency. While we do not
currently have a mid-IR power meter that can detect our OPA output, the signal at the detector
appears approximately 2-3x greater in the 2 OPA configuration. Although the mid-IR power
increase in the 2 OPA configuration is rather modest, it has made a significant impact on my
ability to take high quality data. In particular, | could not get the signal high enough above the
noise for any of the samplesin Chapter 4 with the 1 OPA setup.

2.2 Density Functional Theory

All of the density functional theory (DFT) calculations in this work were performed in
Gaussian 09 with the BP86 functional .?* ™ Unrestricted BP86 was used for calculations on all -1
charged compounds. BP86 is a generalized gradient approximation (GGA) functional and is
considered one of the best functionals for transition metal and transition metal carbonyl
complexes. It has been shown to outperform the widely popular hybrid functional B3LYP.”*"
Another functional TPSS, a meta-GGA functional, has been shown dlightly more accurate than
BP86 with a similar price to performance ratio.”""? The transition metal complexes in this work
are very large, and meeting the standard convergence criteria was difficult for most of the
geometry optimizations. | attempted several calculations with TPSS, but the calculations did not
converge.

For the metal atoms (ruthenium) in al of the compounds in this work, | used the
LANL2DZ basis.”®"® This basis set uses an effective core potential (ECP) that reduces the
number of electrons in the calculations by replacing the core electrons with an effective
potential. The basis sets on all other atoms depend on the system. For the compounds in Chapter
4, | used 6-31G. For the compounds in Chapter 5, | used 6-31G++(d,p) for all calculations.”
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Chapter 3

Simulation of Dynamic IR Lineshapes

Reproduced in part with permission from the Journal of Chemical Education, in press.
Unpublished work copyright 2012 American Chemical Society.

3.1 Introduction

A primary focus of this thesis is the phenomenon of dynamic infrared peak coal escence.
Two of the most well documented cases of IR peak coalescence are the mixed valence dimers
also featured in this work (Chapter 4)*>* and the class Fe(CO)s(7*-diene) compounds'®?. For
both sets of compounds, analysis of the IR lineshapes was performed by comparison of the
experimental spectra with simulations based on the Bloch equations. The program used for these
projects previously, VIBEXGL, was written by R.E.D. McClung, a coauthor on one of the iron
diene tricarbonyl papers.” While McClung did not share authorship on any papersinvolving the
mixed valence dimers, he did provide a version of his program to the Kubiak lab for their
lineshape analysis.

The VIBEXGL program was written in FORTRAN and compiled for use on a Macintosh
computer. The program was written before Mac switched to a Linux based operating system for
their OS X in 2002. To run the program on a modern computer requires the user to emulate an
older Mac operating system or to simply use a 10+ year old computer. The paper by Grevels et
al %% describes most of the math involved in the simulations, but | had several questions about the
implementation of the math in the program. Some of the math is system dependent and since the
program was not originally written for, or described in the context of, the ruthenium dimers, |
wanted to know specifically how the code was written for the dimers. McClung is no longer an
active professor, and | could not contact him to ask specific questions about the code. As a
coding language, FORTRAN is difficult to read, and | was unable to answer my questions based
on the source code.

To better understand these simulations, | wrote a new and improved version of the
program in Matlab. The new program, Zoerbex, is based on the same optical Bloch equations
math as the previous program and can produce identical outputs to VIBEXGL, although my
program has some noteworthy improvements. First, Zoerbex can be run on any modern computer
with Matlab installed. Three versions of the standard Zoerbex program are available and have
been published in the Journal of Chemical Education as a technical report. One version is a
standard Matlab script and can be run from the command line in Matlab. Two other versions run
from a graphical user interface (GUI); one within Matlab and the other as an executable
standalone file. The executable file version of the program can be run on any PC, even without
Matlab, by installing a free file library. All three versions of the program are available in the
Supporting Information to reference 87. The source code for both Matlab versions is given in
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Appendix B of this thesis. The Matlab environment also allowed me to add some simple figure
options, such as figure zoom, into Zoerbex program, and the user can save the simulated spectra
as a Matlab figure file and further edit the figure properties within Matlab. Another large
improvement is the free availability of the source code. Mathematical code in Matlab is very
easy to read and understand. Small modifications to the existing code enable the user to simulate
dynamic IR lineshapes for avariety of systems. By default the program simulates two peaks, but
can be easily modified to simulate as many peaks as the user caresto include.

3.2 Dynamic IR Spectroscopy

Peak coalescence is much more common in NMR than in IR spectroscopy. The
requirement that exchange in IR spectra be on the picosecond timescal e restricts the phenomenon
to the observation of only the fastest rearrangements. Further, the ability to extract quantitative
information from coalesced IR spectrais limited by the presence of other ultrafast processes that
can alter line shapes and peak frequencies. | do expect that the Bloch equations can accurately
describe the spectral effects due to a known exchange rate; however, separating these effects
from other contributions to an experimental spectrum is not generally possible. Simulations
made with the program are useful for better understanding the spectral changes accompanying
ultrafast site exchange and seeing the qualitative features associated with different mechanisms
and rates of exchange.

The dynamic IR lineshapes in this program are simulated using the optica Bloch
equations formalism to describe exchange between two sites. This math is closely based on the
presentation by Grevels et al.? with some notable differences. | will present a brief summary of
the math here. We follow the naming conventions from the previous paper as closely as possible
to allow for easy comparison.

Voigt lineshapes are used to simulate the IR peaks in each spectrum. These lineshapes are
separated into Lorentzian and Gaussian components. The full width at half maximum (FWHM)
values for each contribution to the individual peaks as well as their center frequencies and
relative populations are input parameters to the simulation.

The other inputs to the program determine the exchange rate of the simulation. The user
has two input options, the exchange time constant (k,,!) or a reaction barrier height and
temperature. The barrier height and temperature are converted to a rate using simple transition
state theory®®:

ke = o exp (— —) (3.1

where kg is Boltzmann's constant, h is Planck’s constant, AG* is equivalent to the transition state
or barrier height (assuming the partition functions of the reactants and transition state are
approximately equal), and T is temperature. To simulate a spectrum without exchange effects,
the user can specify alarge time consant (e.g 10,000 ps), high barrier (e.g. 5 kcal/mol), or alow
temperature (e.g. 5 K). Exchange under these conditions is sufficiently slow so as to make no
contribution to the vibrational lineshape.

The effects of exchange on the system are contained in the exchange matrix K. The form
of this square matrix is entirely system dependent. The order of the matrix is equivalent to the
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number of exchanging sites. The simplest example (and program default) is that of a two site
system exchanging with equivalent forward and backward reaction rates as in Reaction 3.1.

Reaction 3.1
k
A=——8B

Grevels et a. offers a detailed account on dipole moment transfer and the details required to
determine the general form of this exchange matrix.* Here, we take a much simpler approach
and consider only the case of unit dipole moment transfer. Two equal intensity vibrational modes
of amolecule exchange 100% of their intensity with arate, kex. The resulting matrix is:

_ -1 1
S 6
Any number of peaks can be simulated by increasing the matrix dimensions..

For each peak, a, the matrix A contains the information on peak center frequencies (®,)

and Lorentzian FWHM (I'")). The diagonal entries are:
A(m = _iwa + 1—~((1L) - K(m (33)
And the off diagonal entries are:

A= —K_ (3.4)

oo oo

The matrix G is diagona and contains the information on Gaussian contributions to the

peak width, (T{®). It is noteworthy that the Grevels paper incorrectly defines this matrix; the
proper formis:

Goo = [TV (35)

The program is designed to simulate the lineshapes of dynamically exchanging species.
This is best achieved by directly altering the time domain signal. Here, we directly calculate the
vibrational time correlation function. This signal can be Fourier transformed to the frequency
domain with the fast Fourier transform (fft) method. While the correlation function is not output
by default, the program can be easily modified to plot the result. The program provides an
opportunity to compare signals from the two domains and better understand the relationship
between Fourier transform pairs.

The A and G matrices enter the correlation functions as A and G’. The matrix A is first
solved for its eigenvalues and eigenvectors.

AS = AS (3.6)

where A is a diagonal matrix of the eigenvalues of A with elements A;, and Sis a matrix of the
eigenvectors of A with elements S,;.. G’ isthe similarity transform of G with the eigenvectors of
A:
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Gy =[s"-GS]; (3.7)
The vibrational correlation function may then be defined as:
Guip () = P+ S-exp(-At — G't2/2)-$71-1 (3.8)

where T is a column vector with all entries are equal to 1 and p' isthe complex transpose of the
column vector p:

I—)) = Pa(zwaverage /h’) (39)

P, is ascaling factor for the relative intensity of each peak (equal to the population variable in
the program). The vibrational correlation function can be converted to the absorption spectrum
by a Fourier transform, performed with the fft method in Matlab.

3.2.1 Generalization to Larger Systems

This approach is entirely generalizable to larger systems or different reactions by only
changing the elements of the K matrix. Any additional peaks merely increase the size of the
other matrices, but their form as defined here is identical. Assuming, as we have here, that any
exchange results in unit dipole transfer, appropriate choice of an alternate K matrix is based on
the simpl e kinetic equation:

AU
@ _k.v 3.10
7 (3.10)

where V is a column vector with elements v,, that describe the amplitude of each vibration. For
example, Reaction 3.1 has equal forward and backward reaction rates, kex. The two vibrations, v,
and vy, are transformed by the exchange matrix as follows.

N AN @1

_ _kexva + keva] (312)

kexVa - kexVb

Now, consider athree species equilibrium where the forward and backward reaction rates
are independent, asin Reaction 3.2.
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Reaction 3.2.

C

A%B

1

The kinetic rate equation allows us to construct a new K matrix for this system. Increasing the
order of the other matrices contributing to the vibrational correlation function is the only other

change necessary to simulate this new reaction type.

dv —(ky + k) k_q k_, Va
— _ ky —(k_1 + k3) k_s vy (3.13)
k, ks —(k_y +k_3)| Lve

_(kl + kz)Va + k_lvb + k_zVC
= klva - (k_1 + k3)Vb + k_3VC (314)
sza + k3Vb - (k_z + k_3)VC
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Chapter 4

Electron Dynamics in Mixed Vaence Ruthenium Dimers

4.1 Introduction

Electron transfer is one of the most basic transformations in chemistry and physics.
Degspite their ubiquitous nature, there is much left to learn about these processes. The focus of
this chapter is electron transfer in bridged dimers of trinuclear ruthenium compounds. This is
particularly relevant to more applied research on topics such as molecular electronics, whose
understanding requires detailed knowledge of the timescales and mechanisms of charge transport
between two or more sites through molecular groups.

| have performed a detailed spectroscopic and computational study of the bridged dimers
of trimers shown in Figure 4.1. This work has been performed in collaboration with the Kubiak
group at UC San Diego. Previous work in the Kubiak lab has focused on the highly tunable IR
peak coadescence of CO vibrations in the -1 mixed valence species®™™ The degree of
coalescence observed in these spectra varies with temperature, solvent, and ligand substitution.
The tunable peak coalescence has been used as an indication of ultrafast electron transfer
between the two metal sitesin the dimer. Analysis of these spectra with simulations based on the
Bloch equations was used previously to extract exchange rate constants ranging from 0.35 ps to
several picoseconds at room temperature. Further work has examined the optical and Raman
spectra of these compounds.*246>!

With the combination of highly tunable IR peak coalescence and the spectroscopic
convenience of strong carbonyl absorptions, we viewed these systems as ideal candidates for
study with ultrafast two dimensional infrared spectroscopy (2D-IR). The use of the Bloch
equations to extract quantitative information from IR spectra has been debated due to the
presence of other ultrafast dynamics that can alter the IR lineshapes.®%* 2D-IR alows me to
make a direct measurement of the time dependence of the CO vibrationa frequency and assess
the validity of the previous method. | collected 2D-IR spectra for several dimers with different
bridging and ancillary ligands in three different solvents. In all cases, no exchange between the
two CO vibrations was observed within the experimentally accessible time window (ca. 15 ps).

The lack of electron transfer in under 15 ps indicates that the origin of IR peak
coalescence is likely not ultrafast electron transfer between the two metal sites.® | have
examined several alternate mechanisms to explain the interesting spectral features in the absence
of exchange. Analysis of the vibrational relaxation rates from 2D-IR measurements, combined
with new density functional theory (DFT) calculations, indicate that a second isomer may be
contributing to the IR spectra of some dimers. Further work is underway to elucidate the
electronic dynamics and definitively determine the origin of IR peak coaescence for these
compounds.
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Figure 4.1 Bridging ligand (BL) and ancillary ligand (L) combinations for compounds 1-5
examined in this work. The bridging ligand for compounds 1-3 is pyrazine, 4 is 4,4 -bipyridine,
and 5 is 14-diazabicyclo[2,2,2]octane. The ancillary ligands for compounds 1-5 are 4-
dimethylaminopyridine, pyridine, 4-cyanopyridine, 1-azabicyclo[2,2,2]octane, and 4-
cyanopyridine.

4.2 Previous IR Spectral Analysis

The general structure of the ruthenium dimers is given in Figure 4.1. Cyclic
voltammograms of the dimers typically show two single electron reduction waves corresponding
to sequential reduction of the two trinuclear metal sites.***” For some dimers with bipyridine and
diazabicyclooctane bridges, only one reduction wave is observed, indicating that the -1 state is
not stable. All of the compounds in the current study have stable singly reduced states. In most
cases, both reduced states are spectroscopically accessible through either spectroel ectrochemical
techniques or by chemica reduction. As mentioned previously, CO ligands are excellent
reporters for these systems due to the high sensitivity of the vibrational frequency to changesin
electron density. The neutral and -2 compounds are symmetric and have only a single CO peak
in the IR spectrum; the electron density at each ligand isidentical. In the -1 compounds, two CO
peaks are observed at approximately half the height of the CO peaks of the isovalent species. In
cases where the electronic coupling between sites is low, such as bipyridine or
diazabicyclooctane bridged dimers, the two CO peaks are at approximately the same frequency,
and have similar lineshapes, as the corresponding isovalent peaks. The asymmetric charge
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distribution is achieved when the extra electron is localized at one of the two metal sites so that
in the mixed valence state, one monomer resembles the neutral compound and one monomer
resembles the -2 compound (where both sites have a -1 charge).

In the -1 pyrazine bridged dimers, the FTIR spectra are qualitatively very different. The
two CO peaks are shifted significantly toward the average of the frequencies for the isovalent
compounds. These frequency shifts are accompanied by significant increases in peak widths. The
peak shifts and broadening are typical of the peak coalescence predicted by the Bloch equations
for ultrafast site exchange between the 0/-1 and -1/0 charge distributions. The degree of this peak
coalescence is senditive to changes in the solvent, temperature, and ancillary ligand. In extreme
cases, the two CO peaks collapse completely into a single, broad feature with only one
maxi mum.

Rates for site exchange in these systems have been predicted based on comparison of
experimental spectra with simulations using the Bloch equations. To date, all of the published
simulations have been based on a version of the program VIBEXGL written by R.E.D.
McClung.?° Beyond the absol ute rates predicted with this method, several important correlations
have been made. First, the qualitative increase in peak coalescence, or the quantitative increase
in predicted rate, correlates with an increase in the electron donating nature of the ancillary
ligand.*"®® The cyanopyridine ligand is an electron withdrawing group and compounds with this
ligand show the least coalescence in the series.® The electron donating character of the ligands
increases with pyridine and further with dimethylaminopyridine, and compounds with these
ligands show the highest degree of coalescence.*’ In other words, as the electron donating ability
of the ancillary ligands increases, the electronic coupling between the two sites increases, and the
predicted rate of electron transfer increases. Second, as the temperature of the solvent is
decreased toward the solvent freezing point, the degree of peak coalescence and predicted
reaction rate increase.® This anti-Arrhenius behavior has been explained as a transition from
ergodic to nonergodic behavior as the solvent is cooled.® In the ergodic regime, the solvent
reorganization parameter is predicted to increase with a decrease in temperature. In the
nonergodic regime, the solvent reorganization parameter is predicted to decrease with a decrease
in temperature. Last, the predicted rates correlate well with solvent relaxation time.*®

The solvent relaxation time is effectively the measure of how fast a given solvent can
respond to a change in charge density. This parameter has been measured comprehensively by
the group of Mark Maroncelli.®° Briefly, a coumarin 153 molecule is excited with a short laser
pulse. The excitation does not change the direction of the molecular dipole but does increase the
magnitude of the dipole by ca. 8 Debye. The frequency of the emission band changes as the
solvent relaxes around the new charge distribution. In thermal reactions, the rate of electron
transfer is limited by the ability of solvent fluctuations to reorient and adopt a transition state
configuration. Basically, electron transfer cannot occur unless the solvent molecules fluctuate to
the point on the nuclear coordinate where both of the electronic states are accessible. The speed
with which a solvent can accommodate a change in charge distribution should, in part, determine
how quickly a thermally driven charge transfer process can proceed. This type of relationship
was observed for the ruthenium dimers. More highly coalesced IR spectra are generally observed
in solvents with faster solvent reorganization times.*

Variants of the ruthenium dimers have also been studied where the symmetry between
the two sites is broken.®*” This can be achieved by the addition of two different ancillary
ligands or by substitution of the bridging ligand. The spectra of these bridge substituted
compounds display similar degrees of coaescence as their unsubstituted counterparts. This
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similarity indicates that full rotation of the briding ligand is not a primary cause of peak
coal escence.

4.3 Two dimensional Infrared Spectroscopy Results

Full 2D-IR spectra for compounds 1*, 3* and 1-5 are presented in Figures 4.2-4.8.
Asterisks indicate isotopic substitution of one of the two CO ligands. A single asterisk represents
a compound with one *C*0 ligand and one *C™°0 ligand. Two asterisks represent a compound
with one *C™0 ligand and one **C™0O ligand. Isotopic labeling was used for some neutral
samples to introduce a frequency shift between the two CO vibrations in the absence of mixed
valence electron dynamics. The spectrograph grating used here results in a probe frequency axis
range of only ca. 80 cm™. This range is not quite wide enough to observe all of the CO peaksin
the 2D-IR spectra of these compounds. Scanning the spectrograph for a wider frequency range
was not possible due to baseline mismatch between adjacent spectral frames. | selected the probe
frequency range used here to include the v=0 — v=1 peaks for all peak pairs.

Kinetics traces for several compound-solvent combinations are listed in Figures 4.9-4.21.
No significant cross peak intensity developed in any sample; al of the kinetics are for diagonal
v=0 — v=1 peaks. Kinetics data were collected by taking horizont a dlices of the two
dimensional spectra across one pump frequency. The peaks at each delay time were integrated to
yield atrace of central peak area versus time. Fits of the kinetics traces to mono- or biexponential
functions were performed with Matlab programs written by previous researchers in the Harris
group. Fit time constants are listed with the corresponding data figures and are also summarized
in Tables 4.1-4.5. Table 4.1 contains all fit data, the other four tables sort the data to highlight the
relationships between certain subsets of the samples.

Spectra of compound 1" in acetonitrile typically exhibit only one maximum; however, in
these experiments the sample had two nearly collapsed maxima. NMR spectra of this sample
were taken after 2D-IR data collection to verify the identity and quality of the sample. No
problems with the sample were apparent. Perhaps some small change in lab conditions, such as
temperature, between the Harris lab in Berkeley and the Kubiak lab in San Diego were enough to
account for this small change in coalescence. Based on previous analysis, the predicted time
constant for compound 1" in acetonitrile is 0.35 ps and the IR spectrum typically has only one
maximum. The predicted time constant for compound 2" is 0.38 ps and the IR spectrum typically
has two maxima.* Thisis only a 30 fs difference in time constant. While these figures likely do
not represent an actual rate of electron transfer, they do indicate that the degree of coalescencein
these two systems is quantitatively very similar and only a small change is required to shift the
spectrum from one maximum to two maxima.

Preliminary data on a variant of the dimers with an isocyanide ligand in the bridging
position”™ were also taken. These experiments sought to more directly examine the electron
dynamics by probing the cyano vibration at the bridging ligand itself. Unfortuantely, the
vibrational lifetime for the neutral sample was only ca. 1.5 ps, much faster than any of the other
neutral samples. Torsional motion has previously been reported to enhance IVR in nearby
vibrations. If the bridging ligand is torsionally active, this much faster decay rate could be
explained by IVR in a similar manner. No further data were taken on this sample, and the
preliminary data were not included in this work.
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4.3.1 Sample Preparation

Details of the synthesis of the dimers of ruthenium trimers have been described
previously.*3® All dimer compounds in this work were synthesized by either Starla Glover or
Jane Henderson, graduate students in the Kubiak lab, and provided to me for the 2D-IR
experiments as part of this collaboration.

Neutral samples were prepared by dissolving crystals of the compound in solvent on alab
bench. Preparation of the -1 mixed valence and -2 samples was more intensive due to the high air
sengitivity in the reduced states. Solutions of a chemical reducing agent, cobaltocene or
decamethyl cobaltocene, were titrated into solutions of the dimer compounds in a nitrogen
glovebox.> All samples were loaded into air tight sample cells (Specac, 500 um pathlength CaF,
windows), and proper reduction was verified at the beginning and end of each experimental run
with FTIR. The samples remained sufficiently reduced for the duration of the experiments.
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Figure 4.2: 2D-IR spectra of neutral compound 1* in acetonitrile.
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Figure 4.3: 2D-IR spectra of neutral compound 3* in dichloromethane.
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Figure 4.4a: 2D-IR spectra of -1 compound 1 in acetonitrile.




(cm™)

pump

1950 |
1940
19301

1920+
1910/
19000
1890 |
1880 |

1950 |
1930
1920
1910 Fft’
1900 | f

1890

1880 |

TW =10 ps
1880 1900 1920 1940

19404 >

1930}
1920 |
191021'5/
1900}
1890

1880 | |
A . TW= 15 ps
1880 1900 1920 1940
-1
(Dprobe (Cm )

Figure 4.4b: 2D-IR spectra of -1 compound 1 in acetonitrile.
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compound | charge solvent T, (ps) T2 (pS)

1* 0 MeCN - 13.08 +0.18
1* 0 MeCN - 19.39+0.85

2%* 0 MeCN - 17.63+£0.16
3* 0 DCM - 14.05+0.28
1 -1 MeCN 2.01+£0.75 8.86+2.77
2 -1 MeCN 1.64+0.78 7.15+3.05
2 -1 MeCN 2.37+1.58 17.70 £15.17
2 -1 DCM 1.80+0.93 4.53+3.44
2 -1 DCM 2.85+1.30 20.67 +5.22
2 -1 DMSO 3.08 £1.87 11.66 + 18.39
2 -1 DMSO 2.33+2.36 14.85+4.13
3 -1 MeCN 2.38+5.22 6.35+12.32
3 -1 MeCN 1.99+0.52 16.96 + 1.07
3 -1 DCM 2.02+0.37 8.62 +£1.56
3 -1 DCM 2.12+0.18 16.45 + 0.68
4 -1 MeCN - 10.14 £ 0.78
5 -1 MeCN - 9.67 +£0.27
2 -2 MeCN - 11.35+0.27
3 -2 MeCN - 12.18 + 0.68

Table 4.1: Time constants for the decay of the diagonal peaks for the indicated samples. Red and
blue highlighting indicate low and high frequency diagona peaks, respectively. No highlighting
indicates a non-isotopically labeled isovalent sample with only one CO peak.
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compound | charge solvent T, (ps) T2 (pS)
2 -1 MeCN 1.64+£0.78 7.15+3.05
2 -1 DCM 1.80+0.93 4.53+3.44
2 -1 DMSO 3.08 +£1.87 11.66 + 18.39
2 -1 MeCN 2.37+1.58 17.70 £ 15.17
2 -1 DCM 2.85+1.30 20.67 +5.22
-1 DMSO 2.33+2.36 14.85+4.13

Table 4.2: Time constants for the decay of the diagonal peaks for -1 compound 2 in three
different solvents. Red and blue highlighting indicate low and high frequency diagonal peaks,

respectively.
compound | charge solvent 71 (P9) 7, (PS)
2%* 0 MeCN - 17.63 +0.16
2 -1 MeCN 1.64+0.78 7.15+3.05
2 -1 MeCN 2.37+1.58 17.70 £15.17
2 -2 MeCN - 11.35+0.27

Table 4.3: Time constants for the decay of the diagona peaks for compound 2 in all three
oxidation states. Red and blue highlighting indicate low and high frequency diagonal peaks,
respectively. No highlighting indicates a non-isotopically labeled isovalent sample with only one
CO peak. Note that while compound 2** has a *C*®0 isotopic label, the measured kinetics are
for the **C*®0 vibration.

compound | charge solvent 71 (P9) 7, (PS)
1 -1 MeCN 2.01+£0.75 8.86+2.77
2 -1 MeCN 1.64+0.78 7.15 +3.05
3 -1 MeCN 2.38+5.22 6.35+12.32
2 -1 MeCN 2.37+1.58 17.70 +15.17
3 -1 MeCN 1.99 +0.52 16.96 + 1.07

Table 4.4: Time constants for the decay of the diagonal peaks for -1 samples of all three pyrazine
bridged dimers. Red and blue highlighting indicate low and high frequency diagonal peaks,

respectively.
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compound | charge solvent T, (ps) T2 (pS)

1* 0 MeCN - 13.08 +0.18
3* 0 DCM - 14.05+0.28
1 -1 MeCN 2.01+£0.75 8.86+2.77
2 -1 MeCN 1.64+0.78 7.15+3.05
2 -1 DCM 1.80+0.93 4.53+3.44
2 -1 DMSO 3.08 £1.87 11.66 + 18.39
3 -1 MeCN 2.38+5.22 6.35+12.32
3 -1 DCM 2.02+0.37 8.62 +£1.56
4 -1 MeCN - 10.14 £ 0.78
5 -1 MeCN - 9.67 £0.27
1* 0 MeCN - 19.39+0.85

2%* 0 MeCN - 17.63 +0.16
2 -1 MeCN 2.37+1.58 17.70 £ 15.17
2 -1 DCM 2.85+1.30 20.67 +5.22
2 -1 DMSO 2.33+2.36 14.85+4.13
3 -1 MeCN 1.99+0.52 16.96 + 1.07
3 -1 DCM 2.12+0.18 16.45+0.68

Table 4.5: Time constants for the decay of the diagonal peaks for the indicated samples with an
emphasis on the difference between high and low frequency peaks. Red and blue highlighting
indicate low and high frequency diagonal peaks, respectively. No highlighting indicates a non-
isotopically labeled isovalent sample with only one CO peak.



4.4 Density Functional Theory Results

| performed ground state geometry optimizations for two different isomers of the
representative compound 2 in both the neutral and -1 states. As a starting geometry, | used the
previoudly reported crystal structure for the neutral dimer where the ancillary ligand is
azabicyclooctane and the bridging ligand is pyrazine.® | chose compound 2 for the optimizations
since it has the least number of atoms of all the dimers. | attempted geometry optimizations with
different ligands, but they were not successful. Reaching convergence in these large systemsis a
challenge, and | think compound 2 is representative of the class of pyrazine bridged dimers.

All geometry optimizations were performed in Gaussian 09. Neutral calculations used the
BP86 functional; -1 calculations used the unrestricted BP86 functional. The basis set for
ruthenium atomsis LANL2DZ. All other atoms used 6-31G.

Ball and stick figures for both isomers of the two charges are shown in Figure 22. The
frontier molecular orbitals, including both apha and beta orbitals for the unrestricted calculations
are shown in Figures 23-32.

Constrained DFT (CDFT) calculations™ on the dimers were also used in an attempt to
localize the electron density on one monomer in geometry optimizations of the -1 compound.
None of these CDFT calculations fully converged. Increases in computational power and
efficiency may make such calculations more feasible in the future.
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4.5 Discussion

The 2D-IR experiments cover a large variety of different compound-solvent
combinations and represent nearly the full range of coalescence phenomena associated with these
compounds. | focused primarily on the pyrazine bridged dimers since their -1 spectra are
generally the most coalesced and sensitive to system changes.

In contrast to the other bridging ligands used in this work, diazabicyclooctane (dabco)
and bipyridine (bpy), the pyrazine ligand has a delocalized © system over the full extent of the
ligand. The two rings of bipyridine are rotated out of plane from one ancther, breaking the
planarity of the ligand and lowering the interaction of the m systems on the two rings. The
bridging ligand length is also approximately doubled in the bpy ligand relative to the pyrazine
bridge. The length of diazabicyclooctane is similar to pyrazine, but this bridge has no delocalized
n system to facilitate electronic dynamics. As a result, the FTIR spectra of bpy and dabco
bridged dimers show very little coalescence. A direct comparison of the -1 spectra of bpy and
dabco bridged dimers with the O and -2 spectra may show a slight shift of the CO peak center
frequencies, but this should not be confused with IR peak coalescence. While the peaks are
separated by ca. 50 cm™, the tails of the peaks overlap slightly. Summing the profiles of both
peaks results in a small shift in the frequency of the maximum peak intensity, and the spectrum
does not go to baseline between the two peaks. In contrast, the spectra of pyrazine bridged
dimers exhibit significantly more overlap than can be explained by a simple summation of the O
and -2 peaks.

Previous analysis with the Bloch equations led to predicted exchange time constants of
lessthan 1 psfor al of the pyrazine bridged -1 samples in this work. Attempts have been made
to make similar predictions for the bpy bridged compounds at close to 10 ps. For these peak
splittings, the exchange rate has to be faster than ca. 10 ps to cause any change in the IR
spectrum. As mentioned above, the spectral overlap for bpy and dabco bridged dimers can be
explained as a simple sum of two peaks without any dynamical contributions. From the outset, it
was uncertain if we would observe exchange on the picosecond timescale for the bpy and dabco
bridged compounds. For the pyrazine bridged compounds, it was clear that exchange must occur
within afew picoseconds to cause such a high degree of coalescence.

Prior to considering the dynamics of the mixed valence species, it is useful to see how the
two CO ligands interact with one another in the absence of exchange. The Kubiak lab
synthesized isotopicaly labeled dimers with either a *C'®0/*C'®0 (singly labeled) or
13c!80/*2Ct®0 (doubly labeled) configuration. In both labeled compounds, one CO ligand has
natural isotopes and the other has either one or both atoms of the ligand labeled. The heavier CO
ligand will vibrate with a lower frequency due to a Hooke's law type relationship between
frequency and mass. The singly labeled compounds provide a smilar frequency splitting
between ligands as the weakly coalesced mixed valence samples. These isotopicaly labeled
compounds provide us with the opportunity to observe any communication between the two
ligands such as intramolecular vibrational redistribution (IVR) or anharmonic coupling that
could interfere with the measurement of true exchange dynamics. In these experiments, there is
no ligand exchange; simply the frequency of each vibration should change if the electron density
near the ligand changes. We want the vibrational excitation to stay localized in one ligand so that
any changes in frequency can be correlated to changes in electron position rather than migration
of vibrational energy between the two ligands. 2D-IR spectra of compounds 1* and 3* are
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presented in Figures 4.2 and 4.3. No crosspeak growth is observed in either of these sets of 2D-
IR spectra. This is not very surprising in light of the large distance, through space (>16A) or
through bond (11 bonds), between the two ligands. No vibrational dynamics between the CO
ligands are expected for any of the samples.

This lack of communication is advantageous for these experiments and deserves further
comment. The two ligands in these compounds are completely isolated from one another.
Communication between vibrations in a chemical exchange 2D-IR experiment is usualy
undesirable. In the case of geometric transformation, one vibration may become another
vibration by physically moving the atoms from one location to another.**® In the case of an
environmental transformation, such as a change in electron density (this work) or the
coordination of a hydrogen bonding species,”®’ the vibrational frequency simply changes as the
surroundings change. These experiments require a vibrational label to be imparted to the
vibration of interest. The frequency of the labeled vibration is monitored over time and any
changes can be correlated with either a change in geometry or environment. If the vibrational
label does not remain local, either by anharmonic coupling or redistribution to other vibrations,
the frequency of the label can change in the absence of exchange. If two vibrations are highly
coupled, it is difficult, if not impossible, to separate any exchange dynamics from the vibrational
communication.

More specific to this experiment, the exchange and coalescence phenomenon is
fundamentally a one CO ligand process. The exact same spectral coalescence phenomena would
be observed even if there was only one CO ligand on the molecule. This is effectively shown in
isotopically labeled mixed valence samples.***** The spectrum is split into two pairs of
coalesced peaks, one pair for the unlabeled CO and one pair for the labeled CO. There are two
possible electronic configurations at each local CO vibration yielding two possible frequencies
for each individual CO ligand. For 2D-IR measurements, we hope to measure the change in
frequency of one CO ligand at atime. We do not want the other CO ligand to interfere with this
measurement.

| have also measured the kinetics of these neutral CO vibrations (Figures 4.9-4.11). The
integrated intensities of the peaks decay monoexponentially. | collected the data under magic
angle conditions, so the effects of rotationa diffusion are not expected to contribute to the
dynamics. This monoexponential decay can be assigned to vibrational relaxation. Values for the
kinetic fits are collected in Tables 4.1-4.5.

2D-IR spectra for mixed valence compounds 1*-5* are presented in Figures 4.4-4.8. The
most obvious feature relative to the neutral samples is that the diagona peak pairs tend to be
much closer, particularly for the pyrazine bridged compounds. This is expected from the
increased peak coalescence aready observed in FTIR spectra. The peak separation for
compounds 4 and 5, the bpy and dabco bridged dimers, is comparable to the neutral
compounds. The signal to noise in these samples aso tended to be lower than the corresponding
neutral samples. The -1 state for all of the 2D-IR experiments was achieved through the addition
of a chemical reducing agent (either cobaltocene or decamethyl cobaltocene). The solubility and
stability of the -1 compounds is somewhat less than for the neutra compounds. Further, the
sample also contains the counter ion of the oxidized cobaltocene. Aside from these two features,
the 2D-IR spectra for the mixed valence species are remarkably similar to the neutra
compounds. In particular, there is amarked lack of cross peak growth in all samples. The lack of
cross peak growth indicates that the frequency of each CO ligand is constant for the duration of
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the experiment. In other words, there is no site exchange in the experimentally accessible
temporal range.

The kinetics traces for the diagonal peaks of compounds 1*-5* are presented in Figures
4.12-4.19 and the associated time constants are also compiled in Tables 4.1-4.5. The average
vibrational lifetime for the CO peaks in the -1 samples is ca. 12 ps. One common limitation to
2D-IR spectroscopy is that the experimentally accessible temporal window is limited by the
relaxation times of the vibrations of interest. For such large molecules, fast vibrational relaxation
times are not surprising due to the large number of degrees of freedom available to dissipate the
vibrational label energy. Unfortunately, the small experimental window for these experiments
does not allow the observation of cross peak growth. As mentioned above, exchange must be
faster than ca. 10 ps to cause any change in the IR spectrum by peak coalescence. The temporal
window for these experiments, therefore, does allow me to access the full timescale relevant to
addressing the phenomenon of peak coalescence. While | was not able to directly measure the
rates of site exchange in these mixed valence dimers, there is quite a lot to be learned from the
lack of exchange.

4.5.1 Lack of Cross Peaks

As anull result, the lack of exchange in these spectra requires further justification. This
situation also requires a thorough examination of different ways exchange could manifest itself
these spectra. In an ideal situation, vibrational relaxation will be much longer than any of the
dynamics of interest. Further, no other relaxation or energy transfer pathways will affect the
intensity of the labeled vibration. For our experimental setup, we also do not expect any effects
from rotational diffusion. In this hypothetical case, the only dynamics affecting the intensities of
the vibrations of interest are the dynamics associated with exchange. At T,, = O, only two peak
pairs are present. Since no time has passed for dynamics to occur, the pump and probe
frequencies are identical and the two peaks pairs lie on the diagonal. The peak ratios along the
diagonal are representative of the equilibrium populations of the two vibrations. Along the probe
axis for a given pump frequency, we see only one peak pair reflecting the selective labeling of
only one of the two vibrations. As T,, increases, exchange results in a loss of diagonal peak
intensity and a corresponding increase in cross peak intensity. Due to detailed balance, at
equilibrium the forward and backward reaction rates will be identical and the two cross peak
pairs will grow in at the same rate®® Eventually, the labeled vibration will achieve an
equilibrium population in the two vibrations. After this equilibrium is reached, the spectral dice
across the probe axis will be equivalent to the dice through the diagonal. In our case, the two
peaks have approximately the same intensity in FTIR. Full equilibration would result in four
equal intensity peak pairs.

Another hypothetical situation which is very relevant to these systems is that where
exchange is faster than the time resolution of the experiment. This was a specific concern for this
project since the predicted time constants for the pyrazine bridged dimers were al less than 1 ps
in these solvents. Using a Fabry-Perot interferometer to shape the pump pulse for these
experiments stretches the pulse duration and limits the time resolution of the double resonance
technique to approximately 1 ps. What would the spectrum look like with 1 ps time resolution
and 0.35 ps exchange? In this case, exchange would be occurring within the temporal envelope
of the pump pulse. This would prevent our ability to selectively excite only one vibration with
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the pump pulse. In effect, the 2D-IR spectrum would appear as fully equilibrated at the earliest
delay times. This is clearly not the case for these systems since there is never a significant
population in the cross peak regions at any delay time.

In readlity, for these compounds, vibrational relaxation occurs before any significant
frequency shift in the carbonyl ligands. The intensities of the diagonal peaks decrease without
any corresponding increase in the cross peak intensities. Importantly, the higher frequency peak
always has a slower relaxation rate than the lower frequency peak. In some of the 2D-IR spectra,
weak intensity can be observed in the cross peak region. This intensity does not grow with time.
Instead it is likely that these features are a product of the high overlap of the two diagona peaks.
The pump pulse has a finite spectral bandwidth at ca. 15 cm™. The 2D-IR spectra of all of the
mixed valence compounds show two maxima along the diagonal, but al are overlapped at the
baseline. It is not possible with this technique to excite only one of the two vibrations. There will
aways be a small percentage of the second peak excited at most frequencies within the first
peak. | refer to this feature as double pumping, since both peaks are pumped at the same time.
While this situation is not ideal, as long as the two vibrations are excited by different amounts,
we can monitor the evolution of the nonequilibrium labeled intensity. The situation is dlightly
complicated by the fact that the higher frequency vibration persists for longer than the lower
frequency vibration. The double pumped peak at the lower frequency pump position is in the
least overlapped of the two cross peak areas. Since this artificial peak is realy the higher
frequency vibration, it has alonger lifetime than the diagonal peak at this pump frequency. All of
the 2D-IR spectra here are normalized to the tallest peak in the spectrum; usualy the high
frequency diagonal peak. As Ty, is increased, the height of the high frequency diagonal peak
increases relative to the low frequency diagonal peak. The double pumped peak in the cross peak
position appears to grow in, but is actually just increasing in size relative to the low frequency
diagonal peak, which is decaying much more rapidly. Despite these small artifact peaks in the
cross peak region, the intensity in these regions never appears equilibrated at any delay time.

From the 2D-IR spectra, we can conclude that there is no significant exchange in any
sample faster than ca. 15 ps. There is no clear evidence of any degree of Site-to-site electron
exchange in any of the spectra. Since exchange must be faster than ca. 10 ps to cause any
coalescence behavior in the FTIR spectrum, this implies that the dynamic IR peak coalescence
must have another origin. This also indicates that the Bloch equations are not reliable for
predicting the reaction rates for these systems.

4.5.2 On the Origin of Biexponential Kinetics

Upon first inspection, it seems that 2D-IR does not give much more than a null result in
the lack of cross peaks. However, we can learn more by examining the time dependent peak
amplitudes. | have organized the kinetics traces of the diagonal peaks from several sets of spectra
in Figures 4.9-4.21 and their decay time constants in Tables 4.1-4.5. Table 4.1 contains the data
for al samples. Tables 4.2-4.5 reorganize the data to draw attention to the correlations, or lack
thereof, between different subsets of the data.

All of the data sets can be fit well to either mono- or biexponential decays. As mentioned
above, the monoexponential decays can be interpreted as simple vibrational relaxation. No other
dynamics have any strong effects on the spectra. The data sets with biexponential decay kinetics
are all -1 pyrazine bridged samples. These are aso the only samples that show significant peak

60



coalescence. The bpy and dabco bridged mixed valence compounds, as well as all isovalent
compounds, exhibit simple vibrational relaxation fit well to a monoexponential decay.

One possible source for the faster decay component is IVR. The fast time component of
the biexponentia fits range from 1.64 + 0.78 ps to 3.08 + 1.87 ps. These time constants are
typical of IVR. IVR is a very structurally sensitive phenomenon. While coupling to the solvent
can allow IVR to redistribute energy to slightly higher energy vibrations, it is more often a
downhill process. The observation and rates of IVR are largely dictated by the availability of
lower frequency vibrations to accept energy from the originally excited vibration. It is not
surprising to see IVR in the dynamics of organometallics, especially systems as large as these
dimers. It is a little surprising to see IVR in only this subset of the dimers. For the pyrazine
bridged compounds, this pathway is not generally available. The 0 and -2 pyrazine bridged
compounds do not exhibit this behavior. It is also not a general behavior of the -1 dimers. The -1
bpy and dabco bridged dimers also do not exhibit this behavior. For IVR to be present in these
compounds implies that the -1 pyrazine bridged compounds have a unique structural difference
that opens up a second, much more efficient, pathway for energy relaxation or redistribution.
Another possibility is that two isomers of the -1 pyrazine bridged dimers are present. This
possibility implies that the second isomer either has a faster vibrational relaxation rate or its
decay is dominated by IVR. The distinction between these two possibilities is primarily in
whether or not we have measurabl e equilibrium populations of multiple structuresin the -1 state.
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Figure 4.33: Plot of predicted time constant versus peak relaxation time. No correlation is
observed between the degree of peak coalescence and the vibrational dynamics.

Another possibility worth mentioning is whether or not the biexponential decays can be
correlated in some way to electron transfer. For the -1 pyrazine bridged dimers, the Bloch
equations predict exchange times constants less than 1 ps. While the fast components of the
biexponential decays are somewhat slower than this, experimental errorsin both the FTIR fitting
and the 2D-IR measurements, plus uncertainty in the quality of predictions based on peak
coalescence, require us to consider this as a possibility. If any of the observed signal decay rates
were correlated with electron transfer rates, it would imply that the act of electron transfer is
causing simultaneous loss of the vibrational label. The labeled carbonyl ligand is expected to
change vibrational frequency as the electron density changes. This should result in loss of
diagonal peak amplitude and a concomitant increase in cross peak amplitude. If the vibrational
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label is lost during the transfer, no signal would be observed at the new frequency and no cross
peak would form. This behavior is not expected and previous work with 2D-IR has shown
vibrational 1abels can persist through changes in both geometry and electron distribution. If this
scenario were valid, as the electron transfer occurred and the CO frequency shifted, a loss in
diagonal peak amplitude would be observed with arate corresponding to electron transfer.

| have plotted the predicted exchange times against both the slow and fast components of
the biexponential fits to the diagona peak amplitudes from 2D-IR measurements. As can be seen
in Figure 4.33, there is very clearly no correlation between the previous rate predictions and the
decay rates. If the rate predictions do not represent an actual exchange process, they do at least
represent a quantitative measure of the degree of coalescence. This figure can be more
meaningfully interpreted as a lack of correlation between the degree of peak coalescence and
rates of decay of the vibrational label. If exchange did cause peak coalescence, it would have to
cause some corresponding decay of the diagonal peak amplitude. Even if electron transfer
somehow destroyed the vibrational label and prevented the growth of a cross peak, the
destruction of the vibrational label would itself result in decay of the diagonal peak amplitude. If
none of the decay rates can be correlated to the degree of peak coalescence, then electron site
exchange cannot be the source of peak coalescence.

4.5.3 Possible Sources of Peak Coal escence

The 2D-IR results strongly indicate that electron site exchange is too slow to cause IR
peak coalescence. Unfortunately, these experiments were not able to give direct information on
other possible origins of peak coalescence. Only spectra of the -1 pyrazine bridged dimers show
significant coal escence. These same compounds all result in biexponential decays of the diagonal
peaks in 2D-IR spectra. As mentioned above, the appearance of biexponential decay is likely a
result of some change in structura flexibility, possibly including the presence of a second
isomer.

It is a well known property of mixed valence compounds that the bridge connecting
donor and acceptor sites has a huge influence on the properties of the system.”?**%® My DFT
calculations pursued this idea by investigating the effects of bridging ligand orientation. |
focused on the simplest of the dimers, compound 2. The crystal structure of a related dimer,
where the ancillary ligands are azabicyclooctane and the bridge is pyrazine, indicates that in the
ground state structure the two trinuclear ruthenium clusters are approximately planar with the
bridge rotated ca. 90° out of the plane. All of my calculations on neutral and -1 dimers agree that
this bridge orientation is the lowest energy orientation. | was also able to optimize structures with
the bridge in plane with the metal sites. For compound 2°, this second structure is 4.436 kcal/mol
above the ground state structure. This structure should not have a significant population (0.05%)
a room temperature according to a simple Boltzmann ratio. However, in 2%, the energy
separation between the two geometries is only 1.356 kcal/mol. This corresponds to 8.9% in the
second geometry at room temperature. There is currently no direct experimental evidence for a
second isomer; however, based on both the 2D-IR and DFT results it seems very feasible. Future
experiments on these compounds may be able to address this more conclusively.

Previous experiments on polymeric systems with conjugated n systems have addressed
how intramolecular charge transport depends on the planarity of the conjugated orbital system.
The highest intramolecular charge mobility was observed when the m system was planar.
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Electron transfer was effectively turned off when a phenyl group in the chain was rotated 90°.
Even small rotations of the phenyl group away from 90° made a significant increase in charge
mobility.

This idea of a molecular switch is particularly interesting from a device standpoint.
Perhaps electron transfer in the ruthenium dimers is effectively turned off in the lower energy
structure. 1somerization to the parallel bridged structure may allow much more efficient electron
transfer. Even if full exchange between the isomers is not occurring on the timescale of these
experiments, fluctuations around the potential minimum could result in some orbital
rehybridization and charge “leaking.”

DFT calculations also give some support to the idea that a parallel bridge geometry
allows more effective intersite communication. DFT typically over-delocalizes electron density
for open shell systems, so care must be taken in interpreting the extent of charge distributions
from these types of calculations. For all calculations in this work, DFT predicts a symmetric
charge distribution in the HOMO with equal density on each metal site. This is obvioudy
unreadlistic for the -1 dimers where the presence of two CO peaks in the IR spectrum indicates
electronic asymmetry. Figures 23-32 show the frontier orbitals for both geometries of neutral and
-1 compound 2. For the -1 open shell calculations, | have included both the alpha and beta
molecular orbitals. None of the occupied molecular orbitals for the perpendicular bridged
geometry have significant density on the bridging ligand. In the parallel geometry, however,
significant contributions from the pyrazine bridge m system contribute to multiple orbitals.
Interestingly, the alpha SOMO of the HOMO-2 in the -1 parallel bridged geometry has both high
density on the bridge and in the CO 7* orbital. The corresponding orbital of the neutral structure,
the HOMO-1 has less orbital density on the bridge and none on the CO ligands. The unoccupied
beta SOMO for the HOMO of the parallel bridged -1 structure also has significant orbital density
on both the bridge and the CO ligands. A similar orbital density is shared by the counterpart
LUMO of the closed shell neutral structure. It is unclear how large, if any, of a contribution this
orbital should be expected to make to the actual highest occupied orbital.

These types of calculations are not very reliable for predicting the symmetry of the
charge distribution in these compounds; however, the large orbital density on the briding ligand
indicates that parallel geometry could facilitate much more efficient electronic communication
between the metal sites. The possibility of intersite communication in the HOMO-2 and the
HOMO does seem possible, and the participation of the CO ligands in both orbitals indicates that
such orbital overlap could influence the CO frequency. The experimental observation of thistype
of dependence of electron mobility on molecular planarity in polymeric systems mentioned
above lends some credence to this interpretation of the DFT results. Even if we assume that
electronic communication between the two metal sitesis increased in the parallel geometry, it is
difficult to know for sure exactly how, or if, this will affect the relative charge densities at the
metal sites. This could lead to much more efficient electron transfer between metal sites, or
perhaps true charge del ocalization.

Another common example of IR peak coalescence involves the turnstile rotation of iron
tricarbonyl diene compounds. The origin of peak coalescence in these systems has been
discussed previously in several articles.'®* A possible aternative to exchange was suggested by
Strauss and has been discussed in detail with regards to peak coalescence in general.'** Rather
than full rotation of the tricarbonyl turnstile unit, Strauss suggested that significant coalescence
could be also caused by a hindered torsiona motion around the equilibrium angle. Intrawell
fluctuations around the ground state geometry may result in very similar spectral features to full
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interwell exchange between adjacent minima on the ground state potential. Whether the peak
coalescence in iron tricarbonyl diene compounds is due to interwell exchange or intrawell
fluctuations has not been answered definitively, although the barrier to exchange in some
members of this class of moleculesis generally accepted as very low.

There has not previously been a reasonable suggestion for an intrawell reaction
coordinate for the ruthenium dimers. The hindered bridge rotation suggested by this work
provides such a possibility. Experimental evidence in favor of this specific intrawell mechanism
would be difficult to find. The apparent lack of exchange in 2D-IR spectra does make this type of
intrawell mechanism, or some other fluctuation based mechanism, seem likely.

4.5.4 Argument Against Exchange Intensity

Some previous criticisms of intrawell mechanisms emphasize that frequency shifts of the
peaks are not enough to recreate the coalesced lineshape. These discussions usually invoke the
idea of “exchange intensity.”**?% |f two peaks are simply shifted toward one another, the
intensity between the two peaks is less than that predicted for exchanging coalesced peaks. This
is often provided as proof that the experimental coalesced lineshapes cannot be properly fit by
only two nonexchanging peaks and a third peak must be introduced to fit the experimental
lineshape. Thisis not only wrong, but extremely misleading. Peak coal escence involves not only
peak shifts, but aso an increase in peak width. It is true that simulating a spectrum with only
peak shifts does not recreate a dynamically coalesced lineshape. The purpose of the “exchange
intensity” peak is primarily to increase the peak widths to match coalesced lineshape. Another
approach is to simply increase the Gaussian width of the peaks. Gaussian lineshapes correspond
to inhomogeneous broadening, representing the fact that the solute has a statistical distribution of
possible environments and, therefore, frequencies. If a molecule is undergoing large enough
fluctuations to make a significant impact on the peak frequencies, it is not only reasonable, but
expected, that some increase in inhomogeneous broadening will be apparent. The possibility of
increased inhomogeneous broadening for these types of mechanisms should not be ignored.
While this extra intensity is expected for, and can be a sign of, exchange induced coal escence,
more information is needed to prove the presence of interwell dynamics.

With the IR simulation program, Zoerbex,®” | have compared dynamically coalesced
exchanging lineshapes with static overlapping peaks. In all cases, a reasonable match could be
found with only two peaks. Figure 4.34 presents this comparison for two sets of exchanging
peaks. In the left two panels, lineshapes are shown in black for two peaks separated by 50 cm™
with initial Voigt profiles having FWHM values of 13 cm™ for both the Lorentzian and Gaussian
contributions. The exchange time constants are listed for each panel. The center two panels show
the same Voigt profiles, in red, without exchange effects and shifted toward the center by 40%
(30 cm™ peak separation) and 11.2% (44.4 cm™ peak separation). These center panels clearly do
not match the exchange averaged lineshapes. The “exchange intensity” argument would simply
say that the overlapped peaks do not match the exchanging peaks and that the corresponding
intrawell mechanism was invalid. However, if we introduce additional inhomogeneous
broadening due to a distribution of fluctuating geometries, the two nonexchanging peaks match
the exchanging peaks quite well.

The argument based on “exchange intensity” has been used in several publications to
refute the possibility of an intrawell mechanism.®*** A thorough discussion of possible peak

64



broadening mechanisms does not usually accompany the presentation. A full comparison of
possible inter- and intrawell mechanisms must include details on both peak shifts and peak
broadening. In the case of the mixed valence dimers, it is feasible that intrawell fluctuations in
geometry could cause fluctuations in the electron density at each site and increase the statistical
distribution of electron density and, therefore, CO frequency. A secondary point is related to the
fact that the “exchange intensity” peaks are usually modeled as much smaller peaks at a central
frequency. For the dimers, the possibility of a more highly electronically communicating second
isomer with a population of ca. 9% could also introduce an actual third peak with a central
frequency. If the second isomer were completely delocalized, the peak would also have
contributions from both of the equivalent CO ligands, doubling the contribution of such an
isomer to the overall lineshape relative to the two single CO peaks. While such a scenario is
speculative, the presence of a second isomer with more active bridge participation makes this
possibility worth consideration.
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Figure 4.34: Simulated comparison of exchange averaged peaks (black) using the Bloch
equations and similar lineshapes of two overlapping Voigt peaks (red) with and without
additional inhomogeneous broadening.

4.6 Conclusions

The initial goal of this project was both to assess the validity of the Bloch equations in
describing the electron dynamics of the mixed valence dimers, as well as to measure these
dynamics directly with 2D-IR. The lack of electron transfer during the experimental window
afforded by this technique and during the tempora window for coalescence dictated by the Bloch
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eguations alows me to readily comment on the first objective. Quantitative analysis of coalesced
IR lineshapes with the Bloch equations is not a reliable method. There are simply too many
alternate sources of frequency shifts and peak broadening to be confident in this method. In this
case, no electron site exchange was observed despite predictions that the process proceedsin less
than 1 ps.

The observation of tunable coalescence in the lineshapes of these compounds may still
have qualitative merit. The increase in peak coalescence does genuinely seem correlated to the
electronic dynamics. In particular, the correlation between solvent relaxation times and peak
coalescence is worth addressing. If increases in peak coalescence are related to an increase in the
magnitude of charge fluctuations, faster solvent relaxation times could help facilitate larger
amplitude or faster fluctuations. Increases in the electronic coupling between metal sites could
also contribute to larger fluctuations and more coalesced lineshapes. This could explain the
spectral dependence on the identity of the ancillary ligands. If a second, more highly delocalized
isomer is present in solution, the fluctuations could also represent a balance between the
geometric stability of the lower energy isomer versus the resonance stability afforded by a
delocalized electron distribution.

Although 2D-IR did not directly measure exchange in these systems, the interpretation of
coalescence in the absence of exchange gives new insight into several possibilities for a revised
description of the ground state el ectron dynamics for the dimers. It is possible that full site-to-site
electron transfer is much slower than previously anticipated. Future work may alow a more
direct measurement of the timescale of any electron transfer as well as offer a more definitive
description of the origin of peak coal escence.
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Chapter 5

Ground State |somerization of Ru(S,(CCF3),)(PPhs),CO

5.1 Introduction

Vibrational peak coalescence is most often associated with ultrafast geometrical
rearrangements. The most well known example is the turnstile rotation of CO ligands in the class
of Fe(CO)s(7*-diene) compounds.’®?! A different type of mechanism has been suggested as the
source of peak coaescence in a similar compound, Ru(Sy(CCF3)2)(PPhs),CO. 2% This
compound has two dominant isomers, both with a square pyramidal geometry. The CO ligand is
in a different position for the two isomers and is a convenient IR probe of their relative
populations. Liquid phase IR spectra of this compound are very sensitive to changes in
temperature and solvent, and the relative intensities of the CO stretches can be used to determine
the equilibrium constants for isomerization. More interestingly, this system shows a range of
peak coalescence, indicating that the equilibrium exchange between isomers may be ultrafast. As
mentioned previousdy 2D-IR is uniquely suited to studying ultrafast reactions at thermal
equilibrium. Unfortunately, in dichloromethane the peaks are too highly coalesced to resolve the
features in the 2D spectrum. Slightly better peak resolution is possible in several nitrile solvents,
but the solubility istoo low to collect useful 2D-IR spectra.

CO PPh,
F.C | Ki . FcC |
N S~ g, — PPh T TN S~ — PPN
S~ T~PPh, ‘ ~s-~ >co
F.C F.C
orange violet

Figure 5.1. The orange and violet isomers of Ru(S;(CCF3),)(PPhs).CO.

Previous FTIR peak analysis with the Bloch equations suggests that isomerization in
dichloromethane proceeds in less than 1 ps.!®* While the 2D-IR results are inconclusive,
examination of the crystal structures for the two dominant isomers and ground state DFT
calculations shed some light on the isomerization mechanism. Our DFT results are consistent
with an ultrafast exchange process, but they do not give direct support to such a mechanism. At
present, my calculations for transition state structures of the possible mechanisms have failed to
converge.
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5.2 |somerization Mechanism

The geometries of the two isomers of the ruthenium compound have been determined
experimentally with x-ray crystallography and discussed in detail previously.**'% Tube models
of the crystal structures are shown in Figure 5.4 panels A and B. The general structure of both
isomers involves sguare pyramidal coordination to the metal center. Lewis structures of the two
isomer do not show the structural details of the triphenylphosphine ligands and can be a little
misleading. As drawn in Figure 5.1, it seems that the isomerization involves a turnstile rotation
similar to Fe(CO)s(#*-diene) compounds. In reality, a pseudorotation mechanism is much more
likely.!1% A simple turnstile rotation of the CO and two PPhs units requires both PPhs
propellers to reverse their direction. This can be best seen in 3D with a visualization software
package. The Cartesian coordinates for the DFT calculations are included in Appendix A.

A turngtile of the CO and PPhs ligands would involve two steps. The propeller direction
must reverse, followed by the ligand rotation. Or, these two motions could occur in concert. To
investigate this possibility further, | first performed DFT optimizations using the experimental
crystal structure coordinates. | then reversed the propeller direction to obtain the intermediate
geometry. | denote these second geometries as orange’ and violet’. | have drawn al four isomers
schematicaly in Figure 5.2, emphasizing the propeller direction relative to the rest of the

molecule.
O O
C
C Ru D OoC— Ru

orange isomer violet isomer

sle e

orange’isomer violet’isomer

Figure 5.2 Rotation direction of PPhs ligand propellers for all four DFT optimized geometries
with the dithiolene ligand at the back of the figure and the basal PPh; and CO ligands coming out
of the plane of the page.

The pseudorotation mechanism from orange to violet can be envisioned as a rotation of
the dithiolene ligand to give the molecule a trigonal bipyramidal structure where one dithiolene
sulfur atom and one phosphine group are in the axia positions. A rotation of the CO and
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dithiolene ligands, similar to a turnstile rotation, past the two PPh; ligands forms the square
pyramidal geometry of the violet isomer. This mechanism is likely much lower in energy,
although it is less immediately apparent based on the Lewis structures alone. The position of the
CO ligand relative to the propeller direction is particularly important to properly visualize this
mechanism. Relative to the PPhs ligands on the orange and violet isomers, the CO ligand must
rotate >90° between the two isomers. This mechanism can be difficult to visualize, even with 3-
dimensional models. Difficulties in visualizing the fluxional mechanisms of square pyramidal
five-coordinated metal complexes has been addressed in multiple

5.3 Two Dimensional Infrared Spectroscopy Results

We collected 2D-IR spectra of Ru(Sy(CCF3),)(PPh3),CO in dichloromethane solvent at
room temperature (Figure 5.3). FTIR spectra of the CO vibrations in this solvent are very highly
coalesced. In the 2D-IR spectrait is not possible to clearly resolve both peaks along the diagonal .
For such highly coalesced 2D-IR spectra, cross peaks at the higher pump frequency may overlap
with the v=1-v=2 peaks of the higher frequency vibration. The cross peak at the lower pump
frequency is typically less overlapped with other features. In this case, we see some increase in
the amplitude of the region in the 2D-IR spectrum corresponding to the lower pump frequency
cross peak. With such little peak resolution, reliable kinetics fits are not possible. It is difficult to
separate any possible increase in cross peak amplitude from spectral diffusion of the diagonal
peaks. Previous analysis of the exchange time constant using the optical Bloch equations have
predicted that exchange occurs in less than 1 ps.*** Spectral diffusion usually occurs on a similar
timescale."'%1% The |ack of peak resolution, in addition to the similarity in the timescales of
these two processes, prevents even a qualitative analysis of these spectra.

Better resolution of the CO peaks for the two isomers is possible in several nitrile
solvents such as acetonitrile and n-butyronitrile. Unfortunately, the compound is only very
weakly soluble in these solvents and precludes the collection of 2D-IR data. Follow up
experiments to this work could focus on indentifying a solvent that allows both high enough
solubility and high enough peak resolution to directly measure the exchange process.

This compound was synthesized and provided to me by Starla Glover, a graduate student
in the Kubiak lab. This compound is relatively stable. Sample preparation consisted of dissolving
crystals of the compound in neat solvent on a lab bench or in a fume hood, depending on the
solvent. All samples were loaded into air tight sample cells (Specac, 500 um pathlength CaF
windows).
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Figure 5.3 2D-IR spectra of Ru(S;(CCF3),)(PPhs)>CO in room temperature dichloromethane.

70



Figure 5.4 Crystal structures and DFT optimized geometries for Ru(S;(CCFs),)(PPhs).CO;
crystal structure of the orange isomer from ref. 101 (A), crystal structure of the violet isomer
from ref. 102 (B), DFT optimized geometry of the orange isomer (C), DFT optimized geometry
of the violet isomer (D), DFT optimized geometry of the orange’ isomer (E), and DFT optimized
optimized geometry of the violet’ isomer (F). Hydrogen atoms are not pictured.
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5.4 Density Functional Theory Results

Despite the lack of direct experimental information on the isomerization, there is much to
learn from DFT calculations on the isomers of Ru(S;(CCFs3),)(PPhs)2CO. | used the literature
crystal structure coordinates as starting points for these calculations.’®'% To address the
possibility that the mechanism might involve reversal of the PPh; propeller direction, | aso
successfully optimized the geometries of the reversed propeller equivalents of both the orange
and violet isomers, denoted as orange’ and violet'. All calculations reported in this section were
performed in Gaussian 09 using the BP86 functional, the LANL2DZ basis set for Ru, and the 6-
31++(d,p) basis set for al other atoms. The relative energies and CO frequencies for each of the
four isomersarelisted in Table 5.1.

For the orange and violet isomers, the DFT optimized geometries agree qualitatively with
the crystal structures. | have included figures of both the literature crystal structures and
calculated structures for comparison. The Cartesian coordinates for the DFT structures are listed
in Appendix A. The orange’ and violet’ isomers have not been observed experimentally, and
their energies are significantly higher than the other two isomers. The orange and violet isomers
are much closer in energy; however, based on these calculations, the orange isomer is more
stable.

isomer energy (kcal/mol) CO frequency (cm™)
orange 0 1837.02
violet 1.5119 1835.31
orange' 4.8451 1852.56
violet' 3.0698 1852.46

Table 5.1 Relative energies and CO frequencies of the 4 DFT optimized geometries.

5.5 Discussion and Conclusions

The results of this project to date have been largely inconclusive. Experimentally, 2D-IR
spectroscopy has been able to offer little quantitative or qualitative information on the
isomerization reaction. Theoretically, the reaction coordinate and solvent dependence have been
difficult to model. Despite these shortcomings, this system is still very interesting with regards to
dynamic IR spectroscopy, and it is worth further investigation to determine the origin of peak
coalescence. The compound is not commercially available, and | had a very limited amount of
sample to work with. A more thorough study should examine the IR spectra in larger set of
solvents. ldeally, a reasonable compromise could be made between peak resolution and
solubility. Given that these criteria are met, 2D-IR should be able to measure how much, if any,
of the IR lineshape can be attributed to ultrafast site exchange.

DFT calculations may be able to reveal significantly more about the solvent dependence
of the IR spectra in these compounds. First, the gas phase ground state energies of the two
dominant isomers do not reflect the high solvent dependence of the equilibrium. It is unclear if
this type of solvent dependence could be successfully modeled by continuum models such as the
conductor like screening model (COSMO).**® More expensive calculations with explicit solvent
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molecules may be necessary. Calculations with techniques such as the growing string method
(GSM) may also be more successful in predicting the barrier height to isomerization.’®

Given that few examples of IR peak coalescence exist in the literature, further work on
this system is worthwhile. At the present, theory seems more likely to succeed in predicting a
barrier height, but a direct experimental measurement would be most satisfying. Although my
results neither support nor refute the possibility that ultrafast site exchange causes coalescence in
this system, | emphasize that much care must taken when analyzing spectra with the Bloch
equations. As mentioned in Chapter 4, arguments based on “exchange intensity” have little merit.
Many sources of inhomogeneous broadening exist to complicate interpretation of the lineshape,
and an enhanced intensity between two peaks is, by itself, no proof of exchange. A definitive
answer on the origin of peak coalescence and the rates of isomerization in this system will be a
welcome addition to our knowledge of IR peak coal escence.
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Chapter 6

Conclusions

Thiswork has allowed me to address several fundamental questions on the chemistry and
physics of ground state exchange reactions. Most notably, | have been able to evaluate the
reliability of using the optical Bloch equations to make quantitative rate predictions from highly
coalesced IR spectra. In general, this approach should be avoided and is not a reliable method.
For a known rate, one can predict the contributions to the lineshape from exchange; however,
separating the exchange contributions to a lineshape from all other contributions and making an
accurate estimate of the exchange rate is not generally possible. Further, other sources of peak
overlap and broadening may appear to be exchange and lead to incorrect assumptions about both
the mechanisms and timescales of reactions. It can be very difficult to find direct evidence to
support or refute such assumptions, and ultimately, any conclusions based on IR peak
coal escence should be treated with caution. The exact mechanism and rate of electron transfer in
the mixed valence ruthenium dimersis still somewhat ambiguous. The lack of exchange in 2D-
IR spectra has led me to thoroughly reeval uate possible sources of IR coalescence for this system
and to better understand the highly dynamic ground state of this class of molecules. Future work
on these systems will be better understood in light of this new paradigm of the electronic ground
state and the realization that it is not quite so ssimple as site-to-site ultrafast electron transfer.

This work has a nice complement in the study of the isomerization of the ruthenium
dithiolene compound, Ru(S;(CCF3),)(PPhs).CO. Despite the unreliability of the Bloch equations,
it is still possible that peak coalescence in this system is due to ultrafast exchange. This makes
another important point regarding dynamic IR spectroscopy. Even if it is not generally reliable, it
is still feasible that the Bloch equations can successfully provide qualitative, or perhaps even
guantitative, interpretations in some special cases. This inability in distinguishing true exchange
coalescence from pseudo-collapse underscores the problem of reliability and is what makes use
of the Bloch equations particularly risky. A convincing, but incorrect, interpretation can be based
on the results of coalesced IR spectra. It is necessary to confirm the source of coalescence with
other methods before fully trusting the results of a Bloch equations analysis. However, if a
secondary method could confirm that the Bloch equations provided an accurate analysis, the
secondary method would be superior and leave the Bloch equations approach unnecessary.
Ultimately, this suggests that the Bloch equations are not generally applicable in IR spectroscopy
and their use must be carefully evaluated on a case by case basis. Given the rarity of IR timescale
coalescence and the lack of generality, the approach is best suited as an instructional exercise
rather than a useful experimental tool.

Exact details on the mechanisms and timescales of exchange in the chalenging systems
presented in this work may be accessible through other techniques. Improvements in theoretical
methods will certainly benefit the understanding of mixed valence compounds in genera. More
advanced spectroscopic techniques may also be able to experimentally address these reactions
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with more definitive details on the time evolution of both the geometry and electron density.
These future directions represent exciting possibilities for the better understanding of ultrafast
ground state dynamics.
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-1.93035900
-1.63080000
-3.14023100
-3.98678100
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-9.
-9.
-3.
-3.
-5.
-3.

-3

89786700
10411900
10992200
93313600
19228800
35474400

.27276700
-2.
-4.
. 73713300
-8.
.06793600
.02528900
.90736700
.88140600
.66345100
.37086300
.38325900
-12523300
-00664600
-40303600
.69564400
-69668000
-69099700
.27752600
.68990900
.28050200
.39711400
.27374700
.27289700

34191500
00521900

21007200

0.
2.
.87141700
-59481100
.81427300
.23131500
-47160500
.61211300
.04619600
. 76386000
.20429500
-44534600
.34015600
.61569300
.58594300
.03654700
.04718500
.66136100
-10233600
-93543200
-15961800
-09550100
-08405600
-04255200
-16557000
.05948600
.13464800
.12304600
.10146800
.12114200

49133200
02901000

-2.91351600
-3.42965300
1.41546400
2.12684800
1.88906000
3.37698600
4.17586500
3.16912900
3.72526800
-0.14948000
-1.35605600
0.99057400
-1.45258000
-2.22075600
0.95210700
1.91546800
-0.28497400
-2.43414000
1.88410400
-0.33777700
0.02083700
-1.15342100
1.19480600
-1.15360100
-2.07037300
1.19457800
2.11178400
0.02041500
-2.07077100
2.11140400
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Ruthenium dimer, paralle bridge, neutral:

c Cc

ITITOIIITOIIIOIIIOOOOOOOOOOO0O0000000000TXT®ITIOOOOTDITITITIT=Z0000

8.35395800
9.17934100
8.80617700
7.98777300
7.76468000
8.13470400
9.63096900
8.96201000
7.49314800
6.52819900
5.79437900
5.23249500
7.38075400
8.11176200
3.45552700
6.24328500
5.38816700
7.64874300
7.54929600
4.99637100
4.93051300
2.97730800
3.33424000
3.30599500
3.52599200
7.00390500
7.47215200
8.22570600
7.83777700
3.98965800
3.71598500
4.10044800
4 .53808900
8.66118000
9.58402400
8.90931000
8.09193300
9.24342800
8.79875800
10.12367300
9.54050000
3.00089500
2.71972600
2.07069400
3.65138300
3.61154700
3.56397000
2.64906000

3.15549300
428715000
4 _.60007900
3.46234900
2.74920400
2.54285700
4.58053700
5.14168900
3.08089200
1.04476000
1.66484000
2.30736300
0.61698600
0.19845900
-0.33127200
-2.36230100
-0.52004600
-1.69622200
-2.04516600
-2.78352300
-3.25124700
-1.88104100
-1.66448000
1.04414600
1.24567500
-4._.07359200
-5.16539800
-0.97379200
-0.53843600
-2.78943400
-2.56951800
2.04714300
1.76198700
-0.53542700
-1.11841300
0.49288300
-1.02726800
-1.09079800
-0.72304700
-0.46831200
-2.14060800
-3.17835000
-2.37893500
-3.66798700
-3.90460500
-3.64519300
-4_.70467300
-3.31923400

-1.20401100
-1.25335700
1.11852300
1.10990200
-0.03708000
-2.07747700
-2.20455300
2.05510700
2.00209500
-0.00896000
-1.86179300
1.06212400
1.83679400
-1.08179200
-0.17773100
0.27122200
0.02968500
1.68851100
-1.35503800
1.90755600
-1.13366800
1.16413400
-1.76049900
1.39390500
-1.56039500
0.42933600
0.50713600
-1.64472800
2.24764200
-1.89839300
1.99176800
1.65140900
-2.20195900
3.52072000
3.36596400
3.81945300
4.32954700
-2.76318400
-3.70640200
-2.53781700
-2.89972000
3.18287200
3.89186500
2.85037700
3.69003800
-3.09278800
-2.79381400
-3.51260300
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e

cC C

TOOOOITIITOOOOIIITOOOOIIITOOOOIIITOOONOO0OOOIDNIXTIOITIITOIIITOIITIITOI

4
4
5
4
3
3
4
4
2
9

10

-3

-5.
-6.
-6.
-7.

-7

-3.
-3.
-4.
-3.
-3.

4.

-39327300
.22123900
-.07275200
-00052300
-32239300
-67060200
-14382600
-00248800
-57889100
-41425500
-05604700
-45869700
39168300
52980300
24876300
01113600
.48057500
33842200
99517900
93724200
61732400
57053000
-65449200
39880100
.38552700
.84271900
.65362500
.66709300
.59210200
-91163300
.10046800
. 79336500
.53688500
.52552300
-21859500
-99464200
-32118700
-07051400
-30925300
-10272200
.23416300
.67256400
-58059000
.14367800
.00636600
.11368300
.22988300
-55507500
-24811000
-79845900

-3.
2.
3.
1.
3.
2.
2.
4.
2.
5.
5.
0.
0.

-1.
2.
4.
5.
1.

-81134300

.26376700

.68045000

. 73660900

-35980700

-59797500

.64116500

-50940900

.67382300

.49101700

.07188600

.54105500

.97731400

.64287900

. 73507200

.22618400

-47430000

. 74405600

-09847400

-09616300

-05696400

-.06351100

.31882600

.01819700

.98857800

.71658100

.04084800

.18944800

-98930300

-05828400

-11831800

- 77592000

|
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55465200
51732000
14465800
79718300
13798400
99087800
68121300
01620600
95841600
02601600
91138400
33520600
51940600
04609600
35792700
06650900
15677400
68575600

-3.
-3.
-3.
-4.
-3.
2.
3.
2.
2.
-0.
-0.
-0.
0.
-0.
0.
0.
0.
-1.
-1.
-1.
-3.
-2.
-47834500

-3

-3.
1.82405800
2.24836600
1.70314900
3.52069700
3.37075200
3.80922200
4.33467100

-1.88477800

-2.22538800

-1.57668000

-3.50873100

-4.30765400

-3.

-3
1
1
1
2
2
3
2

-1

-1

-1

-2

-3

86870700
47625800
77623700
28520300
33147600
75737000
70762500
53129100
88771800
07791700
09383400
17648300
03231000
02496100
29368200
47179400
56288000
74427300
87044600
10153700
05525500
74460400

83231700

37007400

-81875300
-38000700
.62648700
.03383400
.72287700
.85183300
.67676900
.48778400
.08890400
.63763600
-33554600
. 75432300
-70470800
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-10.
-9.
-2.
-3.
-5.
-3.
-2.
-2.
-3.

. 76406900

-8.

-98876400

.17395000

.12991100

.80561800

.49662400

.41048700

.62308000

-96278300

-05104400

-40286200

-.80765800

-58126300

-57845700

.47885700

-80490200

.07482100

.40007500

.07195200

.47616300

12160500
55638900
98226600
72212600
00273700
00829000
72788100
07774200
65932300

35025000

0.
2.
.87082400
.54876100
.76198400
-14458300
-33745000
.63779300
.86520000
. 75172000
.14484100
.47867500
.27694500
.52157800
.61755100
.10709600
.03003400
.55960300
-17046900
-91600000
-14003600
-09676100
-23965100
.23256900
.95284700
.10388500
.20891500
.13316500
.20197500
-96016000

48171400
16751700

-2.54303400
-2.86935200
1.18221900
2.01749300
1.93520100
3.21588700
3.91640600
2.88973500
3.73035600
-0.07603300
-1.24899700
1.06191600
-1.31361500
-2.11464700
1.05521400
1.95965300
-0.14756300
-2.26923200
1.98494000
-0.17545100
-0.30191200
-0.32857800
-0.31117700
-0.32536500
-0.35172800
-0.31490700
-0.29431300
-0.30240800
-0.31954600
-0.32732200
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Ruthenium dimer, perpendicular bridge, -1:

c Cc

ITITOIIITOIIIOIIIOOOOOOOOOOO0O0000000000TXT®ITIOOOOTDITITITIT=Z0000

8.21805200
9.02944800
8.90458900
8.09548000
7.75311000
7.90659900
9.37725600
9.15314000
7.69783100
6.54478100
5.61885600
5.35576400
7.61511400
7.96825500
3.46388200
6.28100200
5.41302100
7.81229400
7.41483700
5.18404900
4.84411200
3.12201500
3.21511500
3.45257200
3.39962300
7.06354700
7.56717200
8.03070800
8.06784100
3.82872500
3.93780200
4.26063000
4.34561700
8.98669900
9.83327300
9.35300700
8.43356100
8.91994800
8.41382900
9.86342700
9.12442200
3.36202400
3.30963300
2.33674900
3.99791800
3.30316500
3.22249600
2.32381800

3.23943600
4 _.37875100
4 57053500
3.42714100
2.76520900
2.66967800
4.72271600
5.06700800
2.99576700
1.07293300
1.83081600
2.23730200
0.54668200
0.27046900
-0.34552400
-2.39253000
-0.52332800
-1.76803900
-1.98115300
-2.88426800
-3.23540900
-1.86214200
-1.61223000
0.95494800
1.21749200
-4.08277700
-5.16885100
-0.88325600
-0.63514300
-2.74299700
-2.62361200
1.94896100
1.83217800
-0.69511800
-1.36928200
0.30970500
-1.11226000
-0.93859300
-0.43536100
-0.40244800
-1.98339700
-3.26714500
-2.51758100
-3.61934700
-4.10322000
-3.57386600
-4.62955100
-3.19871200

-1.30423900
-1.38119200
1.02806200
1.04852400
-0.10358900
-2.17848800
-2.35951700
1.97047000
1.96613800
-0.03588500
-1.75885700
1.25373700
1.67661800
-1.35355900
0.01228700
0.09685300
0.02291300
1.42594700
-1.64144600
1.83309900
-1.21501100
1.42101700
-1.62596900
1.65885000
-1.39518100
0.15699400
0.19432700
-1.95869400
2.00218600
-1.85366500
2.09487400
1.89596000
-2.04165600
3.21248100
3.00371300
3.46963600
4.07373300
-3.19186900
-4.03617500
-2.99768300
-3.46695900
3.34685500
4 .15796000
3.14819400
3.67243500
-3.01331500
-2.70619200
-3.34428300
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cC C

TOOOOIITITITOO0OOO0OIITITOO0OOOIIITOO0OOOIIITOOOCOO0OO0OOIXVT VDOV ITOIITIITOIIIOXI

4.01800100

3.92240500

4.67526500

3.82031700

2.94171800

3.90118400

4.48725500

4.15482900

2.83037700

9.38458800
10.01695600
-3.46349200
-5.41189200
-6.54961800
-6.27397400
-7.05040400
-7.54970900
-3.20926000
-3.81907400
-4._.83365300
-3.28974900
-3.20912400
-2.30985200
-4.00225900
-7.61895400
-8.06863300
-7.80898300
-8.98859200
-9.83172700
-9.35978000
-8.43452900
-5.62547300
-4.35214600
-3.40409500
-3.93155300
-3.83270900
-2.95001800
-4.68448100
-3.45736700
-4.26913000
-5.36543400
-3.91321300
-2.83962500
-4.48818000
-4.18272100
-7.97045400
-8.02740700
-7.40721600
-8.91536200
-8.41214500

-3.52602100
2.61487300
3.37837900
1.92619400
3.08556200
2.85561400
2.56367200
3.89946600
2.76879100
5.06327300
5.95529500
0.33774100
0.52252100

-1.06864900
2.39354600
4.08582400
5.17340400
1.62319900
2.75843400

.24664800

-60079000

.65318800

.22815100

-56202100

.55847800

.62106200

. 75943500

.67047200

.35104300

.33569000

.07434800

-1.81032500

-1.81296900

-1.20923700

-2.58255600

-1.88494400

-3.05408300

-3.34406500

-0.98183100

-1.97555200

-2.25209500

-2.89688100

-2.82620000

-2.60429000

-3.93504000

-0.24608100
0.91430800
2.00612300
0.98677500
0.48755300

|
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-3.85482100
-3.27334900
-3.52004100
-4.13260500
-3.09989300
3.06098500
3.95223400
2.81636200
3.29726400
-0.20177900
-0.24004800
0.01286100
0.02428800
-0.05260700
0.11944300
0.19870100
0.24825500
-1.60997600
-1.82515800
-1.18201000
-2.97478700
-2.65670100
-3.30695600
-3.81872300
1.66519300
2.00317200
1.43962500
3.21309600
3.01172100
3.45755600
4.08001100
-1.78370600
-2.06616900
-1.41241300
-3.30699300
-4.15941800
-3.14113200
-3.55959800
1.64393900
1.86929400
1.22387200
3.02384000
3.25284300
3.92210400
2.77254300
-1.36128900
-1.95414200
-1.62448800
-3.18733700
-4.03578900
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-9.
-9.
-3.
-3.
-5.
-3.
-3.
-2.
-3.
. 76516000
-8.
-11191800
.04945200
.91634600
.92757500
. 71247500
.40947200
.39842200
-17964200
-04698000
-40567700
.69247000
-69324900
-69320900
.27458600
.69200100
.27674600
.40550400
.27615500
.27472300

86265600
11264500
11810700
93207500
17712100
35560200
30966900
32783600
98749900

23164600

0.
2.
.83622500
-59200900
.86018100
.21763300
-45842900
-56615200
.05352200
. 75494700
.21245400
.42865600
.34611300
.63406400
.56706400
.01050900
.04243700
.67648300
-07326200
-93024900
-13874800
-06890300
-06097100
-.07197800
.13661000
.08661600
.11470200
.15233400
.13111900
.14876400

45530000
03539900

-2.99850100
-3.45311000
1.43997800
2.12244300
1.86266600
3.38315000
4.18567000
3.19104900
3.71692600
-0.14039000
-1.34690800
1.00349000
-1.43798100
-2.21403500
0.96889200
1.92641600
-0.26702400
-2.42057500
1.90513500
-0.31631600
0.01324500
-1.15988400
1.18621400
-1.15995000
-2.07702800
1.18611400
2.10336200
0.01307000
-2.07716100
2.10323000
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Ruthenium dimer, paralld bridge, -1:

c Cc

ITITOIIITOIIIOIIIOOOOOOOOOOO0O0000000000TXTMITIOOOOCOTDITITITIT=Z0000

8.33408000
9.15388200
8.83976300
8.02628300
7.77347700
8.09212500
9.57973900
9.01533000
7.55320900
6.54972600
5.75345200
5.28537200
7.49213400
8.06031400
3.44941400
6.26020100
5.40081200
7.68998300
7.53026600
5.02984500
4.92632300
2.99878400
3.32635000
3.33031400
3.49730100
7.02003300
7.50445100
8.16514600
7.91383200
3.97229200
3.75214400
4.14362800
4.49269500
8.74502200
9.59409400
9.10696600
8.12684300
9.13544900
8.67387700
10.05137300
9.38086900
3.05283400
2.81706800
2.09831300
3.69660500
3.56747100
3.52245400
2.59657800

3.18249700
4_.31727800
4 59796700
3.45735000
2.75431300
2.57934500
4.62441200
5.12865800
3.06181800
1.06310200
1.75966800
2.26751900
0.59822600
0.21712100
-0.33116600
-2.38408900
-0.52027900
-1.72509100
-2.04538400
-2.80078200
-3.25482000
-1.88852700
-1.65303200
1.02781500
1.26080900
-4_.07763500
-5.16806300
-0.96039900
-0.57041000
-2.77913300
-2.58215500
2.00263800
1.82147900
-0.58297300
-1.27593100
0.42887300
-0.95225400
-1.06334800
-0.62496500
-0.49145900
-2.11677400
-3.19243200
-2.39719400
-3.64692900
-3.94611300
-3.62993800
-4.69092100
-3.29900100

-1.22128900
-1.27578700
1.10763400
1.10575800
-0.04479200
-2.09537800
-2.23533500
2.04780300
2.00357300
-0.00906600
-1.81729200
1.16369100
1.79269500
-1.19397500
-0.14795200
0.23553500
0.02391400
1.65337700
-1.42411200
1.89958300
-1.16035300
1.19414800
-1.75193700
1.44675500
-1.52478900
0.40988600
0.51694900
-1.74578100
2.19846900
-1.90026500
2.00122500
1.73426200
-2.14703800
3.47161300
3.35419100
3.70691900
4.31034300
-2.91266900
-3.81677600
-2.69078600
-3.11145200
3.20495300
3.93551700
2.89176400
3.68107600
-3.09403800
-2.79879200
-3.49103400
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e

cC C

TOOOOITIITOOOOIIITOOOOIIITOOOOIIITOOONOO0OOOIDNIXTIOITIITOIIITOIITIITOI

4
4
4
4
3
3
4
4
2
9

10

-3

-5

-6.
-6.
-7.

-7

-3.
-3.
-4.
-3.
-3.

4.

-33298300
-15158500
-95139200
-03543100
-19195300
- 72788200
-22445000
-04499700
-63886000
-41735800
-05466300
-45206200
.40367500
55127000
26434600
02524300
.51046100
32966900
97684300
93186200
57240000
52801000
-60127000
33779700
-49553500
-91712300
-69309300
. 74874000
.59815500
.11024700
.13104800
. 75355200
.49262500
.49778300
-15044400
-03004400
-19257400
-95153500
-33334100
-14570100
.28668700
.72985100
.64066600
.22526300
.04813100
.06301100
-16974400
-53563700
-14087200
-67393500

-3.
2.
3.
1.
3.
2.
2.
3.
2.
5.
5.
0.
0.

-1.
2.
4.
5.
1.

-80061600

.26721000

.66481200

. 72249800

-33886000

-58019000

.62173600

.54212300

. 70329500

-53940000

.23323500

.47531800

.89922100

. 73836100

. 79563200

.24250600

-55762400

-84384600

-08685300

.26868300

.04222700

-02113800

.28114300

-95078500

-90751900

.63640800

-98190000

.20598700

-97803900

-05977500

-09412600

-67993100

|
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53695500
59937000
31585700
89651800
12423000
92049800
59727900
95411700
87473700
04423400
93334100
33399900
51937200
06432900
37999600
07092300
15963600
67366400

-3.
-3.
-3.
-4.
-3.
2.
3.
2.
3.
-0.
-0.
-0.
0.
-0.
0.
0.
0.
-1.
-1.
-1.
-3.
-2.
-45823300

-3

-3.
1.77980000
2.19944800
1.66834400
3.47237400
3.36273500
3.69572000
4.31557700

-1.84272400

-2.17256300

-1.54270000

-3.44074200

-4 _.27659300

-3.

-3
1
1
1
2
2
3
2

-1

-1

-1

-2

-3

88607600
40581900
64564800
25148600
27466800
87172000
80564500
65947300
02082300
09771300
11848200
14819300
02542700
02637200
25791600
45218500
57227800
73710500
87346500
12899400
05772100
75075100

85080400

31416600

.69209700
-43135500
. 70752300
.13314600
.83532100
-98406000
. 77287800
.61297800
.20092100
. 73833400
-40436300
-90330300
-81608900
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-10.
-9.
-3.
-3.
-5.
-3.
-2.
-2.
-3.

. 77404600

-8.

.02942300

.15184000

.08796600

.84306500

.55837100

.41810000

.57555300

-.02073700

-05552000

-41105500

.80687200

-57856500

-57611600

.47750600

.80444300

.06941800

.40860400

.06695500

-47506000

05047700
39747300
00218700
75627300
03412600
05765600
82001600
10413200
70262300

33204000

0.
2.
.87667800
.56018700
. 77877200
-15702500
-35332500
.61715300
-90360800
. 75572400
-17053200
-47169800
.30450100
.55765100
.61214900
.08628000
.04463900
.60073700
-15343100
-93332200
-14084900
-09700900
-23805100
-23336900
.95379200
.10172800
.20897400
.13634500
.20441200
.95869700

50779700
14873600

-2.69381600
-3.08088200
1.21102300
2.02602700
1.92662600
3.23685400
3.95747700
2.92885800
3.72244000
-0.08376200
-1.26625700
1.05818000
-1.33538100
-2.13295800
1.04540600
1.96144400
-0.16617300
-2.29928800
1.97911500
-0.19840300
-0.26818900
-0.29142500
-0.27657300
-0.28827800
-0.31118300
-0.27897700
-0.25912400
-0.26747900
-0.27980500
-0.28913700
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RuU(S,(CCF3),)(PPh3),CO, orange isomer:

c
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aOrArP,OWORPPRWWORLRPFPLPOOO

.00008500
.00413400
-12189000
-41644300
.86317000
.05233100
.24769500
-13499800
-90307900
.03240400
.61313600
.55303700
.55375300
.85284200
.64799000
.85657300
.62509100
-42628600
. 72790000
.23628900
-43803400
.13711500
.04155500
.34158100
.24814000
.82752500
.53003700
.12840500
.03679200
.20053800
-45205800
-54105900
-38308000
.05771600
.34584500
.57789100
.51573200
.23493000
-50900000
-93589300
.70343800
-.02913000
-59134400
.83410400

.00021900
.00268100
.00485000
-90497800
.28700500
.22791100
-11972100
.27215900
.33265500
-06093000
.56429400
. 76838900
-15110600
.62679400
.24487400
.60824700
.27582000
.32113300
.04707000
. 71309800
.65953600
-94548100
.20310000
.68972100
-49678500
.18712900
.69451200
-96297800
.84183700
-14050700
.56025500
.68685600
-39142400
.53400800
-04870000
.79174800
.01890700
-49304100
.32665500
-41918800
.68172000
.85479700
. 76338200
.50379300

.00267200
-82006400
.01753000
.32100200
.69807700
. 71448400
.86289100
. 78325400
-39549400
.84578500
.97241400
.23438200
-98528300
.60644400
.52332000
-31518000
.29807300
.36944200
-.08967800
.22184200
-89140200
-43063800
.24852100
.43771200
.57825500
. 76782600
-94659200
-16594800
.05416800
-42079800
-90964600
.02588100
.65776700
.67386700
-09806100
.97196200
.39734900
-97979900
-41925500
. 70758800
.28644300
.57997000
.29258300
.28825100
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.65200300
.25267400
-.83600900
.83619400
.26412600
.28987200
.19216300
.15041700
.67454600
-45491900
-41454800
.59735300
. 75207100
.70652100
-09849800
.02828700
.58277400
.26925600
.54532400
.21118900
.60681200
-33303000
.66611900
.01956200
.20094300
.12673100
.85941300
.67783700
.50169200
-90685900
. 78793900
.25948800
.84756200
.97186700
.51692600
-09402300
-93632300
.20101300
.65349900

OFRPWURRPRFRPWAWNREPREPNWWENNWNNWOOORWOOUGORA_WDN

-51496900
. 74360500
-83519900
.67181800
.44210200
.11297100
.66547700
.58162800
.72195300
.94831400
.03017200
.88897200
-41096400
.42811400
.83130700
-19433900
.17072800
.33252100
.93522200
.08104000
.63240100
.03278100
.87813300
.28477300
-54798600
. 74750000
.67792600
-40676500
.55923800
-90369400
.24362100
.24931800
-91447300
.56901200
.68446100
.28616300
.51726000
.13748700
.53217400

NWANONWWNEER

.25194900
.28146200
.02614900
.26657000
.29157100
-09958200
.06599800
-13607900
.05151800
.09660800
.16471100
.08496400
.03293700
.88717200
.15736100
-05550200
-91040300
. 70997000
. 75439700
-98795900
.17835200
-13543900
-90515900
.83288000
.01654400
.13445600
.05547200
.86953500
.29292100
-46962500
-51319000
.39297900
.22616000
-17809000
.80941000
.64538800
.21032600
.91004700
.05501600
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RuU(S;(CCF3),)(PPh3),CO, orange’ isomer:
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c

WAL, AOARL,WOWWOWRLRPFPLPOOO

.00047600
-.00278000
-11513000
.89521400
-46498300
-31008400
-13183900
.63834900
.27831500
.54175500
.51049200
.23312700
-82056500
.69616500
.35313100
.31346000
.10414400
-13823900
.43428500
. 70629800
.67917100
.38401500
-94186300
.23023100
. 71327400
.87943800
-59933300
.39574800
. 77928800
.82027800
.47255600
-.07368600
.03191600
.01819900
-11306500
-49858800
. 78141200
.68736500
-54989500
.96073400
-33968800
.69292800
-10361800
-48803000

.00008600
-.00017500
-.00049600
.38795000
.81843600
.26012600
-.09737800
-96438100
.98081900
.38804100
.31225700
.11285500
-40169400
.23438100
.81280100
-10415200
.06552900
.82507300
.80027800
.02519100
.26112100
.27235400
.42867700
.38879700
.01254200
.64748000
.65772600
.94244500
.29677100
-88569600
.13252300
. 78998700
.19786600
.89635200
-93515700
.59542200
.20641400
-16378500
.46811300
.63063400
-59548800
-40156900
.24068500
.27688500

NWNOORFRPNFPOOO

L R O Y A N N B |
OFRPNWNENPPIOOWONRMPPWEER

.00116800
-81526900
.01097400
.36701600
.46502600
.51017500
.51467400
.54517700
.70928100
-45599000
-93138500
.65151800
.27187700
.97820800
.14491800
.00171500
.63858200
-05034800
.60058300
. 74387600
-32850600
. 77404200
.83956300
-13336000
.17225200
.21189500
.22479400
.69862800
.84205500
-12051300
.25936100
.11843700
.84112800
.95836400
.22417300
.25060700
-99653300
.72486100
.08331900
.42380700
.23957200
. 72462500
-38829600
.56689100
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. 76665700
.66593400
-.17697800
-91014300
.82184500
.84239400
.33191400
-88606400
.56459900
.68155300
-12502900
.45417500
. 77384100
.21217300
.42219900
.21373700
.79631000
-47650200
.68601000
.85479200
.82071800
.61064100
-43987800
-93602400
-.00273000
. 72858600
.35175600
.26764500
.36810900
.36421400
.69031400
.01369200
-01005700
.69191100
.33053100
-90698500
.26415200
.03990200
.47200600

PNWWNNNWWNNWWOOONNRPFRPROOR,,OTOMANP,POTODWWE

.01723900
. 71393300
-14796900
.85772200
-15800400
. 70775300
.30354400
-17054900
.31203700
.59430600
.72835200
.58621500
.17685900
.19876000
.48187700
. 72055800
.70324500
.41487500
.22259100
.05078400
.07117700
.27160400
-44902100
.56992800
.87958700
-93890400
.07564000
-39675800
-35988100
-91982100
-39435300
.30318400
. 73396800
.26292400
.97919100
-82589800
.66873100
.65706300
.81946300

PWORARPRWAWNER

-83505000
.27747200
.36189300
-98092900
.46664000
.19861600
.12178900
.45584200
.21042100
.63807600
-.31061500
.55132900
-90041800
.24015900
.22329500
-.85700800
-48026300
.13410600
-85139600
.62054800
.67318100
-96466000
.20563800
.82111700
-17708900
.26995900
.01276900
.68657500
.50232100
.32816800
.61202500
.08637900
.27186300
.98137700
.97153900
.24216000
.08699700
.63550800
.35731600
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RU(Sg(CCFg)g)(PPhg)ZCO, violet isomer:
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c

WFRPNNFPFPWONPPRPOOOOO

4.

-3
-2
-2

.00011300
-00109500
-12638400
-99736500
-85903100
.59742800
.57790500
.16117600
.56886500
.71823300
. 79036700
.01883700
-32619700
-00693200
.16003500
.23673100
.61475500
.29025200
.30861500
.66382300
-99266600
-96580000
.02836200
.82714500
-45846800
.25689200
-44196500
.44414600
.26736000
-43290100
. 78194800
-96718700
-.80106000
. 77010900
.06541000
-90022900
.43361800
.15582300
.88950500
.19386100
64151800
.79812200
-50280500
-04639300

.00018500
-.00079200
-.00119500
.18105800
.19927600
-43469900
.42174800
.81255500
.82594500
.36256800
. 73101300
.54962000
.30717400
.11124100
.34762100
.81824800
.37941200
.21641900
-11789800
.17667800
.33864600
-44900500
.61143700
-98399300
.87237000
.16100600
-59083600
.24126500
.34549200
.38448000
.32887400
.22557100
.18127700
.40237000
.24106300
.14672300
.17977500
.33341600
-59380900
.34673900
-98072800
.86915200
.12922800
-49399000

-0
1
3

-0

-2

-1

-2

-1

-1

-3

-0

-4
-4
-4
-4
-0
-0
-1
-2
-1
-0
0
-2
-3
-1
0
1
1.
-1
-1
-3
-3
-2
-0
-1
-3
4
-2
1
1
3
3
3
2

.00058500
.86832300
.06192700
.00269900
.23270000
.68660000
.61786700
-93386700
.96318600
-15255500
-93908700
.04855500
.62644400
.87231400
.22134100
-13540900
.65393600
.88417400
.25277400
-39571000
-16789400
.20116600
.54810900
.20731100
.68262900
.50287600
-15022600
37941600
.06374100
-99980100
.24702400
-56320400
.63322900
.09496300
. 74632000
.96444700
.51585500
.87716000
-46989700
.94978300
-12650700
.81878100
.32981200
-16068800
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.86178400
.65200400
.14800700
.84252200
-04230000
-15062800
.52955000
.69516100
-94915900
.04738700
.88761000
.63039700
.62181300
.84530600
.02204900
-95724900
. 73378000
.35132100
-41070300
-59400700
. 71796700
.34187200
.52684100
.08258400
.41421500
.85572300
.03141700
-35496600
.34773100
.46772600
-32906200
.07379800
-95049800
-.09073100
.89136700
-41306700
. 74051300
.51895000
-.00079300

PrOCWONPPIAORWWOWWPRPARARWNIEAREARAWONWPRARAORANEARARAEABRANMNMNWN

.66882100
. 77947200
.35855700
.82324600
.70656700
.46675700
.11345300
.36260700
.81822400
.02202100
. 77396900
.32369300
-42669800
.22755000
.37144100
.71077300
-91061400
-29929600
.88110600
.48684300
.50160800
-91276800
-31560900
.08132500
-15612900
-96349400
.69417800
.63426400
-45339600
-10830400
.83970500
.92044400
.26895400
.53883300
.27851200
-56534900
-48910000
.11185000
.81462000

PNPRPOORPRFRPFPOOOOFRPRWAWEPER

.41244100
-49600100
. 73296400
.85824400
. 78098400
-01314800
.61149600
.33924700
.78967100
.51306700
.78201600
-33369400
.22343900
.57679400
.86772000
.34400300
.55177600
. 70302600
-53965600
. 79668400
.22842900
-39835700
-13595600
.21513500
.44105700
.21102400
. 73267000
-49705600
.08954900
.45631300
.29619300
. 78221500
-42409800
.57797100
.87301100
.35229500
-43801000
.01800500
-47600000
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RU(Sg(CCFg)g)(PPhg)ZCO, violet’ isomer :

c
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-0.
-0.
.08492400
.72623400
-42646900
.17272200
.62531600
.22043200
.50331600
-93373900
-35038200
-90931500
.53248100
.21130300
.27309600
.08617000
.55335900
.33613100
-41152400
. 70380500
-92146500
.85097100
.33261300
.23252800
.53767300
-92508300
.02655400
.96354400
-93674500
-84910900
. 78103500
.80700700
.90447700
.19841700
-03995100
.70165100
.53382600
.70612500
-.80799500
.02102800
.56837500
-90131600
.69152000
-14953900

WFRPRFRPPFPWONPMPWOFRPNORLRO

00233100
00465000

.00034100
-00030900
.00102100
.63307100
.07073500
.96988400
.24409400
-03909500
.51186700
.92717800
.84106500
-48590600
.39743200
.60010400
.70388000
.12137600
.17779000
.58502300
.25719900
.17717800
-41585900
.26650900
.64871000
.84981400
. 70489300
.34450500
.86642100
.63934200
-58309800
.73131000
.94129200
.00328700
.85445700
.41372000
.44772100
.82646800
.15824400
.13379800
.84288200
-98916300
-50112300
.86632000
. 71708800
.20956700

| N Y Y R I A A N (N FNY N N (N A HOY Y SO [ N (NN NN (R NN NN (Y N IR N B B
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-00282900
.88234300
.07583700
.08621300
.37023600
.63868400
.67149200
.80173700
.04832000
.85744300
.65434400
-13303500
-93848000
.63989000
.39741600
.23386800
.98323700
-15251000
. 76382900
.20859500
-04382900
-43140800
.58382500
.66537600
.68197200
.61250300
-46568000
.37104600
-15027500
.95932700
.99380700
.21121500
-40168700
.36122200
.79085000
.63212200
.01472400
.57929200
-.36590900
-47156500
.66229500
. 75968300
.65868500
.46111600
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. 75828200
. 72322000
.31748200
-94605100
-99069500
.67780800
.92697400
-93003600
.11917400
-30946900
-30829400
.11871100
.01131000
.11663700
.23439800
.22998900
.12237400
-42089200
-53904800
-01395800
.37732300
.25426200
. 77302700
.03909500
.87963700
. 74761400
. 74565500
-10345000
. 74707100
-17580900
.97644100
.35048400
-92348300
.12566100
.11064900
.52158000
.97074200
.99072100
.57840200

NNWPARWNNWOWWWNNWOOOR,WARARPMDWENOOOONWRAROAOMWN

.07032500
.83284300
.26476800
. 77930200
.87687000
.37165100
.36277000
. 76968200
.49327300
.81826300
-41728900
.68944900
.29667800
.58242700
.38283100
.88536500
-59692100
.36427800
.21186600
-96059300
.87069400
-03368500
.28640200
.29906200
.61762200
-45385900
.96188900
.64602000
.88107600
-51679400
-83639000
.53271000
.89476100
-55990300
. 76191000
-32399000
. 78783000
.65194200
.05277600

OFRPO0OO0OO0OO0O0O0OO0OOCOO0OONA~MMDN

ONPAREANEPNWOWWNE

-41049200
.51464400
.69014100
. 72686600
.61055300
-05020600
.32671000
-19046400
.39737800
. 73502300
.86720700
.66466600
.08490900
.28828500
.88880700
.12161300
. 75513300
-40043000
.24728700
.34325500
.59495800
. 74694800
.65567500
.27964500
.21130600
-44399700
. 71317800
. 78545600
.53270900
.65631400
.77090100
. 76977700
.65207700
-54045000
.66468900
.63864700
.63459000
.64277600
.68291700
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Zoerbex Version 5 with GUI:

function varargout = Zoerbex v5 source(varargin)

%

%Zoerbex was written by M.C. Zoerb in Spring 2011 at the UC Berkeley
%College of Chemistry in the research group of C.B. Harris.

%

%This program is based on the math from Grevels et al. J. Am. Chem. Soc.
%(1998), 120, 10423-10433.

%This program takes inputs of peak parameters and exchange time

%constant (or barrier height and temperature) and simulates the vibrational
%lineshape due to exchange between two sites.

%

%Acceptable input spectra formats are space or tab delimited text files
%with or without headers. Zoerbex automatically normalizes spectra to 1.

%

%Some code for the fft section and GUI controls were adapted from examples
%on www.blinkdagger.com

%

% Last Modified by GUIDE v2.5 15-Nov-2012 18:43:49

% Begin initialization code - DO NOT EDIT

gui_Singleton = 1;

gui_State = struct("gui_Name®, mfilename,
"gui_Singleton®, gui_Singleton,
"gui_OpeningFcn®, @Zoerbex v5 source_OpeningFcn,
"gui_OutputFcn®, @Zoerbex_ v5 source_OutputFcn,
"gui_LayoutFcn®, @Zoerbex_ v5 source_lLayoutFcn,
"gui_Callback", [D;

if nargin && ischar(varargin{l})

gui_State.gui_Callback = str2func(varargin{l});
end

if nargout

[varargout{l:nargout}] = gui_mainfcn(gui_State, varargin{:});
else

gui_mainfcn(gui_State, varargin{:});
% End initialization code - DO NOT EDIT

end
% --- Executes just before Zoerbex v5 source is made visible.
function Zoerbex v5 source_ OpeningFcn(hObject, ~, handles, varargin)

handles.output = hObject;

set(handles.time_or_energy_ buttongroup, "SelectionChangeFcn®,@time_or_energy b

uttongroup_SelectionChangeFcn);
handles.time_or_energy buttongroup = O;
guidata(hObject, handles);
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% --- Zoerbex Startup Parameters:
function varargout = Zoerbex v5 source OutputFcn(~, ~, handles)
varargout{l} = handles.output;

Ypmmmmmm Begin Zoerbex

x1a=1500;

x1b=3500;

Xbase init=xla:xlb;

baseline_init=zeros(l, length(xbase_init));
plot(xbase_init,baseline_init, "color®, k", "LineWidth",1.5)
x1im([1800 2000]);

yhim([-0.1 1.1]);

xlabel (*wavenumber (cm™-"1)%);

ylabel("Normalized Absorbance®);

0

% --- Input Text Boxes ---

U
% --- Exchange Time Constant Text Box

function editl_Callback(hObject, ~, handles)

inputl = str2double(get(hObject, "String~));
if (isempty(inputl))
set(hObject, "String”, "5")
end
guidata(hObject, handles);
function editl_CreateFcn(hObject, ~, ~)
if ispc && isequal(get(hObject, "BackgroundColor®),
get (0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor®, "white");

end
% --- Peak 1 Center Frequency Text Box
function edit2_Callback(hObject, ~, handles)

input2 = str2double(get(hObject, "String~));

if (isempty(input2))
set(hObject, "String", "1890")

end

guidata(hObject, handles);

function edit2_CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor®, "white");

end
% --- Peak 2 Center Frequency Text Box
function edit3_Callback(hObject, ~, handles)

input3 = str2double(get(hObject, "String~));
it (isempty(input3))

set(hObject, "String", "1940%)
end

106



guidata(hObject, handles);

function edit3 _CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor*, *white");

end
% --- Peak 1 Lorentzian Text Box
function edit4_Callback(hObject, ~, handles)

input4 = str2double(get(hObject, "String"));

it (isempty(input4))
set(hObject, "String”, "10")

end

guidata(hObject, handles);

function edit4_CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor*, *white");

end
% --- Peak 2 Lorentzian Width Text Box
function edit5_Callback(hObject, ~, handles)

input5 = str2double(get(hObject, "String"));

it (isempty(inputb))
set(hObject, "String”, "10")

end

guidata(hObject, handles);

function edit5_CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor®, "white");

end
% --- Peak 1 Gaussian Width Text Box
function edit6_Callback(hObject, ~, handles)

input6 = str2double(get(hObject, "String"));

it (isempty(input6))
set(hObject, "String”, "10")

end

guidata(hObject, handles);

function edit6_CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get (0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor®, "white");

end
% --- Peak 2 Gaussian Width Text Box
function edit7_Callback(hObject, ~, handles)

input7 = str2double(get(hObject, "String~));
it (isempty(input?7))
set(hObject, "String”, "10")
end
guidata(hObject, handles);
function edit7_CreateFcn(hObject, ~, ~)

107



if ispc && isequal(get(hObject, "BackgroundColor®),
get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor™, "white");

end
% --- Peak 1 Population Text Box
function edit8_Callback(hObject, ~, handles)

input8 = str2double(get(hObject, "String~));

it (isempty(input8))
set(hObject, "String”,"1")

end

guidata(hObject, handles);

function edit8 CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor™, "white");

end
% --- Peak 2 Population Text Box
function edit9_Callback(hObject, ~, handles)

input9 = str2double(get(hObject, "String"));

it (isempty(input9))
set(hObject, "String”,"1")

end

guidata(hObject, handles);

function edit9 CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor™, "white");

end
% --- Barrier Height Text Box
function editl3 Callback(hObject, ~, ~)

inputl3 = str2double(get(hObject, "String"));

it (isempty(inputll))
set(hObject, "String”, "2")

end

function editl3 CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor”, "white");

end
% --- Temperature Text Box
function editl4_Callback(hObject, ~, ~)

inputld = str2double(get(hObject, "String"));

it (isempty(inputl4d))
set(hObject, "String~, "298")

end

function editl4 CreateFcn(hObject, ~, ~)

if ispc && isequal(get(hObject, "BackgroundColor®),

get(0, "defaultUicontrolBackgroundColor™))
set(hObject, "BackgroundColor”, "white");

end
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% ____________________________________________________
% --- Input End Text Boxes --—-

% --- Simulates Spectrum --- Zoerbex ---
function pushbuttonl Callback(hObject, ~, handles)

% Extracts the values from the input text boxes
tau = str2double(get(handles.editl,"String~));

wl = str2double(get(handles.edit2, "String®));
w2 = str2double(get(handles.edit3, "String”));
L1 = str2double(get(handles.edit4, "String®));
L2 = str2double(get(handles.edit5, "String”));
Gl = str2double(get(handles.edit6, "String”));
G2 = str2double(get(handles.edit7,"String"));
pl = str2double(get(handles.edit8, "String”));
p2 = str2double(get(handles.edit9, "String”));
BH = str2double(get(handles.editl3, "String”));

temp = str2double(get(handles.editl4,"String”));
t _or_e = handles.time_or_energy buttongroup;

% Convert parameters from wavenumbers to Hertz

wl Hz = wl*100*3*1078 ;
w2_Hz = w2*100*3*1078 ;
L1 Hz = L1*100*3*10"8*pi ; % pi is the empirical correction factor for

Lorentzian FWHM

L2 Hz = L2*100*3*10"8*pi ;

Gl Hz = G1*100*3*1078*(8/3) ; % (8/3) is the empirical correction factor for
Gaussian FWHM

G2_Hz = G2*100*3*1078*(8/3) ;

% Convert time constant to rate
if t or e ==
kex = 1/(tau*10"-12);
end
if t or e ==
kex = (1.3806503*10"-23)*temp/ (6.626068*10"-34)*exp((-BH*6.94770014*10"-
21)/((1-.3806503*10M-23)*temp));
end
% 1 kcal/mol = 6.94770014*10™-21 J

% Exchange matrix
K = kex*[-1 1; 1 -1];

% Center frequencies and Lorentzian linewidths
A= [ (-li*2*pi*wl_Hz + L1 Hz - K(1,1)) -K(1,2) ;

-K(2,1) (-1li*2*pi*w2 Hz + L2 Hz - K(2,2)) 1;
[S,Lam] = eig(A, "nobalance®) ;

% Gaussian linewidths
G = [G1_Hz~(2) 0 ; 0 G2_Hz"(2)];
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Sinv = inv(S) ;
Gprime = S\G*S ;

% Generate correlation functions
% Preallocation

g = 10001;

Gcorr_11
Gecorr_22

= zeros(1,q9);
= zeros(1,q);
for k = 1:q

Fs = 10nM14;

%t = (1/Fs)*(k-1) ;

Georr_11(k) = exp(-Lam(1,1)*((1/Fs)*(k-1)) - (Gprime(l,D)*((1/Fs)*(k-
1)).7%2).72 );

Georr_22(k) = exp(-Lam(2,2)*((1/Fs)*(k-1)) - (Gprime(2,2)*((1/Fs)*(k-
1)).72).72 );
end

%--- Beginning of fft section
N = (g*100);
if mod(N,2)==
k=-N/2:N/2-1; % N even
else
k=-(N-1)/2:(N-1)/2; % N odd
end
T=N/Fs;
freq=k/T;

Iw_la=fftshift(fft(Gcorr_11,N)/Fs);

Iw_2a=Fftshift(fft(Gcorr_22,N)/Fs);
%--- end of Fft section

% Multiplicative terms for populations

one = [1 ; 1];

p = [p1*2*(wl+w2)/2/(1.05*10"-34);
p2*2*(wl+w2)/2/(1.05*10"-34)] ;

pdagger = ctranspose(p) ;

pdS = pdagger*S ;

Sinvone = S\one;

% Defining each of the complete lineshape components and summing them for
% the total lineshape

Iw_11 1 = pdS(1,1)*lw_1a*Sinvone(1,1) ;
Iw 22 1 = pdS(1,1)*lw_2a*Sinvone(1,1) ;
Iw_11 2 = pdS(1,2)*Ilw_1la*Sinvone(2,1) ;
Iw 22 2 = pdS(1,2)*lw_2a*Sinvone(2,1) ;
Iw 11 Iw 11 1 + Iw_11 2;

Iw 22 = 1w 22 1 + lw_22 2;
scale = [p()*S(1,1)*Sinv(1,1) + p(1)*S(1,1)*Sinv(1,2) +
p(2)*S(2,1)*Sinv(1,1) + p(2)*S(2,1)*Sinv(1,2) ;

p(1)*S(1,2)*Sinv(2,1) + p(1)*S(1,2)*Sinv(2,2) + p(2)*S(2,2)*Sinv(2,1) +
P(2)*S(2,2)*Sinv(2,2)];
Iw_1 = Iw_11*scale(l);
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Iw_ 2 = Iw_22*scale(2);
Iw = real(Iw_1 + Iw_2);

% Correcting the fft shift to actual values

[~,zed _index]=min(abs(freq));

freq_Hzl = freq(zed_index:length(freq));

freq_Hz2 = freq(l:zed_index-1);

freq_Hz2_rev = freq_Hz2(end:-1:1);

freq_Hz2 ind = abs(freq_Hz2 rev) + freq(length(freq));
freq Hz = [freq _Hzl freq Hz2 ind];

Iw_hshiftl = lw(zed_index:length(freq));
Iw_hshift2 = lw(l:zed_index-1);
Iw_hshift [Iw_hshiftl Iw_hshift2];

freq_wave = freq Hz./(3*10710);

% Setting the baseline to zero and normalizing the spectrum to 1
Iw_vshift = Iw_hshift - min(lw_hshift);

Iw_norm = Iw_vshift ./ max(lw_vshift);

% Defining the Baseline
xliml=wl-65;

X im2=w2+65;

xlimla=w1-100;

x1im2a=w2+100;
Xbase=xlimla:xlim2a;
baseline=zeros(1, length(xbase));

% Plot Parameters

hold on;

order2 = plot(handles.axesl1,freq_wave, lw_norm, "color®, k", "LineWidth",1.5);
uistack(order2, "bottom®);
plot(handles.axesl,xbase,baseline, "color”, k", "LineWidth",1.5)

xbim([xIiml xbhim2]);

yhim([-0.1 1.1]);

xlabel (*wavenumber (cm™-"1)%);

ylabel("Normalized Absorbance®);

hold off;

handles.xlimla = xlimla;
handles.xlim2a = xlim2a;
handles.freq_wave = freq_wave;
handles.lw_norm = Iw_norm;

guidata(hObject, handles);

% --— Defines Plot Window
function axesl CreateFcn(hObject, ~, handles)
guidata(hObject, handles);

)
% --- Push Buttons ---
% ____________________________________________________
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% --- Clear Button
function pushbutton2_Callback(hObject, ~, handles)

cla(handles.axesl);

x1a=1500;

x1b=3500;

xbase_init=xla:xlb;

baseline_init=zeros(l, length(xbase_init));
plot(xbase_init,baseline_init, "color®, k", "LineWidth",1.5)
x1im([1800 2000]);

ylhim([-0.1 1.1]);

xlabel ("wavenumber (cm™-"1)%);

ylabel("Normalized Absorbance™);

guidata(hObject, handles);

% --— Load Data Button
function pushbutton4 Callback(hObject, ~, handles)

[ filename,pathname] = uigetfFile("™.*","All Files (*.*)");
Ffile=[pathname filename];

% 1Ff user cancels save command, nothing happens

if isequal(filename,0) || isequal(pathname,0)
return

end

fid = fopen(file);
if fid==-1

error("File not found or permission denied");
end

no_lines
max_line

ncols = 0;
data = [];

line = fgetl(fid);
if ~isstr(line)

disp(*"Warning: Ffile contains no header and no data®)
end;

[data, ncols, errmsg, nxtindex] = sscanf(line, "%f");

while isempty(data) || (nxtindex==1)
no_lines = no_lines+1;
max_line = max([max_line, length(line)]);
eval(["line", num2str(no_lines), "=line;"]);
line = fgetl(fid);
if ~isstr(line)
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disp("Warning: Ffile contains no data")

break

end;
[data, ncols, errmsg, nxtindex] = sscanf(line, “%f");
end

data = [data; fscanf(fid, "%f")];
fclose(fid);

header = setstr(® "*ones(no_lines, max_line));

for 1 = 1:no_lines
varname = ["line® num2str(i)];
if eval(["length(" varname ")~=0"])
eval(["header(i, 1l:length(" varname ")) = " varname ";"]);
end
end

eval ("data = reshape(data, ncols, length(data)/ncols)"";", "");

= min(data(:,1));
x12 = max(data(:,1));

basex = (x11-100):(x12+100);
basey = zeros(1, length(basex));
datax = data(:,1);

datay = data(:,2);

datay norm = datay/max(datay);

handles.xI1 = xI1;
handles.xl12 = x12;

handles.basex = basex;
handles._basey = basey;
handles.datax = datax;

handles.datay norm = datay_norm;
guidata(hObject, handles);

% --— Plot Data Button
function pushbutton5 Callback(hObject, ~, handles)

x11_test = isfield(handles, "*xI11%);
if xI1l test ==
x11 = 1800;
else
xI1 = handles.xl1;
end

x12_test = isfield(handles, "x12%);
if xI2_test ==
x12 = 2000;
else
x12 = handles.x12;
end
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basex_test = isfield(handles, "basex”);
if basex _test ==
basex = 0;
else
basex = handles.basex;
end

basey test = isfield(handles, "basey”);
if basey test ==
basey = 0;
else
basey = handles.basey;
end

datax_test = isfield(handles, "datax™);
if datax_test == 0
datax = 0;
else
datax = handles.datax;
end

datay norm_test = isfield(handles, "datay _norm®);
if datay _norm_test ==
datay norm = O;
else
datay norm = handles.datay nhorm;
end

hold on;

orderl = plot(handles.axesl,datax,datay norm,“"color®,"r","LineWidth",0.5);
uistack(orderl, "top");

plot(handles.axesl,basex,basey, "color®,"k","LineWidth",1.5)

xbhim([xI1 x12]);

ylhim([-0.1 1.1]);

xlabel ("wavenumber (cm™-"1)7);

ylabel ("Normalized Absorbance™);

hold off;

guidata(hObject, handles);

% --- Save Figure Button
function pushbutton6_Callback(hObject, ~, handles)

axesObject = gca;

[filename, pathname] = uiputfile({ "*.jpg","jpeg (*.jpg)" ;...
"*_bmp®,"Bitmap (*.bmp)*; "*.eps”, "Encapsulated PostScript
(*.eps) ;...
"*_fig","Figure (*.fig)"}, "Save spectrum as”,"default®);

% iIF user cancels save command, nothing happens
if isequal(filename,0) || isequal(pathname,0)
return
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end
% create a new figure
newFig = figure;

% get the units and position of the axes object
axes_units = get(axesObject, "Units");
axes_pos = get(axesObject, "Position™);

% copies axesObject onto new Ffigure
axesObject2 = copyobj(axesObject,newFig);

% realign the axes object on the new Ffigure
set(axesObject2, "Units” ,axes_units);
set(axesObject2, "Position”",[15 5 axes pos(3) axes _pos(4d)]);

% IFf a legendObject was passed to this function .

if (exist("legendObject™))
% get the units and position of the legend object
legend units = get(legendObject,"Units");
legend_pos = get(legendObject, "Position™);

% copies the legend onto the the new Ffigure
legendObject2 = copyobj(legendObject,newFig);

% realign the legend object on the new figure
set(legendObject2, "Units”, legend_units);
set(legendObject2, "Position”,[15-axes pos(1)+legend pos(l) 5-
axes_pos(2)+legend _pos(2) legend pos(3) legend pos(4)] );
end

% adjusts the new figure accordingly
set(newFig, "Units",axes_units);
set(newFig, "Position”,[15 5 axes pos(3)+30 axes pos(4)+10]);

% saves the plot
saveas(newFig, fullfile(pathname, filename))

% closes the figure
close(newFig)
guidata(hObject, handles);

% --- Save Data Button
function pushbutton7_Callback(hObject, ~, handles)

xlimla_test = isfield(handles, "xlimla®);
if xlimla_test ==
xlimla = 1800;
else
xlimla = handles.xlimla;
end

xlim2a_test = isfield(handles, *xlim2a%);
if xlim2a_test ==
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xlim2a
else

xlim2a = handles.xlim2a;
end

2000;

freq_wave_test = isfield(handles, “"freq_wave~);
ifT freq_wave_test ==
freq_wave = 0;
else
freq_wave = handles.freq_wave;
end

Iw_norm_test = isfield(handles, "lw_norm™");
if Iw_norm_test ==
Iw_norm = O;
else
Iw_norm = handles.lw_norm;
end

[~,fwl index]=min(abs(freq_wave-xlimla));
[~,fw2_index]=min(abs(freq_wave-xlim2a));

freq_wave(fwl_index:fw2_index);

freq_wave_short
= norm(fwl_index:fw2_index);

Iw_norm_short Iw

data_file = [freq_wave_short®™ Iw_norm_short"];

[Filename, pathname] = uiputfile({ "*.txt","text (*.txt)"},"Save data
as”","default™);

% iF user cancels save command, nothing happens

iT isequal(filename,0) || isequal(pathname,0)
return

end

% saves the fTile
save(fullfile(pathname, filename), “"data_file", "-ascii”);

guidata(hObject, handles);

% --- Exit Button

function pushbutton3_Callback(~, ~, ~)

close all;

0 e

% --- End Push Buttons ---
% ____________________________________________________

% --- Radio Buttons (nheeds to be at end of script)
function time_or_energy buttongroup_SelectionChangeFcn(hObject, eventdata)
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% retrieve GUlI data, i.e. the handles structure
handles = guidata(hObject);

switch get(eventdata.NewValue, "Tag") % Get Tag of selected object
case "Time_Constant radiobutton”
% execute this code when Time_Constant radiobutton is selected
handles.time_or_energy buttongroup = O;

case "Energy_radiobutton*
% execute this code when Energy radiobutton is selected
handles.time_or_energy buttongroup = 1;

end

% updates the handles structure
guidata(hObject, handles);

% --- Creates and returns a handle to the GUI figure.
function hl = Zoerbex v5_source_LayoutFcn(policy)
% policy - create a new Figure or use a singleton. "new"™ or “reuse-”.

persistent hsingleton;

if strempi(policy, "reuse®) & ishandle(hsingleton)
hl = hsingleton;
return;

end

load Zoerbex_v5 source.mat

appdata = [];
appdata.GUIDEOptions = mat{l};
appdata.lastvalidTag = "figurel”;
appdata.GUIDELayoutEditor = [];
appdata.initTags = struct(...
"handle”, [1, ---
"tag", "figurel®);

hl = Ffigure(...

"Units","characters”, ...

"Color",[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"Colormap”,[0 0 0.5625;0 0 0.625;0 0 0.6875;0 0 0.75;0 0 0.8125;0 0 0.875;0 O
0.9375;0 0 1;0 0.0625 1;0 0.125 1;0 0.1875 1;0 0.25 1;0 0.3125 1;0 0.375 1;0
0.4375 1;0 0.5 1;0 0.5625 1;0 0.625 1;0 0.6875 1;0 0.75 1;0 0.8125 1;0 0.875
1;0 0.9375 1;0 1 1;0.0625 1 1;0.125 1 0.9375;0.1875 1 0.875;0.25 1
0.8125;0.3125 1 0.75;0.375 1 0.6875;0.4375 1 0.625;0.5 1 0.5625;0.5625 1
0.5;0.625 1 0.4375;0.6875 1 0.375;0.75 1 0.3125;0.8125 1 0.25;0.875 1
0.1875;0.9375 1 0.125;1 1 0.0625;1 1 0;1 0.9375 0;1 0.875 0;1 0.8125 0;1 0.75
0;1 0.6875 0;1 0.625 0;1 0.5625 0;1 0.5 0;1 0.4375 0;1 0.375 0;1 0.3125 0;1
0.25 0;1 0.1875 0;1 0.125 0;1 0.0625 0;1 0 0;0.9375 0 0;0.875 0 0;0.8125 0
0;0.75 0 0;0.6875 0 0;0.625 0 0;0.5625 0 0], ---

"IntegerHandle®,"off", . _.

"InvertHardcopy"®,get(0, "defaultfigurelnvertHardcopy®), - - .
"MenuBar®,"none”, ...
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"Name*®, "Zoerbex v5", ...

“"NumberTitle", "off", . ..

"PaperPosition”,get(0, "defaultfigurePaperPosition®), ...
"Position®,[103.8 20.4615384615385 167.6 41.0769230769231], - - -
"Resize","off", ...

"HandleVisibility", "callback”, ...

"Tag", "figurel”®, ...

"UserData“®,[],---

"Visible®,"on", ...

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "pushbuttonl®;

h2 = uicontrol (...

"Parent®,hl, ...

"Units”, "characters”, ...
"Callback®,@(hObject,eventdata)Zoerbex v5 source("pushbuttonl Callback®,hObje
ct,eventdata,guidata(hObject)), - -.

"Chata",[1,---

"FontSize~",10,. ..

"Position®,[106.2 1.19230769230771 15 7], ---

"String”, "Calculate”, ...

"Tag", "pushbuttonl®, ...

"UserData“®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "uitoolbar2";

h3 = uitoolbar(...

"Parent®,hl, ...

"Tag", "uitoolbar2-, ...

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];

appdata.toolid = "Exploration.Zoomln*;

appdata.CallbacklnUse = struct(...
"ClickedCallback®, "%default™);

appdata.lastValidTag = "uitoggletooll”;

h4 = uitoggletool (...

"Parent”,h3, ...

"ClickedCallback”, "%default”, ...

"CData*" ,mat{2}, ...

"TooltipString”,“Zoom In", ...

"Tag", "uitoggletooll”, ...

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];

appdata.toolid = "Exploration.ZoomOut”;

appdata.CallbacklnUse = struct(...
"ClickedCallback®, "%default®);

appdata.lastvalidTag = "uitoggletool3-;
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h5 = uitoggletool (...

"Parent” ,h3, ...

"ClickedCallback", "%default®, ...

"CDhata” ,mat{3},--.

"TooltipString”,“Zoom Out”, ...

"Tag", "uitoggletool3-, ...

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];

appdata.toolid = "Exploration.Pan”;

appdata.CallbacklnUse = struct(...
"ClickedCallback®, "%default™);

appdata.lastvalidTag = “uitoggletool4-;

hé = uitoggletool(...

"Parent”,h3, ...

"ClickedCal lback®, "%default®, ...

"CDhata” ,mat{4}, ...

"TooltipString”,"Pan”, ...

"Tag", "uitoggletool4d”, . ..

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "pushbutton6”;

h7 = uicontrol (...

"Parent”,hl, ...

"Units”, "characters”, ...
"Callback",@(hObject,eventdata)Zoerbex v5 source("pushbutton6 Callback®,hObje
ct,eventdata,guidata(hObject)), ...

"CDhata“",[1.,---

"FontSize~,10, ...

"Position”,[122.2 6.15384615384617 20 2], --.-

"String", "Save Figure”®, ...

"Tag", "pushbutton6”, ...

"UserData®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "pushbutton4-®;

h8 = uicontrol (...

"Parent” ,hl, ...

"Units”, "characters”, ...
"Callback®,@(hObject,eventdata)Zoerbex v5 source("pushbutton4 Callback®,hObje
ct,eventdata,guidata(hObject)), ...

"CDhata“",[1.,---

"FontSize",10, ...

"Position”®,[143.200000000001 6.15384615384617 20 2], --.
"String", "Load Data“, ...

"Tag", "pushbutton4”, ...

"UserData®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );
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appdata = [];
appdata.lastvalidTag = "pushbutton7”;

h9 = uicontrol (...

"Parent®,hl, ...

"Units”, "characters”, ...
"Callback®,@(hObject,eventdata)Zoerbex v5 source("pushbutton7_Callback®,hObje
ct,eventdata,guidata(hObject)), - - .

"Chata",[1,---

"FontSize*",10,. ..

"Position®,[122.2 3.6923076923077 20 2], --.

"String”, "Save Data“", ...

"Tag", "pushbutton7”, ...

"UserData“®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "pushbutton5-;

h10 = uicontrol(...

"Parent®,hl, ...

"Units”, "characters”, ...
"Callback®,@(hObject,eventdata)Zoerbex v5 source("pushbutton5 Callback®,hObje
ct,eventdata,guidata(hObject)), - -.

"Chata",[1,---

"FontSize*",10,. ..

"Position”®,[143.200000000001 3.6923076923077 20 2], - -.
*String-, "Plot Data“, ...

"Tag", "pushbutton5®, ...

"UserData“",[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "pushbutton2®;

h1l = uicontrol(...

"Parent®,hl, ...

"Units”, "characters”, ...

"Callback” ,@(hObject,eventdata)Zoerbex v5 source("pushbutton2_Callback®,hObje
ct,eventdata,guidata(hObject)), ...

"Chata",[1,---

"FontSize*",10,. ..

"Position®,[122.2 1.19230769230771 20 2], ---

*String®, "Clear™, ...

"Tag", "pushbutton2”, ...

"UserData“®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "axesl”;

hl12 = axes(..-.
"Parent”,hl, ...

120



"Units”, "characters”, ...

"Position®,[11.2 4.76923076923077 90 33],---
"CameraPosition”,[1900 0.5 9.16025403784439], ...
"CameraPositionMode* ,get(0, "defaultaxesCameraPositionMode™), - ..
"Color*,get(0, "defaultaxesColor®), ...

"ColorOrder* ,get(0, "defaultaxesColorOrder®), ...
"Looselnset”™,[25.298 4.85692307692308 18.487 3.31153846153846], - - -
"XColor®,get(0, "defaultaxesXColor®), ...

"XLim",[1800 2000],--.

"XLimMode"®, "manual”, ...

"YColor",get(0, "defaultaxesYColor®), ...

"YLim",[-0.1 1.1],.-.

"YLimMode", "manual ™, ...

"YTick",[0 0.2 0.4 0.6 0.8 1],--.

"YTickMode®, "manual ™, . ..

"ZColor",get(0, "defaultaxeszColor®), ...

"CreateFcn®, {@local CreateFcn,
@(hObject,eventdata)Zoerbex_v5_source("axesl CreateFcn®,hObject,eventdata,gui
data(hObject)), appdata} ,--.

"Tag","axesl", ...

"UserData",[1);

h13 = get(hl2,"title");

set(hl3, ...

"Parent®,hl12, ...
"Units”,"data”, ...

"FontUnits", "points”, ...
"BackgroundColor*,"none™, ...
"Color",[0 O O], ---
"DisplayName® ,blanks(0), ...
"EdgeColor®, "none”, . ..
"EraseMode”, "normal”, ...
"DVIMode*, "auto”, ...
"FontAngle®, "normal ", ...
"FontName®, "Helvetica“, ...
"FontSize*",10,. ..
"FontWeight®,"normal ", ...
"HorizontalAlignment®, "center”, ...
"LineStyle","-", ...
"LineWidth",0.5,...
"Margin®,2, ...
"Position”®,[1899.77777777778 1.12097902097902 1.00005459937205], --.
"Rotation”,0, ...
"String”,blanks(0), ...
"Interpreter”,"tex", ...
"VerticalAlignment®, "bottom”®, ...
"ButtonDownFcn®,[], - - -
"CreateFcn®, {@local_CreateFcn, [], "} ,---
"DeleteFcn*,[],---

"BusyAction®, "queue”, ...
"HandleVisibility","off",_ ..
"HelpTopicKey" ,blanks(0), ...
"HitTest","on", ...
"Interruptible”,"on", ...
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"SelectionHighlight®,"on", ...
"Serializable®,"on", ...

"Tag® ,blanks(0), - ..
"UserData®,[],---
"Visible®,"on", ...

*XLimInclude®,"on", ...

*YLimInclude®,"on", ...

*ZLimInclude®,"on", ...
"CLimInclude®,"on", ...
*"ALimInclude®,"on", ...

"IncludeRenderer®,"on", ...
"Clipping”,"off");

hi14 = get(hi2, "xlabel™);

set(hi4, ...

"Parent®,hl12, ...
"Units”,"data”, ...
"FontUnits®, "points”, ...
"BackgroundColor®,"none”, ...
"Color",[0 O O], ---
"DisplayName® ,blanks(0), ...
"EdgeColor®, "none”, ...
"EraseMode”, "normal ", ...
"DVIMode*, "auto”, ...
"FontAngle®, "normal”, ...
"FontName®, "Helvetica“, ...
"FontSize",10, ...
"FontWeight®,"normal ™, . _.
"HorizontalAlignment®, "center”, ...
"LineStyle","-", ...
"LineWidth",0.5,...
"Margin®,2, ...
"Position”®,[1899.77777777778 -0.165734265734266 1.00005459937205], - -.
"Rotation”,0, ...
"String”,blanks(0), ...
"Interpreter”,"tex", ...
"VerticalAlignment®,"cap”, ...
"ButtonDownFcn®,[], - - -
"CreateFcn®, {@local CreateFcn, [], "} ,---
"DeleteFcn*,[],---
"BusyAction®, "queue”, ...
"HandleVisibility","off",_ ..
"HelpTopicKey* ,blanks(0), - ..
"HitTest","on", ...
"Interruptible”,"on", ...
"SelectionHighlight®,"on", ...
"Serializable®,"on", ...

"Tag® ,blanks(0), - ..
"UserData“®,[],---
"Visible®,"on", ...

*XLimInclude®,"on", ...

*YLimInclude®,"on", ...

*ZLimInclude®,"on", ...

"CLimInclude®,"on", ...
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*ALimInclude®,"on", ...

"IncludeRenderer®,"on", ...
"Clipping”,“off");

hl5 = get(hi2, "ylabel");

set(hls, ...

"Parent®,hl12, ...
"Units®,"data”, ...

"FontUnits", "points”, ...
"BackgroundColor®,"none", ...
"Color",[0 O O], ---
"DisplayName” ,blanks(0), ...
"EdgeColor®, "none”, . ..
"EraseMode”, "normal ™, ...
"DVIMode*, "auto”, ...
"FontAngle®, "normal”, ...
"FontName®, "Helvetica“, ...
"FontSize~,10, ...

"FontWeight”®, "normal ", . ..
"HorizontalAlignment®, "center”, ...
"LineStyle","-", ...
"LineWidth",0.5,...
"Margin®,2, ...
"Position”,[1787.33333333333 0.497202797202797 1.00005459937205], - - -
"Rotation”,90, ...
"String”,blanks(0), ...
"Interpreter”,"tex",...
"VerticalAlignment®, "bottom”, . ..
"ButtonDownFcn®,[], - - -
"CreateFcn®, {@local CreateFcn, [], "} ,---
"DeleteFcn*,[],---

"BusyAction”, "queue”, ...
"HandleVisibility™,"off",__.
"HelpTopicKey" ,blanks(0), ...
"HitTest","on", ...
"Interruptible”,"on", ...
"SelectionHighlight®,"on", ...
"Serializable®,"on", ...
"Tag",blanks(0), --.
"UserData“",[],---
"Visible®,"on", ...

*XLimInclude®,"on", ...

"YLimInclude®,"on", ...

*ZLimInclude®,"on", ...
*CLimInclude®,"on", ...
*ALimInclude®,"on", ...

"IncludeRenderer®,"on", ...
"Clipping”,"“off");

hi16 = get(hi2, "zlabel");

set(hie6, ...
"Parent”,hl12, ...
"Units”", "data”, ...
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"FontUnits", "points”, ...
"BackgroundColor®,"none”, ...
"Color-,[0 0 O], --.
"DisplayName® ,blanks(0), - -.
"EdgeColor®, "none”, . ..
"EraseMode”, "normal”®, ...
"DVIMode*, "auto”, ...
"FontAngle®,"normal”, ...
"FontName*®, "Helvetica“, ...
"FontSize",10, ...

"FontWeight®, "normal ™, ...
"HorizontalAlignment®, "right®, ...
"LineStyle®,"-", ...
"LineWidth",0.5, ...
"Margin®,2, ...
"Position®,[1774.88888888889 1.21608391608392 1.00005459937205], --.
"Rotation”,0, ...
"String”,blanks(0), - -.
"Interpreter”,"tex", ...
"VerticalAlignment®, "middle”, ...
"ButtonDownFcn®,[], - - -
"CreateFcn®, {@local CreateFcn, [], "} ,--.
"DeleteFcn®,[],---

"BusyAction®, "queue”, ...
"HandleVisibility", "off",__.
"HelpTopicKey" ,blanks(0), ...
"HitTest","on", ...
"Interruptible”,"on", ...
"SelectionHighlight®,"on", ...
"Serializable™,"on", ...

"Tag" ,blanks(0), ...
"UserData",[],---
"Visible®,"off", ...
*XLimInclude®,"on", ...

*YLimInclude®,"on", ...

*ZLimInclude®,"on", ...
*CLimInclude”,"on", ...
"ALimInclude”,"on", ...

"IncludeRenderer”,"on", ...
"Clipping*®, "off");

appdata = [];
appdata.lastvalidTag = "pushbutton3®;

h17 = uicontrol(...

"Parent®,hl, ...

"Units”, "characters”, ...
"Callback®,@(hObject,eventdata)Zoerbex v5 source("pushbutton3 Callback®,hObje
ct,eventdata,guidata(hObject)), - -.

"Chata",[1,---

"FontSize*",10,. ..

"Position”®,[143.200000000001 1.19230769230771 20 2], --.
"String”, "Exit", ...

"Tag", "pushbutton3”, ...

"UserData“®,[],---
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"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvValidTag = "textll";

h18 = uicontrol(...

"Parent®,hl, ...

"Units”, "characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"CDhata“",[],---

"FontName*®, *MS Serif", ...

"FontSize",17, ...

"Position®,[18.6 38.0769230769231 75 2.69230769230769], - - .
"String”, "Zoerbex Infrared Spectrum Simulation®, ...
"Style”,"text", ...

"Tag", "textll", ...

"UserData“",[],---

"CreateFcn®, {@local _CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "time_or_energy_buttongroup”;

h19 = uibuttongroup(...

"Parent®,hl, ...

"Units”","characters”, ...

"Title","Peak Parameters:",...

"Tag", "time_or_energy buttongroup”, ...

"UserData",[],---

"Clipping”,"on", ...

"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"Position”,[106.2 8.84615384615385 57.2 29.4615384615385], - - .-
"SelectedObject”,[],---

"SelectionChangeFcn®,[], - --

"OldSelectedObject”,[1,---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "Time_Constant_radiobutton®;

h20 = uicontrol (...

"Parent” ,h19, ...

"Units","characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"Callback® ,mat{5}, ...

"CDhata“",[1.,---

"Position®,[2 26 17.4 1.92307692307692], - ..
"String”,"Time Constant”™, ...

"Style”, "radiobutton”, ...

"Value®,1,...

"Tag", "Time_Constant_radiobutton”, ...
"UserData“®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
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appdata.lastvalidTag = "Energy_radiobutton”;

h21 = uicontrol(...

"Parent®,h19, ...

"Units”, "characters”, ...

"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"Callback® ,mat{6}, ...

"Position®,[2 21 17.8 1.92307692307692], - ..

"String", "Energy", ...

"Style”, "radiobutton”, ...

"Tag", "Energy_radiobutton®, . ..

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "editl”;

h22 = uicontrol (...

"Parent” ,h19, ...

"Units”, "characters”, ...

"BackgroundColor®,[1 1 1],--.
"Callback®,@(hObject,eventdata)Zoerbex v5 source("editl_Callback®,hObject,eve
ntdata,guidata(hObject)), - ..

"Position®,[4 23.5 10 2], --.

"String”, "10000", ...

"Style”,"edit", ...

"CreateFcn®, {@local _CreateFcn,
@(hObject,eventdata)Zoerbex_v5_source("editl_CreateFcn®,hObject,eventdata,gui
data(hObject)), appdata} ,...

"Tag","editl™);

appdata = [];
appdata.lastvalidTag = "textl";

h23 = uicontrol (...

"Parent®,h19, ...

"Units”, "characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"CDhata“",[1.,---

"Position®,[15 23.3 29 1.76923076923077], - - -

"String”, "Exchange Time Constant (ps)”,-.-
"Style”,"text", ...

"Tag", "textl", ...

"UserData®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "editl3";

h24 = uicontrol(...

"Parent®,h19, ...

"Units", "characters”, ...

"BackgroundColor®,[1 1 1],--.

"Callback” ,@(hObject,eventdata)Zoerbex v5 source("editl3 Callback”,hObject,ev
entdata,guidata(hObject)), . ..
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"Position”,[3.8 18.5 10 2], --.

"String”,"5", ...

“Style®,"edit", ...

"CreateFcn®, {@local_CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("editl3 CreateFcn®,hObject,eventdata,gu
idata(hObject)), appdata} ,-..

"Tag", "editl3");

appdata = [];
appdata.lastvValidTag = "editl4”;

h25 = uicontrol (...

"Parent®,h19, ...

"Units”","characters”, ...

"BackgroundColor®,[1 1 1],...
"Callback®,@(hObject,eventdata)Zoerbex v5 source("editld Callback”,hObject,ev
entdata,guidata(hObject)), . ..

"Position®,[3.8 15.5 10 2], ...

"String","298", ...

"Style®,"edit", ...

"CreateFcn®, {@local_CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("editl4 CreateFcn®,hObject,eventdata,gu
idata(hObject)), appdata} ,-..

"Tag","editld");

appdata = [];
appdata.lastvalidTag = "textl57;

h26 = uicontrol (...

"Parent”,hl19, ...

"Units", "characters”, ...
"BackgroundColor*,[0.729411764705882 0.831372549019608 0.956862745098039], - - .-
"Cbhata",[1].,---

"Position®,[15 18.3 23 1.76923076923077], - - -

"String”, "Barrier Height (kcal/mol)", ...
"Style”,"text", ...

"Tag", "textl5", ...

"UserData",[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "textl6";

h27 = uicontrol(...

"Parent”,hl19, ...

"Units","characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"Cbhata“",[1.,---

"Position®,[15 15.3 16 1.76923076923077], - - -

"String”, "Temperature (K)",...

"Style”,"text", ...

"Tag", "textl6", ...

"UserData“",[],---

"CreateFcn®, {@local _CreateFcn, blanks(0), appdata} );
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appdata = [];
appdata.lastvalidTag = "edit2";

h28 = uicontrol(...

"Parent®,h19, ...

"Units”, "characters”, ...

"BackgroundColor®,[1 1 1],--.

"Callback® ,@(hObject,eventdata)Zoerbex v5 source("edit2_Callback®,hObject,eve
ntdata,guidata(hObject)), ...

"Cbhata“",[1.,---

"Position®,[3.8 9.84615384615385 10 2], - -.

"String","1900", ...

“Style®,"edit", ...

"CreateFcn®, {@local_CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("edit2_CreateFcn®,hObject,eventdata,gui
data(hObject)), appdata} ,...

"Tag","edit2", ...

"UserData",[1);

appdata = [];
appdata.lastvalidTag = "edit3";

h29 = uicontrol(...

"Parent”,hl19, ...

"Units”, "characters”, ...

"BackgroundColor®,[1 1 1],---
"Callback®,@(hObject,eventdata)Zoerbex v5 source("edit3_Callback®,hObject,eve
ntdata,guidata(hObject)), - ..

"Position®,[19.8 9.84615384615385 10 2], --.

"String®,"1950", ...

"Style®,"edit", ...

"CreateFcn®, {@local _CreateFcn,
@(hObject,eventdata)Zoerbex_v5_source("edit3_CreateFcn®,hObject,eventdata,gui
data(hObject)), appdata} ,--.

"Tag","edit3");

appdata = [];
appdata.lastvalidTag = "edit4";

h30 = uicontrol(...

"Parent” ,h19, ...

"Units”, "characters”, ...

"BackgroundColor®,[1 1 1],--.

"Callback” ,@(hObject,eventdata)Zoerbex v5 source("edit4_Callback®,hObject,eve
ntdata,guidata(hObject)), ...

"Position”,[3.8 6.84615384615385 10 2], ---

"String","10", ...

"Style”,"edit", ...

"CreateFcn®, {@local_CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("edit4 CreateFcn®,hObject,eventdata,gui
data(hObject)), appdata} ,...

"Tag","editd");
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appdata = [];
appdata.lastvalidTag = "edit5";

h31 = uicontrol(...

"Parent®,h19, ...

"Units”","characters”, ...

"BackgroundColor®,[1 1 1],...
"Callback”,@(hObject,eventdata)Zoerbex v5 source("edit5_Callback®,hObject,eve
ntdata,guidata(hObject)), ...

"Position®,[19.8 6.84615384615385 10 2], --.-

*String®,"10",...

"Style®,"edit", ...

"CreateFcn®, {@local_CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("edit5 CreateFcn”®,hObject,eventdata,gui
data(hObject)), appdata} , ...

"Tag","edit5");

appdata = [];
appdata.lastvalidTag = "edit6";

h32 = uicontrol(...

"Parent”,hl19, ...

"Units", "characters”, ...

"BackgroundColor®,[1 1 1],---
"Callback",@(hObject,eventdata)Zoerbex v5 source("edit6_Callback®,hObject,eve
ntdata,guidata(hObject)), ...

"Position®,[3.8 3.84615384615385 10 2], - -.

"String®,"10%, ...

"Style®,"edit", ...

"CreateFcn®, {@local _CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("edit6 CreateFcn”,hObject,eventdata,gui
data(hObject)), appdata} ,--.

"Tag","edit6");

appdata = [];
appdata.lastvalidTag = "edit7";

h33 = uicontrol (...

"Parent” ,h19, ...

"Units”, "characters”, ...

"BackgroundColor®,[1 1 1],--.
"Callback”,@(hObject,eventdata)Zoerbex v5 source("edit7_Callback®,hObject,eve
ntdata,guidata(hObject)), ...

"Position”,[19.8 3.84615384615385 10 2], --.-

"String"," 10", ...

"Style”,"edit", ...

"CreateFcn®, {@local_CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("edit7_CreateFcn®,hObject,eventdata,gui
data(hObject)), appdata} ,...

"Tag","edit7");

appdata = [];
appdata.lastvalidTag = "edit8";

129



h34 = uicontrol (...

"Parent®,h19, ...

"Units”","characters”, ...

"BackgroundColor*®,[1 1 1],--.

"Callback” ,@(hObject,eventdata)Zoerbex v5 source("edit8_ Callback®,hObject,eve
ntdata,guidata(hObject)), ...

"Position®,[3.8 0.846153846153846 10 2], ...

"String®,"1%, ...

“Style®,"edit", ...

"CreateFcn®, {@local_CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("edit8 CreateFcn”®,hObject,eventdata,gui
data(hObject)), appdata} , ...

"Tag","edit8");

appdata = [];
appdata.lastvalidTag = "edit9-";

h35 = uicontrol(...

"Parent”,hl19, ...

"Units", "characters”, ...

"BackgroundColor®,[1 1 1],---
"Callback®,@(hObject,eventdata)Zoerbex v5 source("edit9 Callback®,hObject,eve
ntdata,guidata(hObject)), . ..

"Position®,[19.8 0.846153846153846 10 2], .- -

"String®,"1", ...

"Style”,"edit", ...

"CreateFcn®, {@local_CreateFcn,
@(hObject,eventdata)Zoerbex v5 source("edit9 CreateFcn”,hObject,eventdata,gui
data(hObject)), appdata} ,--.

"Tag","edit9");

appdata = [];
appdata.lastvalidTag = "text2";

h36 = uicontrol(...

"Parent” ,h19, ...

"Units”, "characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"CDhata“",[1.,---

"Position®,[3.8 11.9230769230769 10 1.76923076923077], - - -
"String”,"Peak 1°,...

"Style”,"text", ...

"Tag", "text2", ...

"UserData®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "text3";

h37 = uicontrol (...

"Parent” ,h19, ...

"Units", "characters”, ...

"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], .- -
"Cbhata",[1].,---
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"Position®,[19.8 11.9230769230769 10 1.76923076923077], - - -
"String”,"Peak 2°,...

“Style®,"text™, ...

"Tag", "text3", ...

"UserData“",[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "text4";

h38 = uicontrol(...

"Parent®,h19, ...

"Units”, "characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"CDhata“",[],---

"Position®,[31.9 9.61538461538462 18 1.76923076923077], - - .
"String”, "Center Frequency”, ...

"Style”,"text", ...

"Tag", "text4d", ...

"UserData“®,[],---

"CreateFcn”®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "text5";

h39 = uicontrol(...

"Parent®,h19, ...

"Units”, "characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"CDhata“",[1.,---

"Position®,[31.9 6.61538461538462 18 1.76923076923077], - - -
"String", "Lorentzian Width", ...

"Style”,"text", ...

"Tag", "text5", ...

"UserData®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "text6";

h40 = uicontrol(...

"Parent” ,h19, ...

"Units”, "characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"CDhata“",[1.,---

"Position®,[31.9 3.61538461538462 18 1.76923076923077], - - -
"String”, "Gaussian Width", ...

"Style”,"text", ...

"Tag", "text6", ...

"UserData®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

appdata = [];
appdata.lastvalidTag = "text7";
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h41 = uicontrol(...

"Parent” ,h19, ...

"Units”, "characters”, ...
"BackgroundColor®,[0.729411764705882 0.831372549019608 0.956862745098039], - - .
"CDhata“®,[1.,---

"Position®,[31.9 0.615384615384615 18 1.76923076923077], - - .-
"String”, "Population®, . ..

"Style”,"text", ...

"Tag","text7", ...

"UserData®,[],---

"CreateFcn®, {@local_CreateFcn, blanks(0), appdata} );

hsingleton = hil;

% --- Set application data first then calling the CreateFcn.
function local_CreateFcn(hObject, eventdata, createfcn, appdata)

if ~isempty(appdata)
names = fieldnames(appdata);
for i=1:length(names)
name = char(names(i));
setappdata(hObject, name, getfield(appdata,name));
end
end

if ~isempty(createfcn)
it isa(createfcn, "function_handle®)
createfcn(hObject, eventdata);
else
eval (createfcn);
end
end

% --- Handles default GUIDE GUI creation and callback dispatch
function varargout = gui_mainfcn(gui_State, varargin)

gui_StateFields = {"gui_Name*
"gui_Singleton*
"gui_OpeningFcn*®
"gui_OutputFcn*
"gui_LayoutFcn*
"gui_Callback"};
gui_MfFfile = *7;
for i=1:length(gui_StateFields)
if ~isfield(gui_State, gui_StateFields{i})
error("MATLAB:gui_mainfcn:FieldNotFound®, "Could not find field %s in
the gui_State struct in GUI M-file %s", gui_StateFields{i}, gui_MFfile);
elseif isequal(gui_StateFields{i}, "gui_Name®)
gui_MFfile = [gui_State.(gui_StateFields{i}), "-m"];
end
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end
numargin = length(varargin);

if numargin ==
% ZOERBEX_V5_SOURCE
% create the GUI only if we are not in the process of loading it
% already
gui_Create = true;
elseif local_islnvokeActiveXCallback(gui_State, varargin{:})
% ZOERBEX_V5_SOURCE(ACTIVEX,...)
vin{l} = gui_State.gui_Name;

vin{2} = [get(varargin{l}.Peer, "Tag"), " ", varargin{end}];
vin{3} = varargin{l};

vin{4} = varargin{end-1};

vin{5} = guidata(varargin{l}.Peer);

feval(vin{:});

return;

elseif local_islnvokeHGCal lback(gui_State, varargin{:})
% ZOERBEX_ V5 SOURCE("CALLBACK®,hObject,eventData,handles,...)
gui_Create = false;

else
% ZOERBEX_V5_ SOURCE(...)
% create the GUI and hand varargin to the openingfcn
gui_Create = true;

end

if ~gui_Create

% In design time, we need to mark all components possibly created in
% the coming callback evaluation as non-serializable. This way, they
% will not be brought into GUIDE and not be saved in the figure file
% when running/saving the GUlI from GUIDE.
designEval = false;
if (numargin>1 && ishghandle(varargin{2}))

fig = varargin{2};

while ~isempty(fig) && ~isa(handle(fig), "figure®)

fig = get(fig, "parent™);
end

designEval = isappdata(0, "CreatingGUIDEFigure™) ||
isprop(fig, " _GUIDEFigure®);
end

if designEval
beforeChildren = findall(Ffig);
end

% evaluate the callback now
varargin{l} = gui_State.gui_Callback;
if nargout
[varargout{l:nargout}] = feval(varargin{:});
else
feval (varargin{:});
end
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% Set serializable of objects created in the above callback to off in
% design time. Need to check whether figure handle is still valid in
% case the Ffigure is deleted during the callback dispatching.
if designEval && ishandle(fig)
set(setdiff(findall (fig),beforeChildren), “Serializable®, "off");
end
else
if gui_State.gui_Singleton
gui_SingletonOpt = "reuse-”;
else
gui_SingletonOpt =

new" ;
end

% Check user passing "visible® P/V pair first so that its value can be
% used by oepnfig to prevent flickering
gui_Visible = "auto”;
gui_Visiblelnput = "*;
for index=1:2:length(varargin)

if length(varargin) == index || ~ischar(varargin{index})

break;
end

% Recognize "visible®" P/V pair
lenl = min(length("visible™), length(varargin{index}));
len2 = min(length("off"), length(varargin{index+1}));
it ischar(varargin{index+1}) &&
strncmpi (varargin{index}, "visible®,lenl) && len2 > 1
if strncmpi(varargin{index+1}, "off", len2)
gui_Visible = "invisible®;
gui_Visiblelnput = "off";
elseif strncmpi(varargin{index+1},"on",len2)
gui_Visible = "visible~;
gui_Visiblelnput = "on";
end
end
end

% Open fig File with stored settings. Note: This executes all component
% specific CreateFunctions with an empty HANDLES structure.

% Do feval on layout code in m-file if It exists
gui_Exported = ~isempty(gui_State.gui_LayoutFcn);
% this application data is used to indicate the running mode of a GUIDE
% GUI to distinguish it from the design mode of the GUI in GUIDE. it is
% only used by actxproxy at this time.
setappdata(0,genvarname([ "OpenGuiWhenRunning_ ", gui_State.gui_Name]),1);
if gui_Exported

gui_hFigure = feval(gui_State.gui_lLayoutFcn, gui_SingletonOpt);

% make figure invisible here so that the visibility of figure is
% consistent In OpeningFcn in the exported GUl case
it isempty(gui_Visiblelnput)

134



gui_Visiblelnput = get(gui_hFigure, "Visible®");
end
set(gui_hFigure, "Visible®, "off")

% openfig (called by local openfig below) does this for guis without
% the LayoutFcn. Be sure to do it here so guis show up on screen.
movegui(gui_hFigure, "onscreen”);

else
gui_hFigure = local_openfig(gui_State.gui_Name, gui_SingletonOpt,

gui_Visible);

% IFf the figure has InGUlInitialization it was not completely created
% on the last pass. Delete this handle and try again.
ifT Isappdata(gui_hFigure, "InGUlInitialization®)

delete(gui_hFigure);

gui_hFigure = local _openfig(gui_State.gui_Name, gui_SingletonOpt,

gui_Visible);

end
end
if isappdata(0, genvarname(["OpenGuiWhenRunning ", gui_State.gui_Name]))
rmappdata(0,genvarname([ "OpenGuiWhenRunning_", gui_State.gui_Name]));
end

% Set flag to indicate starting GUI initialization
setappdata(gui_hFigure, "InGUl Initialization®,1);

% Fetch GUIDE Application options

gui_Options = getappdata(gui_hFigure, "GUIDEOptions~®);

% Singleton setting in the GUI M-File takes priority if different
gui_Options.singleton = gui_State.gui_Singleton;

iT ~isappdata(gui_hFigure, "GUIONnScreen*®)
% Adjust background color
if gui_Options.syscolorfig
set(gui_hFigure, “"Color-=,

get(0, "DefaultUicontrolBackgroundColor®));

end

% Generate HANDLES structure and store with GUIDATA. If there is
% user set GUI data already, keep that also.
data = guidata(gui_hFigure);
handles = guihandles(gui_hFigure);
if ~isempty(handles)
if isempty(data)
data = handles;
else
names = fieldnames(handles);
for k=1:length(names)
data. (char(names(k)))=handles. (char(names(k)));
end
end
end
guidata(gui_hFigure, data);
end
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% Apply input P/V pairs other than "visible”
for index=1:2:length(varargin)
if length(varargin) == index || ~ischar(varargin{index})
break;
end

lenl = min(length("visible®), length(varargin{index}));
iT ~strncmpi (varargin{index}, "visible®,lenl)
try set(gui_hFigure, varargin{index}, varargin{index+1}), catch
break, end
end
end

% IFf handle visibility is set to “"callback®, turn it on until finished
% with OpeningFcn
gui_HandleVisibility = get(gui_hFigure, "HandleVisibility");
if stremp(gui_HandleVisibility, "callback®)
set(gui_hFigure, "HandleVisibility®, "on");
end

feval (gqui_State.gui_OpeningFcn, gui_hFigure, [], guidata(gui_hFigure),
varargin{:});

if isscalar(gui_hFigure) && ishandle(gui_hFigure)
% Handle the default callbacks of predefined toolbar tools in this
% GUl, if any
guidemFile("restoreToolbarToolPredefinedCallback”,gui_hFigure);

% Update handle visibility
set(gui_hFigure, "HandleVisibility", gui_HandleVisibility);

% Call openfig again to pick up the saved visibility or apply the

% one passed in from the P/V pairs

if ~gui_Exported
gui_hFigure = local_openfig(gui_State.gui_Name,

"reuse” ,gui_Visible);

elseif ~isempty(gui_Visiblelnput)
set(gui_hFigure, "Visible®,gui_Visiblelnput);

end

if strcempi(get(gui_hFigure, "Visible®), "on®)
figure(gui_hFigure);

if gui_Options.singleton
setappdata(gui_hFigure, "GUIOnScreen®, 1);
end
end

% Done with GUI initialization

if isappdata(gui_hFigure, "InGUlInitialization™)
rmappdata(gui_hFigure, "InGUlInitialization™);

end

% IFf handle visibility is set to “"callback®, turn it on until
% finished with OutputFcn
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gui_HandleVisibility = get(gui_hFigure, "HandleVisibility");
if stremp(gui_HandleVisibility, "callback®)
set(gui_hFigure, "HandleVisibility®, “on");
end
gui_Handles
else
gui_Handles

guidata(gui_hFigure);

-

end

if nargout
[varargout{l:nargout}] = feval(gui_State.gui_OutputFcn, gui_hFigure,
[1, gui_Handles);
else
feval (qui_State.gui_OutputFcn, gui_hFigure, [], gui_Handles);
end

if isscalar(gui_hFigure) && ishandle(gui_hFigure)
set(gui_hFigure, "HandleVisibility", gui_HandleVisibility);
end
end

function gui_hFigure = local_openfig(name, singleton, visible)

% openfig with three arguments was new from R13. Try to call that first, if
% failed, try the old openfig.
ifT nargin(“openfig") == 2
% OPENFIG did not accept 3rd input argument until R13,
% toggle default figure visible to prevent the figure
% from showing up too soon.
gui_OldDefaultVisible = get(0, "defaultFigureVisible™);
set(0, "defaultFigureVisible®, "off");
gui_hFigure = openfig(name, singleton);
set(0, "defaultFigureVisible",gui_OldDefaultVisible);
else
gui_hFigure = openfig(name, singleton, visible);
end

function result = local_islnvokeActiveXCallback(gui_State, varargin)

try
result = ispc && iscom(varargin{l}) ...
&& isequal(varargin{l},gcbo);
catch
result = false;
end

function result = local _islnvokeHGCal lback(gui_State, varargin)

try
fhandle = functions(gui_State.gui_Callback);
result = ~isempty(findstr(gui_State.gui_Name,fhandle.file)) ||
(ischar(varargin{l}) ...
&& isequal(ishandle(varargin{2}), 1) ...
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&& (~isempty(strfind(varargin{1},[get(varargin{2}, "Tag"),
D) I

catch
result = false;

~isempty(strfind(varargin{l1}, " CreateFcn™))) );

end
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Zoerbex Version 5 for Command Line:

%Command Line Version of Zoerbex v5

%

%Zoerbex was written by M.C. Zoerb in Spring 2011 at the UC Berkeley
%College of Chemistry in the research group of C.B. Harris.

%

%This program is based on the math from Grevels et al. J. Am. Chem. Soc.
%(1998), 120, 10423-10433.

%This program takes inputs of peak parameters and exchange time
%constant and simulates the vibrational lineshape due to exchange between
%two sites.

%

%Some code for the fft section was adapted from examples

%on www.blinkdagger.com

%

) ——— -

disp(“Peak inputs are center frequency, Lorentzian width,");
disp(“Gaussian width, and Intensity factor.");

% --- time constant ---
tau = input(“What is the exchange time constant in ps? *);
if isempty(tau)
tau = 10000 ;
end

% --- peak 1 inputs ---
wl = input(*What is the center frequency of peak 1? *);
ifT isempty(wl)
wl = 1900 ;
end
L1 = input("What is Lorentzian width peak 1? *);
if isempty(Ll)
L1 = 10 ;
end
Gl = input("What is Gaussian width peak 1? *);
it isempty(Gl)
Gl = 10 ;
end
pl = input(“"What is the population for peak 1? *);
if isempty(pl)
pl1 =1 ;
end

% --- peak 2 inputs ---
w2 = input(*What is the center frequency of peak 2? *);
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if isempty(w2)
w2 = 1950 ;
end
L2 = input(“What is Lorentzian width peak 2? *);
iT isempty(L2)
L2 = 10 ;
end
G2 = input(“What is Gaussian width peak 2? *);
it isempty(G2)
G2 = 10 ;
end
p2 = input(“"What is the population for peak 2? *);
it isempty(p2)
p2 = 1 ;
end

)
% --- End Input Section ---
% ____________________________________________________

% Convert parameters from wavenumbers to Hertz

wl Hz = wl*100*3*10"8 ;
w2_Hz = w2*100*3*1078 ;
L1 Hz = L1*100*3*10"8*pi ; % pi is the empirical correction factor for

Lorentzian FWHM

L2_Hz = L2*100*3*1078*pi ;

G1_Hz = G1*100*3*1078*(8/3) ; % (8/3) is the empirical correction factor for
Gaussian FWHM

G2_Hz = G2*100*3*107"8*(8/3) ;

% Convert time constant to rate
kex = 1/(tau*10™-12);

% Exchange matrix
K = kex*[-1 1; 1 -1];

% Center frequencies and Lorentzian linewidths
A= [ (-li*2*pi*wl_Hz + L1_Hz - K(1,1)) -K(1,2) ;

-K(2,1) (-li*2*pi*w2_Hz + L2 _Hz - K(2,2)) 1;
[S,Lam] = eig(A, "nobalance®) ;

% Gaussian linewidths

G = [G1_Hz~(2) 0 ; 0 G2_Hz"(2)];
Sinv = inv(S) ;

Gprime = S\G*S ;

% Generate correlation functions
% Preallocation

g = 10001;

Gecorr_11 = zeros(1,q);

Gecorr_22 = zeros(1,q);
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for k = 1:q

Fs = 10nM14;

%t = (1/Fs)*(k-1) ;

Georr_11(k) = exp(-Lam(1,1)*((1/Fs)*(k-1)) - (Gprime(1,1)*((1/Fs)*(k-
1)).72).72 );

Georr_22(k) = exp(-Lam(2,2)*((1/Fs)*(k-1)) - (Gprime(2,2)*((1/Fs)*(k-
1)).72).72 );
end

%--- Beginning of fft section
N = (g*100);
it mod(N,2)==
k=-N/2:N/2-1; % N even
else
k=-(N-1)/2:(N-1)/2; % N odd
end
T=N/Fs;
freq=k/T;

Iw_la=Fftshift(fft(Gcorr_11,N)/Fs);

Iw_2a=fftshift(fft(Gcorr_22,N)/Fs);
%--- end of Fft section

% Multiplicative terms for populations

one = [1 ; 1];

p = [p1*2*(wl+w2)/2/(1.05*10"-34);
p2*2*(wl+w2)/2/(1.05*10"-34)] ;

pdagger = ctranspose(p) ;

pdS = pdagger*S ;

Sinvone = S\one;

% Defining each of the complete lineshape components and summing them for
% the total lineshape

Iw 11 1 = pdS(1,1)*lw_1a*Sinvone(1,1) ;
Iw 22 1 = pdS(1,1)*lw_2a*Sinvone(1,1) ;
Iw_11 2 = pdS(1,2)*Iw_1a*Sinvone(2,1) ;

Iw 22 2 = pdS(1,2)*Iw_2a*Sinvone(2,1) ;

11 = Iw_ 11 1 + Iw_11 2;
Iw 22 = 1w 22 1 + lw_22 2;
scale = [p(1)*S(1,1)*Sinv(1,1) + p(1)*S(1,1)*Sinv(1,2) +
p(2)*S(2,1)*Sinv(1,1) + p(2)*S(2,1)*Sinv(1,2) ;

p(1)*S(1,2)*Sinv(2,1) + p(1)*S(1,2)*Sinv(2,2) + p(2)*S(2,2)*Sinv(2,1) +

P(2)*S(2,2)*Sinv(2,2)];
Iw 1 = Iw_11*scale(l);
Iw 2 = Iw_22*scale(2);
Iw = real(Iw_1 + Iw_2);

% Correcting the fft shift to actual values
[~,zed_index]=min(abs(freq));

freq_Hzl = freq(zed_index:length(freq));

freq_Hz2 = freq(l:zed_index-1);

freq_Hz2 rev = freq Hz2(end:-1:1);

freq_Hz2 ind = abs(freq_Hz2 rev) + freq(length(freq));
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freq_Hz = [freq_Hzl freq Hz2 ind];
Iw_hshiftl = Iw(zed_index:length(freq));
Iw_hshift2 = Iw(l:zed_index-1);
Iw_hshift [Iw_hshiftl Iw_hshift2];
freq_wave = freq_Hz./(3*10M10);

% Setting the baseline to zero and normalizing the spectrum to 1
Iw_vshift = Iw_hshift - min(lw_hshift);
Iw_norm = Iw_vshift ./ max(lw_vshift);

% Defining the Baseline
x1iml=wl-65;

x1im2=w2+65;

xlimla=wl1l-100;

xlim2a=w2+100;
Xbase=xlimla:xlim2a;
baseline=zeros(1, length(xbase));

% Plot Parameters

hold on;
plot(freq_wave, lw_norm, "color”,"k","LineWidth",1.5);
plot(xbase,baseline, "color™®, k", "LineWidth",1.5)
xbim([xIiml xBim2]);

ylhim([-0.1 1.1]);

title("Zoerbex Infrared Spectrum Simulation™);
xlabel ("wavenumber (cm™-"1)7);

ylabel("Normalized Absorbance™);

hold off;

142



	Title_Page_Final
	Copyright_Page_Final
	Abstract_Final
	Dedication_TOC_Acknowledgements_Final
	THESIS_Final



