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Abstract

This thesis describes and interprets experiments usinglitwensional infrared
spectroscopy (2BR) and infrared pumyprobe spectroscopy (IPP) as applied to the
organometallic at al yst Vaskaods ,antd@adtuets (VA 4@ VG and it
O, respectively) in a variety of solvation environments. The IPP observations yield
information about the speed of vibrational relaxation and how it changes as the solvent is
altered, @ving suggestions as to the mechanism of the relaxation of vibrational energy.
The 2DIR experiments give information about the dynamics occurring in the solvation
shell of the solute molecules and specifics about the molecular origins of the lineshapes
found in linear infrared spectroscopy (FTIR). These studies are presented in light of
possible connections between solvent dynamics and chemical reaction rates occurring in
those solvents.

The solvation dynamics of VC and M@, are characterized by 2[R first in 3
neat solvents. 2{IR spectra were analyzed using the inverse center line slope (CLS) as a
representative of the frequentrgquency correlation function (FFCF). The dynamics
are compared to previously determined oxidative addition rate cdsista

Next, an IPP and linear infrared spectroscopic study was performed -bnhaviG
VC-0O; in two different sets of binary solvent mixtures. Migrational lifetime changes
linearly with solvent composition Evidence that relaxation proceeds diregtito the
solvent modes is shown.

In the thirdstudypresented2D-IR was performed on théC-I, vibrational mode

to dissect the linear lineshape into its homogeneous and inhomogeneous contributions in
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binary solvent mixtures of either chloroform or benaidohol inds-benzene. The full

FFCF was determined.Inhomogeneousdynamics are implicatedas the dominant
broadening mechanism.

Finally, anIPP, 2DIR, and kineticsstudy on VC and V&, in binary solvent
mixtures ofds-benzene with chloroform and benajtoholis presented The vibrational
lifetimes for VC,in contrast tovC-O, and VGClI,, show a decrease with increasing mole
fraction of the more polar solvent in both sets of mixturehere is evidence of
correlation between the rate constants andhtireogeneous linewidth &fC-O,, as well

as its inhomogeneous amplitude.
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Chapter 1: Introduction

Solvent and its Effects



2
With the possible exception of the mole, there is no concept more familiar to the

chemist than that afolvent and solute. The literature abounds with theories and studies
that have explained and explored the enormous influence the one can have on the other.
In a continuation of this ongoing discussion, this work examines the effects that not
merely the stic properties, but also the dynamic motions of the solvent have on a
number of different solute measurements for a specific system of organometallic
compounds. Since molecules are continuously in motion, vibrating, rotating, and
translating in a seengy endless dance of energy, force, and probability, dynamics can
play a crucial role in the multiplicity of processes that occur in the solution phase. It is
this interplay of static and dynamic, or tirageraged and timdependent, properties that

is the focus of this thesis, with an end goal of investigating the influence of solvent
dynamics on a particular solvesgnsitive oxidative addition reaction: the addition ef O

to Vaskads compl ex. The remaining sectior
work in its appropriate context within the literature by first discussing the use and
properties of solvent mixtures and subsequently some ways solvent can afféeshseact

and spectra.

1.1. Solvent Mixtures

1.1.1.Solvent Mixtures: Preferential Solvation

The primary experimental method for smoothly varying solvent properties is
through the use of mixed solvents. By changing the ratios of the component solvents, the
overall natue of the mixture (dielectric constant, viscosity, etc.) can be altered in some

way. It is important to recognize that these properties do not necessarily vary linearly
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with overall solvent composition. A textbook example of this is the water/ethanol

azeda r opi c deviation from Raoultds | aw. Wh e
for solute characteristics that respond to solvent influence, such as solubility. Even if all
purely solverdbased properties do respond linearly to solvent compositioa, t
composition of the local solvation shell surrounding the solute can be different from the
bulk solvent when the solute is preferentially solvated.

The different types of preferential solvation (also called selective solVatipn
dielectric enrichment are as follows. The solute can have a nonspecific (and thus
symmetric) tendency to be encapsulated by one sbiersus the other. This could be
caused by dipole/dipole interactions as well as general dispersion interactions, or simply
by size difference *° Alternatively, certain regions of the solute can be attractive to
one solvent, while other areas are attractive to the other. An extreme example of this
might be the casef a binary salt in a heteroselective solvent mixture, where one solvent
surrounds the anion and the other the cation. This second type would also include site
specific interactions such as hydrogen bonding, electron pair donation/acceptance or
regional hydrophobic interactions. Thirdly, the solvent composition is constantly
fluctuating on a microscopic scale. Combined with the difference between solent A
solvent A interactions and solvent-sblvent B interactions, this can give rise to
microheterogenses, regions of seléssociated solvent where the solute interacts with a
concentrated proportion of the dominant solvéht It has been shown that these
microheterogeneities are dependent on solvent composition and solvent type and can

have a strong influence on any solute pre&@ course, any or all of these may be at
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play in a particular preferentially solvated system. There are different views on which of

these types is the most influential, depending on the situation and the quantity being
measured’® Measurements for aqueous mixtures with partially hydrophobic solutes by
Bagno and coworkers suggest that hydrogen bonding is considerably less important than
dispersion or microheterogeneity

There are a number of methods used in measuring the degree ereptiaf
solvation. One of the most common is the use of solvatochromic soluteSdsten
1.2.2for a more indepth discussion of solvatochromism) or some particular selvent
sensitive solute parametet*'® A variety of models are used particulafty the’O (30)
parameter (a property related to the absorbance maximum &f (B@) dye) since it is
frequently used as a measure of polari@ne of the simplest, in that it involves only a

single fitting parameter, is described Rgsés and coworkers as follaws

xf,, Ern En
1 6,18

ET mi X ETl (1-1)

wherex3 is the bulk mole fraction of solvent and Ery, Erp, andEr 1; are theE(30)

values for solvent 1, solve and the mixture respectively. Hefe is a preferential
solvation parameter modeledfgs 5 % with x? being the mole fraction of solvenin
2 M

the solvation shell. It is thus a measure of the preference for solvent 2. There are more
complex models that take into account solvarient interactions, which have been
shown to be importarih appropriatelyquantifying preferential solvatiotf *"*® Systems

with either a maximum or a minimum value imaxture (of which there are quitefew)

cannot be well modeled without solvesdlventinteractions.
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Using simply the E+(30) parametercan, however, be misleading. First, the

solvent shell composition found in this manner is specific to the probe being used and

cannot easily be generalized to other solutes. Secondly, for luminesckmtecswomic

studies the emission frequency is related to a dielectric parafm@ter 2 D-1 )( R+ 1)

(D being the static dielectric constant) in a linear fashion, but this parameter is not always
linear in compositio®**® A more direct method was used by Shin and Wakisaka
demonstrating an elegant use of mass spectrometry to investigate the microheterogeneity
of bulk solvent mixtures of water and DMSO as well as the solvation shells of a number
of solues® They found a remarkable degree of correlation between the clustering
abilities of DMSO in waterich mixtures and the amount of DMSO surrounding the
solute. NMR-NOESY experiments have also been used to measure preferential
solvation, via the couplinfpetween atoms on neighboring molecules, for a variety of
solutes in a number of solvent mixtufe$ It can also be useful to calculate the

preferential solvation vienoledular dynamicsMD) simulation®#*

1.1.2.Solvent Mixtures: Solvent Dynamics

Studies of preferential solvation generally treat the solvent shell composition as a
static parameter. In reality, however, the solvation shell, like everything in the liquid
phase, is constantly in motion and its composition is cgytan flux. Many studies of
solvation and solvent dynamics in mixed solvents have been carried out by various
methods including timeesolved Stokes shift fluorescence measurenfefts® 2423

transient holeéburning spectroscogy two-dimensional infrared spectroscopy @R),>

29 Raman echo measuremetftsand optical Kerr effect spectroscopy* as well as a
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variety of simulations and theoretical studies® *>3" With such a multiplicity of

techniques, it is important to examine how the various observables are connected.

These techniques generally fall into one of two categories: retrieving either the
solvation function (a measure of the solvent response to sbamge in the solute), or a
time correlation function of an observable related to solvent motions (either in the
solvation shell or in the bulk) under equilibrium conditions. The dies®lved Stokes
shift (TRSS) technique is an example of the formerenha solute dye molecule is
electronically excited, causing a change in the molecular dipole moment. The frequency
of the emitted fluorescence is then monitored as a function of time. The characteristic
time constants of the frequency shift quantify theo | v e n't shel lIBs r el ¢
measures the latter kind of motion by monitoring the electric field fluctuations that
influence the frequency of a particular solute or solvent vibration (see Chapter 2 for
further discussion of 2R). Though the measements take place under different
conditions, it has been shoWii® within the assumptions of linear response theory, that
the time correlation function of the equilibrium solvent fluctuations is equal éo th
nonequilibrium solvation function! In addition to assuming a linear response to the
sol ut ebs perturbation of the solvent, t hi
function is not substantially different between the initial and final solute $fatBsit
within these assumptions, the characteristic motions that respond to solute changes and
those that cause fluctuations in spectroscopic observables may be considered to be the

same.
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The results of solvation (nonequilibrium) dymics studies of mixtures also

generally fall into one of two categories. The relaxation of the solvent shell in mixtures
is either intermediate between the two pure solvents or slower than either of them.
Usually, though not always, the latter occursewhhe mixture involves a polar/nonpolar
solvent pair® 1% 243 This is generally considered to result from the requisite exchange
of solvent types in the solvation shell, requiring as it does slow, diffusive, tianala
motion. In pure solvents, relaxation is thought to occur mostly via solvent reorientational
motions, sometimes (especially, in the case of ionization) followed by compression of the
solvent shelf**® Both of these processes are much faster than the solvent exchange
process. In a simplelD simulation involving atomic solutes and solvents, Nguyen and
Stratt denonstrated the presence of both compression and sawgtching regimes®
The redistribution of solvent molecules was much slower than the immediate change in
the number of molecules in the solvation shell, indicating that the slower speed is due
simply to the fact that it is an inherently collective process and not to any particular
solventsolvent interactions. A number of studies have found linearity of thvatsmi
times when plotted against viscosity parametersGar d e c k i and Maroncel
designed acetonitrile/propylene carbonate solvent system carefully avoids preferential
solvation while varying sol@n time constants, rotational time constants and viscosity,
all of which are linear in mole fraction.

There have been fewer studies of solvent (equilibrium) dynamics in the context of
a solute dissolved in a binary mixture and fewer still that study a range of compositions;

this is one area where the present work contributes to the field. Kwak and c®wvorke
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found a slowing of the solvent motions around ground state phenokh aiéno}

mesitylene complex in mixtures of mesitylene and carbon tetrachloride, similar to the
changes in solvation motion discussed atfdvén a similar 2BIR and MD study of
phenol in mixtures of benzene and carbon tetrachloitideas found that statistically the
likelihood of finding a solvation shell that was primarily one solvent or the other was
quite high relative to expectatih. There was also a relationship betweenRREF cee
Chapter 2 for further discussion of this quantity) and the correlation function of the
number of benzene molecules in gwvation shell. OKE measurents by Elola and
coworkers inmixtures of benzene and hexafluorobenzene revealed that the collective
orientational correlation time for benzene was linear in mole fraction, whereas that for
hexafluorobenzene showed a maximtimKing and coworkers also found a correlation

of the time constants of the FFCF with the viscosity of the solvent in pure solvents and in

mixtures with identical linear spectfa

1.2. SolventEffects

Now that some of the static and dynamic properties of solvent mixtures have been
exami ned, |l etds | ook at some of the ways
Particular emphasis will be put on effects that will be referenced later; the following
discussion should not be considered to be exhaustive. Some discussion will narrow
quickly to chemical systems relevant to the work discussed later. The first section will
outline some general theoretical frameworks for solvent effects on reactionsowith
specifics on the reactions relevant to the rest of the work. The second will discuss the

influence of solvent and solvation on various spectroscopic observables both general and
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specific to the system under later discussion. Solvent effects arecasnon for many

other chemical phenomena. The position and nature of chemical equilibria are some of
the most welldocumented and discussed For further and more general information,
consult Rei chardt 6s ntdcEffekts ifi ®oganic eCnemssty, a n d

(referencel).
1.2.1.Solvent Effects: Reactions

The influence of solvent ochemicalreactions has been a major driving fonce
the stuly of solvent effect$.?® Solvent has been shown to influence the,tatéorder?

mechanisnt *° and evenproduct§>*®

of reactions, but here the focus will be on the
solvent effect on the rate. There are generally two ways that the solvent is thought to
cause these effects. First, the static solvation properties can charige Heights and
thermodynamic driving forces of these reactions. This is the usual way solvent effects
are understood within the structure of transition state theory. Second, the dynamic,
sometimes called frictional, properties can change or even togaaion rates with its
rearrangement during the course of the reactibh This area is less understood and
usually applies most strongly in situations where transition state theory breaks d
Transition state theory is the typical framework used to understand reactions and
what influences therh3® %#%° A reaction is considered in terms of the free energy of the
molecules at each of its steps. By assugniipthat the reactants and activated complex
are in a pseudequilibrium that is unaffected by the formation of products and 2) that the

net rate is determined by the reactemproduct flux of the activated complex across the

boundary, the rate for threaction is
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R T (1.2)

ke T ey
k :Te

where™Qis the rate!Yis the temperature, arsd> is the difference in the standard Gibbs
free energy between reactants and transition state (the free energy of activation). Within
these assumptions, solvent effects are measured by how the presence of or change in
solvation changes the Gibbs energiestltd reactants and activated complex. This
requires that the reactants and activated complex be in thermal equilibrium with the
solvent, something that may or may not be the case. It also does not take into account
recrossing of the barrier before prodewy to products, but movement across a barrier is
not always unidirectiondl >

Since the rate depends on the free energy difference between the reactants and the
transition state, the trends in static solvelfiéats can be estimated by amwining the
solvation (or changes in solvation, if two solvents are being compared) for both of these
substances Before the full development of transition state theory, somecanelation
was seen between the rate constnd solubility” >* Later efforts showed some
relationship between the rate constant and the Hildebrand solubility parameterally
in the context of nonpolar reactant$§rends for polar reactants were noted and codified
by Hughes and Ingofd®? into a set of rules for expected qualitative solvent effects
considering electrostatic interactions only; thus they discuss exclusively the solvent
polarity. These rules were developed originally for nucleophilic/electrophilic substitution
reactions, but have been applied elsewféreThe rules are as follows:

1. The rate of a reaction with a more chatigase activated complex (as

compared to the reactants) will increase with increasing solvent polarity.
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2. The ate of a reaction with a less chaidgnse activated complex will decrease

with increasing solvent polarity.
3. The rate of a reaction with little or no change in the charge density as it
proceeds to the transition state will be essentially unchangecamgtithange in
solvent polarity.
The relative strength of these effects is strongly dependent on whether the components of
the reaction are charged (positively or negatively) or neutral. If a reaction mechanism is
known, the solvent effect can be predickeded on these rules. Of course, the reverse is
also true; by examining the solvent effect on a particular reaction, aspects of the
mechanism can be investigated. A clear example of a reaction that follows the first of

L 4853 where amines react to form ammonium

these rules is the Menshutkin rean,
salss:
EttN + Me bNT"AA A BleyA AMWERt+ I

For the specific Menshutkin reaction above, the ratio of the rate constants in hexane and
dimethy! sulfoxide is 1:50,00% >3

Of course, there are a numberfattorsthat these rules do not account for. One
of the most important is that entropy is not considered, assuming that greater solvation of
a molecule means a lower free energy. With a more stronghgated| solute, however,
the solvent will be more ordered, countering the enthalpy and working contrary to the
rules stated above. Most reactions are enthdliwen, but exceptions certainly exist

The Hughedngold rules also do not take specific solatdvent or solvent

solvent interactions into caount. Sitespecific interactions between reactants and
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solvent, especially if it blocks the reaction coordinate, generally work to slow reactions

down' > %8 Unsurprisingly, interactions that either stabilize the transition state/products
or lead the reactants towards a configuration similar to the products (electronvahift)
speed up reactiorts®® Solventsolvent interactions can also be important as the reaction
will likely interrupt any structure present in the pure solert® These can be
particularly important in the case of reactions taking place in a mixture of solvents, where
the different solvents interact with one another differefitly

These rulesalso have no mechanism for understanding solvent effects on
reactions where there is no change in charge density. Though these effects are usually
smaller, they certainly exist and usually occur because of differences in easdtyf cav
formation betweenddvents' This is the area where close connesi have been noticed
between solubility and reaction rate.

Finally, the dynamic influence of the solvent is ignored by Hughes and Ingold.
This is hardly shocking, since their rules are strongly rooted in transition state theory,
which in its originalstructure also has no mechanism for the incorporation of the effects
of solvent dynamics.

The effect of solvent dynamics on reactions was put on a firm theoretical
foundation with Kramers theofyy °**’ This theory recognized two different ways that
solvent dynamics add change the rate predicted by transition state theory. First,
collisions between the solvent and the activated complex can cause recrossing of the
barrier (high friction, strong systebath coupling). Second, the equilibrium assumption

in transition $ate theory can break down if solvent relaxation around the activated
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complex is slow (low friction, weak systebath coupling). The former has the strongest

effect in systems where the solvent and solute are strongly coupled, hindering passage
across thdarrier. The latter is most important in systems with low friction: reactions at
low pressure or with a low, broad reaction bartiét " Using this theory, the rate falls

into three different regimes: low friction, where the rate is limited by the energyedransf
between solute and solvent and increases linearly with increasing frictional coefficient
high friction, where the rate is limited by the friction itself and the rate decreases with
increasing frictional coefficient (rate 1/friction coefficien); andthe region in between,
where the rate is wethodeled by transition state thedfy*® °®>” Not all of these
regimes will be accessible for liquids at ambient temperature and presswever; the
earl i est experiment al studies of t his AKr:
stilbene in supercritical ethan®® The high friction regime is generally more
accessible; Qdin and Hasinoff saw a change from the central to high friction regime
changing the solvent froran ethylene glycol/watemixture to glycerol®® Anna and
coworkers used Kramers theory in the high friction limit to deduce the forward and
revese barriers for the isomerization of dicobalt octacarb@®iyl.

One of the main weaknesses of Kramers theory is the assumption (via the
Langevinequation) that solvent frictional forces respond instantaneously to movement
along the reaction coordinate. Kramers himself related the solvent frictional constant to
the shear viscosity of the solvent under consideration, a somewhat static ptoperty
However, on the timescales of most chemical reactions, the solvent actions are better

modeled as being tirrgependent. This is one of the innovations of Gkyees theory,
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where the timalependent frictional parameter is proportional to the correlation function

of the solvent forces exerted in the direction of the reaction coordinate at the apex of the
barrier. Although there is some question as to the applicability ®ftieiory to certain
reactive systems since it assumes a linear solvent response to movement along the
reaction coordinate, it has been used recently in the modeling of kinetic isotope®&ffects
There are also examples of dynamic effects not-described by existing theory. Horng

and coworkers found a powkaw relationship between solvation time and electron
transfer ates in a bound donarcceptor dye molecufé Orr-Ewing in a recenpaper
concerning theeactions of the CN radical showedidence of another kind of frictional

effect, not on the rawirectly, but rather on the vibrational excitation of the prodfitts

OC PPh;

/ Ir\CI

PPhj

Figure 1.1: Bis(triphenylphosphine) iridium(l) carbonyl chloride, more commonly known as
Vaskads complex (VC).

The primary reaction that will be discussed in the following work is the oxidative
additon of Qt o Vaskads compl ex. Vaskas@squareo mp | e
planar organometallic catalyst that has been frequently studied due to its simplicity and
remarkable ability to bind small molecules. The reactions of VC withHg) and CHII

have all been shown to have solveansitive rates that inease significantly with an
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increase in solvent polarify** ® According to the Hughemgold rules, this would

suggest that the activated complex has a higher charge density than the reactants. With
neutral molecules this could be indicative of a polar transition state, as indeléemas
articulated in the past regarding this particular reac¢flo€onsidering that the formal
oxidation state of the iridium increases during this reaction, this iameinreasonable
suggestion. However, as Wilson and coworkers have shown, this may not be correct, as
electrostatic ligand effects can mask or cause such distinéfiohsecentDFT studyof
the mechanism of this reaction for a number of inorganic complexaminedthe
trimethylphosphine analogue to VR.In these calculations, the structure at the transition
state was very similar to the product, with elongated bonds and a largerIe-Cl bond
angle. Alditionally, recent work on the additisaactionof methyl iodide to Vdn ionic
liquids found that the reaction rate was slower than in polar organic saffents

The vast majority of studies relating nonlinear IR spectroscopies to reaction rates
have done so via studies of chemical exchange in the context of reactions inthe low
friction limit, such as isomerization, hydrogen bond exchange, opadring?>2® "*"°
Chapter 6 is an investigation into the relationship betweendtmamical solvent
information available from such spectroscopies and the rate constarda fotidative
addition reaction in those solvents. Though reactions in theftmtion limit are
certainly important, the majority afatalytically important reactionfgll into the central

regionof Kramers theorywhere transition state theory is most useful. The present work

provides the first insightdo our knowledgento this most common situation.
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Other reactions involving VC primarily use it either as a precursor to make

anothercatalytically active molecul&”® or as a catlyst itself’”*®® It was originally
studiedbecause it is a simple and effective but relatively slow catalyst, allowing for more
accurate speculation as to ttealyticmechanisni*® Very few studies have probed the
role of solvenin these reactions, so at this paiinis not known iftheyareassensitiveto

solvent as oxidative addition reactions
1.2.2.Solvent Effects: Spetra

The impact of solvent choice on spectroscopic observables has been well

8384 |n fact, the

documented and is often how solvent properties are medstte
cover of the second edition of Rei chardt o
Chemi st sthestrigcthre of a solvatochromic malde! For any spectroscopy,

there are three parameters that can be influenced by the solvent: peak position, peak
width/shape, and peak intensity. In this section, we will examine the various forms that
solvent effects can take in two majeets of analftical spectroscopies: electronic
absorption/fluorescence and infrared (B®sorption Heavy emphasis will be put on IR
spectroscopy and some mention will be made of nonlinear vibrational techniques. A
more detailed discussion of these methods will mkeace i n Chapter 2.
complex is a neutral solute, no mention will be made of the many effects that occur with

ionic solutes; for investigation into this topic, the readereferred to referencek and

48,

In the ultraviolet/visible region of the spectrum, solvatochromism (the shift of the

absorption fregency with a change in solvent) has been extensively observed. This
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occurs primarily for molecules that have a strong transition dipole moment, i.e. their

ground and excited stateaue notably different distributions of electron densitynder
thesecodi t i ons, the absorption frequency i s a
rather than any other parameter. This has led to the frequent use of solvatochromic
compounds to measure polarity. A variety of molecules have been used for this purpose
and an equal variety of scales exist to relate polarity to waveléii§thThe direction of
the shift eitherred (bathochromic)r blue(hypsochromic)js dependent on whether the
ground state or the excited state has a greater dipole mbméhe solvatochromic
frequency shift has also been correlated to other solvent parafifesersh as the
acceptor numbét 2 as well as acid dissociation constafits

Under these same conditior&grgundi €excited, the intensity of the absorption can
also change significantly due to dispersiimeractions’ Intensities in ultraviolet
(UV)/visible absorption arealso sensitive to neighboring solvent modes; if a solvent
absorption is nearby, the intensity of the
the overall intensity is increaséfl The peakwidth and shape are influenced largely
through electroniwibrational coupling, which can also be influenced by solv&ht

In fluorescence much depends on the relative timescales of emission and solvent
rearrangement. If the emission lifetime is longer than the time constants for solvent
rearrangement, as is usually the case, the Stokes shift can be -gdlvuented,
generally through a bathochromic shift with increasing solvent polarity. The width of the
emission peak can be influenced by the solvent in a different way than the iabsorpt

peak as observed for Coumafid®* ® There is also a timdependentomponent to
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the emission frequeey that reveals the relaxation of the FrarClondon state, which in

the solution phase generally involves movement of the solvent shell. This is how the
time-resolved Stokes shift experiment has become a powerful tool for elucidating
solvation dynamicgsee section.1). The time constants for this process have also been
shown by some to be connected to the tdapendent friction coefficient that influences
chargetransfer reactiongsee sction 1.2.).%%%

In IR spectroscopy, solvent effects on peak intensity are usually relatively’small
87 There are exceptions, however, particularly in the case where specific interactions are
involved. The intensity of a stretch involved in a hydrodeemd usually increases
significantly compared to its intensity without the interacfiott

In the absence of inhomogeneous broadening, the widlthof{ a spectral

absorption is related to three processes:rggnaelaxation, phase relaxation, and

orientational relaxation, according to the following equaffoti.

.1 1 1 1
U= —= —+—+
T, 22Ty 'T, 3Ty,

(1.3)

The characteristic timesf these processes are the vibrational lifetimg),(the pure

dephasing timeT}) and the reorientation timeT{), respectively (see Section 2.1 for
discussion of the dephasing tini®&;). Each of these has their own opportunities for
solvent efects andlifferent processes dominate depending on the system

The vibrational lifetime is aneasureof how long it takes for an excited vibration
to return to its ground state or, put another way, how long it takes the energy of the
excitation to relax into # surroundings (including other portions of the same molecule).

This energy most commonly moves to other modes on the same molecule through
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intramolecular vibrational redistribution (IVRj Depending on how close the other

modes are in energy, though, the energy can betbackferred to the original mode, in

whichcaseWVR behaves more as a APY e sovenpcamasi ng o

influence this by changing the relative posisanf the solute vibrational energy levels.

Usually the solvent speeds up IVR by providing additional pathways for relaxation, but

King and colleagues showed that the IVR of dimanganese decacarbonyl is hindered by

the formation of hydrogen bonds, thougle ttelaxation time was unchangédf there

are no other intramolecular vibrations close in energysbistent modes are available

then the energy can be transferred tos¢hsolvent modes either through strong

intermolecular interactions or through solveotute collision$®®® This is almost

always significantly slower than an IVigpe mechanism and usually takegs or even

hundreds of picazonds® Chapter 4 will show direct evidence for this mechanism of

energy transfer for the adducts of Vaskabs
The reorientation time can be strongly affected by the solvent depending on the

relative size of the solute and solvent. A solute that is small relative to the surrounding

solvent molecules will have a faster reorientation time since it can tumble relatively

freely in the space between th&m A larger molecule, however, has a much slower

reorientation time, @ slow even that it addgery little to theabsorptionlinewidth.>**°

Viscosity of course can play a strong role in this as well via the Steikagein relation

where ahigher viscosity leads to slower orientational relaxaffott ®® Wang and

Schwartz measured the rotational diffusiohtungsten hexacarbonyl in a number of

different solvents and theugmentation oboth Raman and IR linewidti3. Though the
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contributions did change with solvent, decreasing with increasing viscosity, the

reorientation was slw enough that in most cases the added wltihe IR lineshape was
negligible, contributing lesthan 10% of the overall width

Pure dephasing is the loss piiase without loss of excitation; namely, the phase
of the coherence excited by the light changes, but the population does not. This arises
from interactions that cause random fast fluctuations in the vibrational frequency of the
mode of interest, usuallypvolving energy exchangé These interactions are generally
with low-frequency modes of either intramolecular (for polyaito molecules) or
intermolecular (with the solvent) nature. In liquids, the pure dephasing timescale is
usually the fastest, so it dominateg® If the solvent is involved in dephasing, then there
can be strong solvent effects. If the primary method of relaxation is intramolecular, then
the solvent may not cause a large change, though it can modulate the intudamolec
couplingsas well®® The strength of these exchanges to dephase a particular vibration has
been related to the anharmonicity of the vibrational potential, so stronger effects are
expected fosystems that are not welescribed by a harmonic oscillafor'®

Frequency fluctuations can occur on a variety of timescales, notgosguickly.
If they become so slow that they could be considered to be static, then the phenomenon
of staticinhomogeneous broadening appears, where the different frequencies indicate
different chemical environments. The overall widil{ becomes @onvolution of the
homogeneouwidths (i) describedy equation 1.3vith their environmental distribution.

In this situation, the shape of the peakes ora Gaussian or Voigt profile. If there is no
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inhomogeneous broadening (a homogeneous linewititi), the peak shape generally

a Lorentzian lineshapé ***

The inhomogeneous width can be very solaisitive, since this width involves
variation in the number and type of vibrational enwireents. The rule of thumb for an
inhomogeneous linewidth is that the stronger the salokeent interactions involving
that mode, the wider the pek® Polar and nonpolar solvents both have a wide warie
of possible configurations, but polar solvents will exert a stronger perturbation on the
vibration. The expectation would be that polar solvents would lead to wider IR
absorbances than nonpolar solvents. The trend can also hold for specific intsrdc&o
stretching vibration for a hydrogen bordionating entity broadens significantly as well as
shifting to lower frequencigs®®°*

To complicate matters further, the fluctuations in frequency can also occur at
intermediate timescales between the fast contributions of the homogeneous linewidth and
the slow contributions of an inhomogeneous lirditvi These are often called spectral
diffusion, because when they occur in an inhomogeneous situation, they can be
considered to be the timescales of the diffusion of the homogeneous lines between
different frequencie®® Spectral diffusion is very solvesensitive; it has been relatem
solvent viscosity in some systeAfs’* For a more irdepth discussion of speat
diffusion, see Section 2.2.1

Static solvent effects on the IR frequency of a vibration (vibrational
solvatochromism) depend strongly on the mode of interest. Genettadlysolvent

changes either the magnitude or the direction of the transition dipole moment or both.
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Jauquet and LasAbshowed that for a single normal mode, assuming a time independent

local electric field appliedy the solvent to the solute and assuming that the perturbing

force is small compared to that of the bond,ftequencyshift is proportional to

)

. 10%¢
opr o - (Ucf )™ 2

1.4
- (1.4)

whereV is the potential for a specific vibration from the solvent the magnitude of its
transition dipoled is the angle between the solvent electric field and its transition dipole,
andn is its normal internal coordinate. If the solvating energy lowers the potential, then
V in the equation above is negative ahd sign of the shift is dictated by the terms in
brackets. Under these conditions, for a vibration where the magnitude of the dipole
changes but the direction does not, such as a stretching vibration, an increase in solvation
will give a red shift. Altematively, if the direction changes but the magnitude stays
roughly the same, as for a bending motion, then an increase in solvation will give a blue
shift®” Specific interactions can play a part here also. As ioeed previously,
hydrogen bonding tends to impart a red shift to stretching vibrations involved in the
bond®" 8! Reichardt has published a nice list of the peak positions for three stretching
motions in a variety of solvents, illustrating both a consisteshtsteft with increasing
polarity and the substantial deviations from expectation when hydrogen bonding is
involved®

The situationformetab ound carbonyl s such as Vaskaf¢
is somewhat different, primarily because of metibonyl backbonding. Thekorbitals
of the metalwith the appropriate symmetry convey electron density into the antibonding

orbitals of the CO, thus weakening the bond and lowering its frequency. If, however,
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anything occurs to change the electron density at the metal, then the backbonding will

change as Withe CO frequency. This makeso markedly sensitive to the oxidation
state of the metal; in fact it has been used as a way to measure the oxidatitli state
Huber and coworkersarried out an FTIR studyf Vas k a 6 s acumbepdfissx and
adducts in a variety of solveri§ They found that for the majority of the adducts as well
as for VC itself the frequency did not change very significantly. For the dioxygen adduct
VC-0O,, howerer, there was a strong correlation betwegnand the solvelt acceptor
number, a measure of solveatectrophilicity. They concluded that the solvent was
pulling electron density from the dioxygen ligand, which, because of the particular metal
d-orbital that the dioxygen-bond affects, caused a througitetal interaction with a CO
antibonding orbital.

Vaskaods ¢ o mmhdeQxaddaatsdeatureé mominently in the work that
follows. In a number of ways, this system is ideal for investigatiagriterplay of static
and timedependent solversiolute interactions. The metal carbonyl is a strong IR
absorber, giving excellent siga@knoise ratios for both linear and nonlinear IR
spectroscopies. Its simplicity has made it an archetypical orgaalimeatalyst, thus it
has been frequently studied from a number of other experimental perspectives. Most
organic solvents will dissolve it readily while showing an influence on the IR spectra. Its
tendency of taking up small molecules in solution @lihihas been extensively studied)
also gives a chance to investigate the relationship between dynamics and kinetics.

In spite of the large VC literature, very little has been done to study its dynamics.

Apart from a single measurement of its vibratiotifétime,*® to my knowledge, no
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ultrafast measurements have been carried out on this spst@no the following work.

It is a shame that a system so walhracterizedn static parameters should be so
neglected n the study of tim@&lependent properties. The two adducts witlarld Q
provide additional insight into the effects of geometry and carbonyl stigttriequency

on such properties. Also, as mentioned previously, few studies of equilibrium ultrafast
solvent dynamics in solvent mixtures exiaind even fewer examine the ties between
reactiors andsolvent dynamic# the transition state theory regime.

The remainder of this thesis organized as follows. Chapter 2 discusses the
theory of 2DIR andIPP. It also explains the data treatment and extraction of the FFCF
from the spectra. In Chapter 3, the first-BD studies of VC and V€, in three
different solvents are presented. Chapter 4 contalR® atudy of VGO, and VGl in
two sets ofbinary solvent mixtures, examining how their vibrational lifetimes are
affected by solvent. Chapter 5 is a-B®study of VCI, in the same two sets of solvent
mixtures and reveals the origins of some unexpected differences in linewidth. Chapter 6
presents th@D-IR study of VC and V&0, in these mixtures along with the kinetics of
the oxygenation reaction; relationships between the solvent dynamics and the reaction are

explored.



Chapter 2: SpectroscopyT heory and

Practice
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2.1.Linear Infrared (IR) Spectroscopy

Every kind of spectroscopy has its origin in a macroscopic polarization of the
chemicals under examination. The polarization response is often fit to a Taylor series
expansion

P=P AE)+P {E%)+P YE%)é (2.1)

whereP " is then™ order polarization;: am+ 1 | ev e | tensor connect
responseand a function ofO (the eledtic field of the incident lightyraised to then™
power. The incident lighplaces those molecules with which it interacts into a coherent
state: a superposition of (in tisase of infrared radiation, which will be to focus of this
discussion) the ground state (0) and the first excited state (1). This is depicted in the
Figure 2.1, the doubisided Feynman diagram for a linear spectroscopic process. Such
diagrams are usdftor understanding the nonlinear processes that follow so it behooves
us to describe them. Time begins at the bottom and progresses upwards. The solid
vertical lines on the left and right represent the ket and bra sides of the density matrix,
respectivly. Solid arrows represent wave vectors of incident light (positive if the arrow
points up and right, negative if it points up and left). The dashed arrow represents the
emitted signal. To keep track of the changes in the state of the system, theiatgprop
density matrix element at a given point in time is placed in the center. Note that the
complex conjugate of this process (proceeding througtttps coherent state) is also an
appropriate representation of the production of a linear lineshapeinkuicgy, and the
saving of trees, only the diagrams with the emitted signal proceeding from the ket will be

shown.
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Figure 2.1: Doublesided Feynman diagram for a first order process. See text for further
description.

It is theensemble ofransitiondipole momerg of this coherent state that creates
the macroscopic polarization. For linear spectroscopy only thedimatof the expansion
above (Eq. 2.)lis needed to describe the response of the system to the electric field.

An emitted electric figl arising from a macroscopic polarization inherently has a
90° phase shift from that polarizatidh The linear macroscopic polarization is a
convolution of the incident electric field 0 with the linear molecular response function
'Y , which has been showito be (in the approximation of second order in the camtul
expansion)

Y o0 0 Q Q (2.2)
where g, , is the transition dipole moment, ,is the frequency of the transition

((E;-Eo)i k), andg t is the lineshape function (see.Bg4and below). The electric field

of the signal E{ 3,)being shifted in phase, is related to
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D ' . = s

E{Idi R t E(tt)elr tt HiRbrlg (2.3)
0

wherev is the frequency of the incident lighit,is its phaseRits wavevector ané(t-t)

the pulse envelope. This is often called the free induction decay (FID). As long as the

incident pulse is short enougﬂ Will contain information about the molecular response.
In a spectrometer, this signal is usually reflected from a grating iéfdtansformed)

and detected at the intensity level, (multiplying by its conjugate). Since the incident

pulse has imparted its own direction onto the signal (noteRtHmoth will reach the
detector (heterodyne detection). Due to the phase shift andhiftepresent in the
response function itself, the signal will interfere destructively, causing less light to hit the
detector than was initially present. It should also be noted that only the real part of the
response function is detected, the absoeptportion; to examine the dispersive
(imaginary) part would require adjustment of the phase of the heterodyning field. This
decrease irthe light appears as absorbancdineshape. Note in Figure 2.1 that the
emitted wavepacket has the opposite sigin@asncoming wavepacket.

To go a little deeper into the connections between the response function and the
molecular system, let us examine the lineshape function. It is this function that contains
the dynamic information about the chemical system undetyst To second order in

U 1t , this function is
tot . R -
gt = Qg ot T ( @y dt = Cr e ) todt (2.4)
00 00

where Uy 1t is the frequency fluctuation in time of the transition of interest, and

Ce £ AP is called the frequenefyequency correlation function.
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To understandCr £ (B and its possible usespnsider a vibrational mode in the

solution phase. It is surrounded by solvent that is continuously in motion, on many
different timescales. These motions will of course alter the electric field felt by the
vibration. This change in environment can tlwagise a corresponding change in the
vibrational frequency. Thus the decorrelation rate of the frequency of an oscillator can
give information about the speed of these motions. It will also be sensitive to the
coupling of those motions to the oscillatawhich is taken into account with the
amplitude of particular changes.

Given the naturally decaying nature of a correlation function, it is not
unreasonable that Kubb'% first proposed using an exponential decay to model this

function as follows:

CF FC |£ = qie‘| litQ (25)

whereqy represents the amplitude of the frequency fluctuatiand ( is the time
constant for the decorrelating process. This form for the correlation function leads to the
following form of the lineshape function:

gt =Gl 4+t Q1) (2.6)
If the motions occurring near the vibration are very fast or are very small in amplitude
(UL 1), thenthe lineshape function can be approximabedy t =gg(Jt and Cr ¢ (b
will be a delta functionti t g3(If tt &,. This condition is called the homogeneous
limit, and an aborbance arising from it is said to be homogeneously broadened. The

frequency will be essentially instantaneously unrelated to the frequency at a subsequent
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time (importantly, under these circurastes, Eq2.2for the linear response function is

an exact solution and no longer an approximation). The FID will decay with a time

constant ofg,, leading to a Lorentzianbsorbancdineshape with a width ofj (" &,)

(assuming a rapid instrument respqiissee Section 1.2)2 ¢, hasunits of time and is

often called the dephasing time, because it represents the time for the phase relationship

between differenbscillatoss in the ensemble to be lost. In a physical sensetterm

arises from the various processes that give anrladisce a finite linewidth In the

condensed phase the relaxation of vibrational energy from the mode, fast dephasing,

changes in orientation, and intramolecular vibrational redistribifticen all influence

the apparent width of a particular mode. In a sense, the homogeneous broadening of a

mode in the condensed gde arises from the fact that it exists in an environment with

which it can interact (different effects cause homogeneous broadening in the gas phase).
Most systems in the condensed phase, however, anmerely homogeneously

broadenedbut also inhomogeeously broadened. That is, there are multiple possible

environments in which the mode can exist. If the solvent motions are too slow for the

vibration to respond to, then it will be impossible for the frequency to ever be fully de

correlated, and the EFF will be a timeinsensitive static offsetGg ¢ ¢ ¢ =qf). The

lineshape function will be proportional to the square of the time. The FID will decay as a

Gaussian and a Gaussian absorbance spectrum is the’te$tls situation represents

the inhomogeneous limit, or static inhomogenegyd is most likely to be found in the

solid state. If there is a combination of homogeneous and inhomogeneous broadening

(Bloch dynamics), the absorbance lineshape should show as a Voigt profile; in practice,
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the homogeneous broadening is often a vergllscontribution and thus the spectrum is

well-fit to a Gaussian.

In the liquid phase, however, it is very likely that spectral diffusion will exist in a
given sample. Spectral diffusion occurs when the surroundings of a particular mode
change in such avay that the entire homogeneous lineshape shifts to a different
frequency. It can also be thought of as one type of environment changing to another. In
this case, we return to the original Kubo equation for the FR@Egeling it as a sum of
exponential dcays. This process can also yield a \foigtGaussiatlike profile in the
linear spectrum (though the cumulant expansion is only strictly correct for a Gaussian
lineshapef>

Notice thatthese last two situations could possibly yield the same spectrum, to the
' i near feyeodo so to speak. T o phbuobdened anot
system, the absorbance is a sum of all the homogendmasigened absorptions of the
subensemblesampled. Generally the measurement of a linear spectrum is done over a
large enough spot and/or over a long enough time that all possible environments available
at equilibrium contribute to the lineshape, giving an inhomogeneously broadened
(Gaussian) peak It is impossible, simply from the linear spectrum, to distinguish
between a system with a broad homogeneous linewidth and a small amount of
inhomogeneity and that where the homogeneous linewidth is narrow and the
inhomogeneity is large. Much less igdssible to distinguish between different kinds of

spectral diffusion, or a spectrally diffuse sample and one containing static inhomogeneity.
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In order to obtain this sort of information, to dig down into the lineshape and pry

it apart, we require lasers.

2.2. Two-Dimensional Infrared (2D-IR) Spectroscopy

2.2.1.2D-IR Theory

Looking back at Eg2.1, there are additional terms to the Taylor expansion of the
polarization. These become important only with very large incident fields, such as pulsed

lasers. The vibragnal echo signal, on which 2[R is based, comes from the thiodder

polarizationP 3, thus it involves the incidence of three laser pulses. The vibrational
echo is also often described as a faave mixing process, the four waves including the
emittedsignalwavepacket as well as the three laser puls®ince there are three pulses,
there are also three times involvétithe time between the first and second pudgethe

time between the second and third pulses (also called the waiting time), #uedtime
between the third pulse and the emission of the echo signal.

There are a number of ways that these three pulses can interact to give a third
order signal. These pathways are described by the Feynman diagrams shown in Figure
2.2 1% (35 above, complex conjugates are omitted). The diagrams are organized by the
sequence of positive and negativieident wave vectorsR;, R,, andR; all use the
ordering of- + +; : Ry, Rs, andR; all use the ordering of + +; : R; and Ry use the
ordering of + +-. The sign of a response function associated with a particular path is
dictated by the evenness (positive) or oddness (negafitie¢ number of interactions on

the bra side of the density matrix. Since (as will be seen bdlmviecho signal is
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emitted in the phasmatched direction according to these signs on the incoming wave

vectors, by controlling the temporal and spatial positions of these laser pulses, it is

possible to separate these three sets of responses.

R, R, R,

. [[0)0]| ™.]lo)o]| ™~]11){1
10|, [11)0 2)(1
1| Aloxol,” A1
0)(1 0)(1 /10)1
0)O0IINC  [1OXOINy  [10)0][™\
R, R R

............ . J10)ol| - Jio)ol|  ™.J11)(
o JIxolL”  [11X0 2)(1
T flaxagl XJ1oxol[ A1
T 10N\ [I11X(0 1(0| N\
/| 0F>§<0 /| 0)(0 /7110)0
............ .| 0)(70 .. 1)?1
t' 1)(0 2)(1
Tw\ 2)0 201\
________________________ 140l|  11X0
1oxol|  _Z110)0

Figure 2.2 Double sided Feynman diagrams for thindler processes. See text for further
description.



34

In examining the doubisided Feynman diagrams, it is clear that for the first six
response functions, the first three interactions place the systentoheaent state, a
population state, and another coherent state respectively. During the first coherent state
(0, the ensemble dbscillatoss will behave in the same fashion as in the coherent state
discussed above; that is, the electric field due tartheroscopic polarization will decay
according to the FID. They are put into an initially coherent set of coherent states! In a
situation where inhomogeneous broadening is present, rapid dephasing of the coherence
(of the coherent states) will occur duetthie multiplicity of frequencies present.

Upon the arrival of the second puls®, ), the system exists in a population state
and not a coherent state any longer. During this time, the phase relationships of the
coherent states may be considered asfrpanless one of two things changes during this
time: the frequency of the oscillator (spectral diffusion) or the population state itself
(population relaxation). In both of these cases, the phase relationship of that particular
oscillator to the rest dhe ensemble is lost.

During the second coherence timg@what happens depends on the relationship
of this coherent state with that occurring durthgf the coherent states are the saRg (

Rs, andRg) then the FID resumes where it left off, continuing its dephasing amith a
slightly reduced numbeof oscillatos. If, however, the coherent states are phase
conjugates of one anothd®;( Ry, andR;) something far more interesting happens. The
dephaing that played out in the first coherent state is reversed. The various coherent

states will rephase and emit a stronger macroscopic polarization than is present in the
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other responses. Thus these pathwRysR,, andRs) are called rephasing diagranasd

those discussed previousliry Rs, andR;) are called nonrephasing diagrams. The
diagrams labeled &% andR; include a second coherent state between the first and
second excited states, rather than the ground and first. Since these diagraamsdud/e
number of interactions on the bra side, their response functions will be the opposite sign.
Notice that only thoseoscillatos which have retained their phase information (by
retaining their frequency aralsoremaining in the same population sfawvill contribute

to the rephasing process. Thus by examining the polarizations coming from both
rephasing and nonrephasing separately, it becomes possible to distinguish between those
molecules that have kept their frequency consistent throughout pleeiregnt, and those

that have not. Population relaxation, influencing both rephasing and nonrephasing
pathways in the same manner, changes only the overall amount ofasignaidt its shape
(though, as mentioned previously, it does contribute to the gensmus linewidth)
DiagramsR; andRg produce thireorder signal, but in a different direction than the
vibrational echo used by 2[R. Due to the sign ordering of the incident wave vectors,
they will contribute in the phaseatched direction (see Figu2.3 and discussion) only

wheng, < 0, which is never the case in a 2R experiment.
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Figure 2.3: lllustration of the boxCARS geometry. Beams are labeled by time ordering for
rephasing spectra.

Early vibrational echo experiments had only two beams, essentially #iagO.
This allowed motions faster than the FID, which give rise to homogeneous broadening,
and those slower than the FID, which produce inhomogeneous broadening, to be
differentiated from one another. By varyigg, as has been done with later experiments,
t he wi ndow of what i s Ahomogeneouso and
changeable. Generally in the condensed phasend certainly in the eximents
discussed in this workpopulation relaxation is considerably longer than the FID,
ensuring that signal will still be present as the experimental time increByeslteling
the time of the experimenthe different timescales of those motions which influence the

frequency canéddiscerned and differentiated.
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The response functions for each of the pathways discussed can be determined

from these diagrams. Since the vibrational lifetime does not change depending on

whether the system is in the ground or the first excited RRatandR, are identical, as

areR, andRs.

For a system with only homogeneous broaderitgs
Ry =R, =igd g0 U TegTul igivo i gti T2 (2.7)
Including the possibility of inhomogeneous broadening complicates matters, but again
within the cumulanexpansion to second order (which is exact for Gaussian statistics),

the response functions are:

Ry R=iggexpgU+g Ty -gt -g BT, -g Ty+t +g G-Ty+t

% X(%o (-0 e x(#7 Ty O (2.8)

Ri Ry iggex(gU-gT,-gt gUT, +g T+t -g BT+t )

2 X(Hro (t+0 P (i T (2.9)

Re ieggi2xpgU g Tw gt 9 U Tw g Tw t

9. U T, t Zxpi(€,, Dt ¥ob Pex(p
(2.10)

Toi T3 1Y)
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Re ietg2expglU g T, 9,t 9 UT, 9T, t

g U Tw t ZXpi(A,, At ¥l )

(2.11)
X pT, T4 1Y

where the population relaxation times from the different states are distinguished and
g€, Js the transition dipole moment for the vibrational2 1transition, i is the
anharmonicity of the system, such that, =¥y, @ andg, t andg, ,t are the cross

correlation and <R transition lineshape functions as follows.

t ot

g, t Qnry ot Uwg (@ dt (2.12)
t ot .
g, ,t arq ot Uq 4 Q@) dt (2.13)

This assumes that the frequency fluctuations do not influence the anharmonicity. If we
assume further that the excitation of the vibrational mode does not perturb its
surroundings, and thus thatt for the transition from the ground to the first excited
state and that for the transition between the first and second excited states are identical

(usually a reasonable assumption, seference®), then the above response functions
simplify to Equatios 2.14 and 2.15It is also often assumed tlegt, |7|§sO 1
Rs 2é3expglU gT, gt gUOT, gT, t
gU T, t Zx(pi(€,, At Yol P x(p (2.14)

. 1\2
Toi Ty 'Y
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Rs 2iegexpglU gT, gt gUGT, gT,+t
gUT+ EX(pi(%y, @t ¥ol) T x(p
(2.15)
Tod T3 Y

From these response functions, we can proceed to calculate the third order
polarizationfor these processes (EB.16 which consists of a convolution of the three

pulses with the sum of the response functions.

P3 t el(“ R R @3)9@(" Gy U, Gy) Rp L”JTW,t' :E3 t t' e it t

E,t t T,ettTw 2.16)
F,t t T, Uem™tt TwUg(ldT, dt '
Note that this signal will be emitted in theR, R, R direction. FoR,_; the direction
is R R R, whereas folR, 4 the direction is B R, R, in keeping with the
doublesided diagrams. This is what is called the phaaéched direction for each st

response functions.
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Figure 2.4: 2D-IR spectroscopic setup showing the beam pathfabeled on the delay stages.
The sample is located between the twoadis parabolic mirrors (OAPs). Positiéhis where
the Cak wedge is inserted to switch &0lPP setup.

2.2.2.2D-IR Practice

It is important to recognize that the series of interactions described above as
leading to the emission of the vibrational echo is far from being the only process
occurring in the sample upon irradiation. The pyonpbe inteactions described in
section 2.3, the absorption from section 2.1, as well as many others, all occur at the same
time with the interactions leading to the echo. By appropriately configuring the beam
placement, thus fixing a particular phasatched direadn to examine, the vibrational

echo can be in effect isolated from the signals produced by these other processes, making
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it a zerebackground technique. Signals from higbeder processes can be emitted in

that direction also, however, so a power stisdyenerally recommended.
In the specific laser setup used for the following work, the beams were in what is
called a boxCARS geometry®” with the three beams impinging on the sample at the

corners of a square, as seen in Fig. 2.3. It is obvious herthéhsignal emerges in the

R, R Ry direction. But both rephasing and nonrephasing scans can be taken in this
geometry simply by changing the time ordering of the pulses. By sé&ttlmge negative
beam 1 arrives after beam 2, giving the nonrephasing echo in the same physical direction.
There are several other methods of isolating the desired signal {pofvg geometry,
phase cycling, etc) which will not be further discussed. Rsadishing to learn more
about these methods are referred to Chapteré&anenced3.

Figure 2.4 shows the optical setup around the sample. The incoming light is

pulsed mid IR (~90 fs FWHM time width, 1kHz rep rate, ~200'd®VHM bandwidth,
~3 eJ/pulse) As shown, the echo signal isnsbined with a small portion (~1%) of the
incoming beam, calleé local oscillator (LO) in tribute to the origin of heterodyne
detecton in radio systems, to produeesignal of the combined intensity. These two
beams add as electric fields but their camalion is detected as intensity, which is related
to the square of the electric field. This squaring of the sum produces the three terms in
Equation2.17below: the square of the echo signal, the square of the local oscillator and a

cross term that is pportional to each individual electric field.

2 2
18 ES E o ES FEo 2REJ]XEJ (2.17)
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When there is good temporal and spatial overlap of the local oscillator and echo

signal, the first term is very small compared to the other two. The second term is
eliminated because the signal is chopped: every other pulse of beam 3 is blocked. When
data are collected, the signal is recorded as:

Sinbl ocReldock

Sol ocked

Stat a (2.18)

The subtraction process clearly gives the signal that is only present when all the
beams are reaching the sampBivision by the blocked signal is done to account for
fluctuations and the shape of the laser spectrum across the wavelengths of iftésest.
therefore the third term in EG.17that dominates the signal as recorded. Since this term
is linear in the two electric fields, the information regarding the phase of the echo is not
lost, though it can only be seen in the interference with tha loscillator. For this
reason, only phase information relative to the local oscillator can be determined. The
signal and LO are combined at the detector after passing through a monochromator,
which performs a opticalFourier transform of the time vaiable to¥ ,, in frequency.

In a typical 2BIR experiment, the time variabldis scanned from negative to
positive values to obtain both rephasing and nonrephasing decays while the Vgji® of
kept constant. This process is repeated for a number of valugs ofrhe resulting
interferograms are separated into rephasing and nonrephasing scans and then Fourier

transformed along théaxis to givex
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Figure 2.5: Imaginary (a, b) and rééc, d) parts of the rephasing (b, d) and nonrephasing (a, ¢)
2D-IR spectra and the purely absorptive spectrum (e) folME& ds-benzene aff, = 0.1 ps.
Note the relative magnitudes of the color bars

This transform also would filter out the first teimEqQ.2.17 even if it were not

small compared to the third term. This gives the advantage of doing what could not be
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done spatially: separating in frequency those pathways that involve the coherent state

between the first and second excited states.inAgeamining the doublsided Feynman
diagrams in Fig. 2.2, it can be seen that the average value o #xés forR,_; will be

& O On thex,, axis the value foR;  , will Be, again,dr, & but for Ry will be

Or , £ shifted fromdr, Pby the anharmonicity. Also recall that the signRaf ig the
opposite of that of the other response functions. In looking at the spectra, therefore, we
should expect to see two peaks of opposite signs shifted along,thaxis but in the
same placemthey yaxis. Though conventions differ throughout the field, causing much
goodnatured bickering, throughout the remainder of this work the peaks arising from
R,  (the 81 transition peak) will be designated as positive in sign (thus thatRgom
called the 12 transition peak, will be negative); additionally thgaxis will be set as the
abscissa and the,, as the ordinate.

Figure 2.5 shows the real (c, d) and imaginary (a, b) parts of the rephasing (b, d)
and nonrephasing (a,c) spectra foradue ofT,, 0 .pdfrom a sample that is mostly
homogeneously broadened, with some spectral diffusion-1{Vi@ ds-benzene, see
Chapter 5). The two peaks of opposite signs can be seen in all the spectra. Notice
particularly how the real rephasing spectryreaks are elongated in the diagonal
direction, while those of the nonrephasing spectrum stretch in the antidiagonal direction.
Unlike linear spectra, simply taking the real part of alRDspectrum does not yield
absorptive peakshapes; the wide side winfgdispersive lineshapes can be seen in each
spectrum. Adding the complex rephasing and nonrephasing spectra together, however,

has been showh *®®to cancel dispersive aspects of the lineshapes, leaving behind what
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is called the purely absorptive spectrunthis spectrum can be seen in Figure 2.5e.

Notice that the peaks are much smaller and more compact in the purely absorptive
spectrum, yielding much greater resolution than is present in the separated spectra.

Practically speaking, however, arriving at tteerect rephasing and nonrephasing
spectra (and thus the purely absorptive spectrum) is less simple than has been thus far
implied. With the optical setup as shown in Figure 2.4 (operating in the time domain
without a pulseshaper), it is necessary to mext the spectra for various errors. This
process is done after data collection and Fourier transformation and is called phasing or
phase processing, since it corrects errors in the relative phases of the pulses. Though
there are a variety of specific wations that are and have been used for the phasing
procedure, all have the common form of:

SATm¥0  SurENR KE'R (2.19)

where S o is the purely absorptive spectrur§y g and Sz are the nonrephasing and

rephasing spectra, respectively, angd. and' care the nonrephasing and rephasing

correction factors, respectively. The form that these factors take %dff&s° but only

the two equations used in the following work will be discussed here.
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Figure 2.6: Phase corrdéimn program built by the author showing the purely absorptivéR2D
spectrum for V@, in ds-benzene af,, = 15 ps before (a) and after (b) phase corrections have
been applied. The pungobe spectrum at the relevant time point is shown in the right axes
plotted in black. The projection of the AR spectrum onto the, axis isplotted in the same

axes

In chapter 3, the equations belStwere used:

L
R

L
N R

., ] ] 2
Yo 2 *nIMdLo M, TR,
Yo, ¥m3d o Y5, Yo, N,

(2.20)

(2.21)
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where qi ,is the correction for errors in the relative timing of beams 1 and 2 (thus

negative irt 9, aqdd, ois the correction for errors in the relative timing of beam 3 and the
LO, Q, is a correction for chirp due to propagation of the echo through the back window
of the sample celland Q, is a correction for chirp due to the propagation of the echo

through the sample itself. In chapters 5 and 6, the following more phenomenological
equations were used:
L Yo Yn3d o Yl W, wikv, XN, (2.22)

‘wr o Y0 Y3 o vl R, v I, (2.23)
wherelt,  *m 00Ol Ymio ¥mes Where¥ s And ¥z are the maximum and
minimum values fors,,,. In addition to chirp, the final terms here are thought to correct
for errors in the actual vs. expected dispersion of the monochromator. For the samples
studied in the remainder of this work, the valu&gfwas very small and generally zero.
These egations give fine control over the final shape of the spectrum, allowing for
excellent phase correction.

There are two major constraints on the phasing process. The first and most useful
is called variously the puraprobe projection theorewr the projetion slice theorem**
As will be discussed further in section 2.3, the same-ficawe mixing processes that
give rise to the vibrational echo also produce the pprope signal. This signal,
however, has a constant valuelbf t 0 and thus is insensitive to phase esrduring
the coherence times (which are the only ones that matter f0R¥D'°Y. The pump
probe spectrum, therefore, should be the same shape as the projection of the correctly

phased 2BIR spectum onto they, axis. By changing the various phasing parameters
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until the projection lines up with the purampobe, in principle one can retrieve the correct

2D-IR spectrum. Unfortunately, but not unexpectedly, the projection om tfexis is
not as sensitive tqd) , the parameter that has the least connection with that axis. As a
constraint along the gaxis, the absolute value spectrum was Udsedhe absolute value
spectrum, being simply the sum of the magnitudes of the rephasing and nonrephasing
spectra, also has no dependence on the phase errors. The pealofvileeabsolute
value spectrum for each valuef, are found and compared with the peak values of the
absolute value of the purely absorptive spectrum. The difference between them is then
minimized. This method was developed for use with thel Gtretdq of water, an
enormougeak?but has proved useful for the systems studied here.

Figure 2.6 shows the phasing process at the start (a) and end (b) for the same
sample shown earlier (\(; in ds-benzene, see Chapter S5¥gat=1 Ps. The agreement
between the pumprobe and therojection is typical of the quality of fitting achieved

throughout the following work
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Figure 2.7: Imaginary (a, b) and real (c, d) parts of the rephasing (b, d) and nonrephasing (a, c)
2D-IR spectra and the purely absorptive spectrum (e) fotM&ds-benzene at,, = 15 ps. Note
the relative magnitudes of the color bars, especially as compared with Figure 2.5.

The specific laser setup used for the remairadehis work (see Figure 2.4pn

be easily modified to perforiiPP spectroscopy by simply replacing the first and second
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beam splitters with mirrors and placing a galedge in positio?. The path for beam 1

thenbecomes the pump path and the small amount of LO that reflects from the wedge is
diverted into the formerly echo path and used as the probe beam (polarizers are also
inserted just before and after the sample, as discussed in sec)iornBi8 works well

but gives rise to irregularities when the pupmbe projection theorem is employed due

to the fact that the probe passes through the sample and the LO does not. The absorption
of the sample as well @y solvenpeaks in the arezauses distortion dhe pumpprobe

relative to the 2BIR due to the division by the blocked signal (EquaadlB. Since the
spectrum of the probe is a better approximation of the light that is actually reaching the
sample, the 2BR spectra were correctedther than theymp-probe spectra. Since it is

the denominator in the signal that needs to be changed, the correction was applied by
multiplying the raw 2BIR data by the FTIR transmission spectrum. This correction was
developed and used for the work in Chapter 6, whesemultiplicity of solvent peaks
surrounding the mode of interest made it necessary.

Figure 2.7, (in analogy to Figure 2.5) shows the real and imaginary parts of the
rephasing and nonrephasing (as well as the purely absorptive) spectra for the same
sampe atg, =1 ps. Again, the rephasing spectra show elongation along the diagonal,
while the nonrephasing ones show it along the antidiagonal. This is characteristic of
rephasing and nonrephasing spectra. It is this fact that allows for a clear amal visib
distinction between the homogeneous and inhomogeneous dynamics. Recall that those
oscillatos that contribute to the rephasing spectrum are all those that have maintained

their energy and frequency throughout the entire experimental time frame. #ieng
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diagonal of the purely absorptive spectrum, therefore, is the signal arising from these

sources. Along the antidiagonal, however, is the nonrephasing contribution, which
comes from only thoseoscillatos that have maintained their phase relationship
throughout the entire experimental time frame. It is no surprise, therefore, that in Figure
2.5 (the shorteg,) the colorbar shows that the rephasing has about twice the signal of
the nonrephasing in both the positive and negative directions. This psodugurely
absorptive spectrum that is elongated along the diagonal; the rephasing spectrum
dominates. Comparing this with Figure 2.7 (the lorgggrit is clear that the shapes of

the rephasing and nonrephasing spectra have not changed very much.nirfitxaha
relative amounts of signal in this instance, however, they are approximately equal. This
yields a round shape in the purely absorptive spectrum. In interpretitiB 2pectra,

then, to retrieve the response function, it is the shape of thetlpeiais the variable of
interest.

Many specific methods exist for pulling the FFCF (which is usually the dynamic
function desired) from a series of AR spectra. One is simply to relate the amplitude of
the rephasing and nonrephasing spectra to one emf6ti™® For laser system that
require phasingthis method is not generally usesincethe phase correction procdss
done with the purely absorptive spectruince this spa&ium has greater resolution, it is
usually advantageous to use one of the following quantifying technihaésise the
purely absorptive spectrum Often the best method depends upon the size of the
anharmonicity, since the-24 peak can interfere with thehape of the A peak. In

instances where the anharmonicity is small, the angle of the node between the two peaks
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is a frequently used methdd'**** At early ¢,s the angle will be steep, decaying as the

peaks grow more tmd. If the two peaks are walkparated, then the ellipticity can be
calculated, the ratio of the difference between to the sum of the diagonal and antidiagonal
width.%% 13115 1n the work that follows, there is neither a continuous overlapbffd

1-2 peaks, nor are they consistently isolated from one anoffieus a third method,
called the center line slope (CLS) method, was used.

The concept behind the CLS is simple, yet more easily shown graphically, as in
Figure 2.8 for simulated 2[R spectra. For a given 2[R spectrum, slices are taken
parallel to te]  axis and the maximum at each slice is marked. These maxima are then
fit to a line, the slope of which ihe CLS As the shape of the spectra change from
elongated (Figure 2.8a) to round (Figure 2.8b), @h& changes from ~1 to 0. It has
been sbwn mathematicalf}® that theCLS is proportionato the normalized FFCF (that
is, CL(®y) Crrddw)/Crrdr0 under the previous simplifying assumption that
gt 9.t g ,tand under the assumption of Gaussian dynamiesked by the
cumulant expansion. It has also been shown, however, that even in a situation where this
is not true, the CLS method retrieves valter the FFCF parameters that are remarkably
similar to the true FFCE® Additionally under these circumstees, the crossorrelation
function @y, ,t Uy, { ®Ban be found by application of the CLS method to the peak
arising from the 2 transition.

The CLS method gives only the normalized FFCF. To obtain the full FFCF,
including the true amplitudes and thepthasing time, the (normalized) linear lineshape is

calculated according to Equati¢h3 and fit to the FTIR?" Initial guesses as to the
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values of¢, and the amplitude(s) of the FFCF are made using thewfdth-at-half-

maximum (FWHM) of the linear lineshap¥ Since the homogeneous FWHM cannot be
larger than the overall FWHM, these initalesses are also lower limits.

When the CLS method was originally developed, the slices were taken parallel to
the] axis CLSy which also yields the normalized FFCF when thE ffleak and the
1-2 peak are welseparated'’ but the interference of the2Lpeak can cause distortion in
situations where this is not the case. For the analysis in ChapterGl.$w;method
was used, while in Chapters 5 and 6 @Sy ,, method was usedollowed by fitting of

FTIR to obtain the full FFCF
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Figure 2.8: Simulated purely absorptive 2IR spectra at short (a) and long (b) valuesTgf
The center line for slices taken paralleistgis plottedabove the positive peak.
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2.3.Infrared Pump-Probe SpectroscopylPP)

Infrared, or vbrational pumpprobe spectroscopy can be thought of as a
precursor to 2EIR spectroscopy. All of the information obtainedI#P is contained in
2D-IR, but IPP is a considerably simpler experiment and (asudised above) is not
sensitive to the phase errors present in the more complex method.

Like all pumpprobe spectroscopie$PP involves two beams, a strong pump
beam and a weak probe beam, separated by a time delbedbiereT,, for reasons that
will become obvious) The signal comes from fomvave mixing processes, as mentioned
previously. The doubiteided Feynman diagrams in Figure 2.2, therefore, also apply to

the pumpprobe signal. Unlike 2BR, however, the first two interactions both come
from the pump beam. Since the signal is again emitted it tRe R, R; direction,

andR, R, t he s i-matchdd diectign lisahe same direction as the probe. The
IPP signal is thus selfieterodyning. (Signal in this direction can also come from three
interactions with the prob&* by placing a chopper on the pump beam and using the
same detection scheme as for-lH) as was done for all thEP experiments in this
work, any signal arising from such processes is subtracted away.)

The first two interactions occur at the same tite0, so forlPP Ry, Ry, R, =
Rs, andR; Rs. R; andRg are once again neglected because they only give signal in the
relevant direction whed,, 0; they contribute primarily to the coheteartifact that
occurs close t3,, 0.2 ThoughlPPspectra are taken at negative time delays, only time
points not containing the artifact are used (to establish the experimental baseline) and the

signal in these spectra is not analyzed.
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The three remaining response pathways each belong to one ofntil@rfa

processes of lightatter interactionR; illustrates the stimulated emission pa,the

ground state bleach, afd the excited state absorption. Sitte 0andt ' O,

R, Rixigde x pT T4 O (2.24)
R, Rsxigle x pT,i T O (2.25)
Rs Re® 2ielex pTdTi'y (2.26)

where again the population relaxation times for the different transitions are distinguished.
Note that the signal arising from the excited state absorption is opposite in sign. In many
pumpprobe spectroscopies, thdedch and stimulated emission are negative by
convention. In this work, however, the excited state absorption will be taken to be
negative, to remain consistent with the previous conventions-dRZpectra.

The signal here is expected to decay withimme constant of the relevant
vibrational lifetime. Figure 2.8hows the full spectrum of a purppobe decay (the same
sample as previouslyWC-I, in de-benzeneks a function of delay time. The negative

signal occurs at a lower energy as expected: dfeséation of the anharmonic shift. In
this sample (as in the others examined in this wﬁ&kl) fvas found to have a value very

similar to'I'(1 o)
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Figure 2.9: Vibrational pumpprobe spectra plotted as a function of delay fipir VC-I, in ds-
benzene. The higher frequency peak (~20781) positive and shows the contribution from
stimulated emissionral the ground state bleach; the lower frequency (~2045) ipeadgative
and shows the contribution from excited state absorption. The decaclofpeak gives the
vibrational lifetimeT; for that transition.

In order to calculatél;, the pumpprobe spectrum is generally fit to a single
exponential function.However, it is important to recognize that, in the solution phase,
orientational relax&n may also contribute to this decay unless measures are taken to
suppress it. One of the most common methods for doing this is magic angle

polarization™® By setting the polarization of the pump and probe beams to be 54.7°

relative to one another, the orientational changes (molecules rotating in and out of being
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aligned usefully with the relevant elact field) cancel one another and only the

population relaxation process remains.

The practical implementation of this procedure is less simple, however, than
might appear. Though polarizers are relatively easy to come by, any other optics in the
light path can have a deleterious effect on the polarization. Mirrors, for example, can
induce slight phase shifts between the components (usually designgted®dPs)) of a
polarized beam. The grating and mirrors of a monochromator can also cause
consideable difficulty, since the S and P components have different diffraction
efficiencies from one another. It has been shown that by placing the two polarizers (at
the correct angle) on the pump and probe beams immediately before the sample, and by
placing a analyzing polarizer on the probe after the sample, the resulting signal has no

orientational dependenceven when passed through a monochrontator
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Reproduced in part with permission from:

Brynna H. Jones, Christopher J. Huber, and AaroMissarifiSolvation Dynamics of
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3.1.Chapter Summary

The solvation dynamics for Vaskads comp
VC-0O,) were characterized using tvdimensional infrared (2BR) spectroscopy irs-
benzene, chloroform, and DMF. The iriditbound carbonyl was used as a probe of the
static al dynamic chemical environments in each solvent system. The linear IR spectra
of the complexes were consistent with CO frequency modulation thought d
backbonding interactions. The VC center frequencies were insensitive to the solvent
type, but those d¥C-O, were sensitive to the surrounding solvent, presumably due to the
indirect influence of the dioxygen ligand on the carbonyl vibrational frequency. The
vibrational lifetimes of both carbonyls were consistent with intramolecular relaxation
though themetalcarbon linkage, and showed faster relaxation in the presence of solvent
accepting modes. 2IR spectra were analyzed using the inverse centerline slope (CLS)
as a representative of the frequefi®guency correlation function. Multiexponential fits
to the CLS decays revealed solvation dynamics on several time scales, with the faster
fluctuations being correlated with pure solvent properties and the slower dynamics (tens
of ps) tentatively assigned to solvesaiute interactions. The measured dyranwere
compared to previously determined oxidative addition rate constants in order to

hypothesize the potential role of solvent shell fluctuations in the overall reaction rate.
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3.2.Introduction

The mechanistic details of condengdthse chemical reactionseanot limited to
the reactants and products, but must also include the surrounding solvent mdféttfles.
These participants lower the average energies of the initial and final solute structures and
stabilize (or destabilize) the transition state configurations during reaction events.
Pertaps most importantly, the collective motions of the molecules in the proximal solvent
shells allow the reactants to sample the energetic landscape that spans the reaction
coordinate through random, thermadlsiven fluctuations in their relative positions
around the solute species. The time scales of these dynamics depend on the nature and
strength of the solversolute and solvergolvent interactions, and the time evolution of
this solvation environment has been shown to be integral to some of thempostant

chemical processes, such as proton transport, electron transfer, and catdff/srs.

Scheme 3.10xi dati ve addition reacti on of Vaskads co
Ph3P’/,,‘ + 02 Ph3 / \
Cl—Ir—CO — —Ir—CO

PPh, -0, ’ | PPhs

VC VC-0,
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Despite their relevance teeaction dynamics, the fast restructuring events that

occur in the solvent are often poorly characterized due, in large part, to the challenges
associated with the measurements and the interpretation of the resulting data. Important
insight into the micrscopic processes in neat solvents has been gleaned from molecular
dynamics (MD) simulation¥**?° In turn, these simulations have been validated and
refined by experimental observables from higher order spectroscopies such as optical
Kerr effect’*®**® fluorescence Stokes shift *’ RaPTORS?>® and photon echo
spectroscopie®” 122 13%141 Tyyo-dimensional IR (2BIR) spectroscopy has emerged as a
powerful experimental approach to characterizing the solvation dynamics in the vicinity
of a solute molecul®?™™® In a 2DIR experiment, an IRctive chromophore or
functional group is viewed as a reporter of the local solvation environment through the
vibrational Stark effect, whereby the time dependent electrostatics of the surrounding
molecules induce frequency shifts with the characteristic time scales of the solvation
dynamics’> *¥1%2 By preparing a coherent collection of vibrations in the sample and
allowing those ensembles to experience their surrounding environments for varying
lengths of time before recovering the surviving oscillators in the form of a rephased
vibrational echo gjnal, the associated molecular dynamics are obtained as vibrational
dephasing and spectral diffusion from amidst the heavily inhomogeneously broadened
environments that are common in the condensed phase. The result is a frequency
frequency correlation fuation (FFCF) that characterizes the time scales of solvation
dynamics over the range of a few vibrational relaxation lifetimes. It must be recognized

that the experimental observables that are obtained throudR 8pectroscopy (as well
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as all other appaches) are seenrttugh the lens of that technique and are inherently

biased to report the dynamics to which the observable is most tightly coupled. As a
cautionary note, it has been shown that the time correlation functions obtained for the
same chemidasystems are not always the same when observed by different
techniques?® Nonetheless, the FFCFs obtained througHRnethods have been shown
to be representative of the dynamics that are predicted by MD simul&tiots

In the interest of understanding of the role of solvation dynamics in the area of
catalytic reactions, the current study applies -IRD spectroscopy to
bis(triphenylphospheneiridium(l) carbonyl chloride (Irf(PPHCOCI), also known as
Vaskads c o®fip mterestinvtils orgnometallic compound was piqued by
its ability to reversibly add molecular oxygen, converting the square planar reactant to an
octahedral adductsee Schem@&.1), in a manner reminiscent of oxygen transporting
proteins in biological systent2® In fact, owing to the stability of the oxygenated
complex, VC was one of the first systems that allowed detailed studies of the binding
motifs for dioxygen to metal complex&¥®® The kinetics of this reaction were
measured by several groups to bgatelent on the solvent polarity, which led to the
hypothesis of a polar transition staté> ®° It was later recognized that other substrates,
such as hgrogen and methyliodide, could also form adducts with VC, which could in
some cases be reductively eliminated through a photochemical mecAafigm!°%16?
Catalytic transformations of a number of important chemical reactions have been
demonstrated by VC over the past four decades since its first report, and it has come to

serve as a model system fordying catalytic reaction®” 6 157 163168 yet aside from
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one investigation of the vibrational lifetime of the iriditbound CO ligand in a single

solvent, to our knowledge no reports exist that delve into the ultrafast dynamics®®f VC.

Here we present the linear IR and -B® spectroscopic characterization of
Vaskads compl ex and puresslveotxwitigvarging paladtiescand i n t
reaction rates for the oxidative addition of molecular orygehese experiments will be
further augmented in Chapter 6 with studies in binary mixtures. spleRBtroscopy was
used to determine the rates of vibrational energy relaxation in each solvent environment
to aid in the interpretation of the 2R results. The time scales of spectral diffusion are
obtained from the 2BR data and are discussed in the context of previously reported
reaction rate constants for oxygenation in order to postulate the potential role of solvation

dynamics in this chemical reaction

3.3. Experimental Materials and Methods

Bis(triphenylphosphene)iridium(l) carbo
used as received from Sigma Aldrich (99.99% purity). Chloroform and- N,N
dimethylformamide (DMF) were used as received from Mallinck@demicals and
deuterated benzeneds{benzene) was used as received from Cambridge Isotope
Laboratories. The deoxygenated samples were prepared and sealed in a-pitrggdn
gl ove bag using solvent that was nTlhe rogen
oxygenated samples were allowed to equilibrate with air in the dark3ate/s. Linear
and nonlinear IR spectroscopies were performed on VC samples that were almost

exclusively in the deoxygenated (VC) or oxygenated & forms. The IR
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spectroscopic cell was prepared for most samples by sandwiching a small amount of VC

solution between two 3 mm thick Cawindows with a 50 micron Teflon-ong spacer.

For some V@O, samples in DMF a 100 micron spacer was used due to the low solubility
of the complex in this solvent that required a longer pathlength. The additional
pathlength had no noticeable effect on the extracted CLS values. Typical sample
absorbances were between 0.07 and 0.14 at the peak of the CO symmetric stretching
vibrationalmode, depending on the solubility of the complex in each solvent. Linear IR
absorbance spectra were collected on a Nicolet 6700 FTIR spectrometer (Thermo

Scientific) as an average of 16 scans with a resolution of2 cm
3.3.1.2D-IR Spectroscopy

The fundamerals of 2DIR spectroscopy were discussed in Chapter 2. For the
particular experiments in this chapter, the laser system consistadregeneratively
amplified Ti:Sapph laser (SpectPhysics, 800 nm, 40 fs pulse duration FWHM, 30 nm
bandwidth FWHM, 600 M) pumpingan optical parametric amplifier (OPA) (Speetra
Physics) at a repetition rate of 1 kHz. The near IR signal and idler beams generated by a
b-barium borate (BBO, 3 mm thick) crystal in the OPA were difference frequency mixed
in a silver gallium slide crystal (AgGag 0.5 mm thick) to generate8 uJ midIR
pulses. The midR spectrum of the final output pulses was centered at the iHdaund
CO symmetric stretching frequency in VC with approximately 200" afhbandwidth
(full width at half maimum, FWHM) and the pulses had a temporal duration of 90 fs

FWHM (~1.2 times the transform limit).
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The midIR beam was split into three roughly equal intensity beams for use in the

2D-IR excitation sequence. Each of the pump beams transmitted throughof ZnSe

on the path to the sample (5 mm beam splitters at 45°) and all other steering optics were
reflective. An offaxis parabolic reflector crossed and focused the thrpelgrized
excitation pulses in the sample in thexCARS geometr}?’ with the tird order signal
(vibrational echo) generated in the phasatched direction. The three pulses were
temporally overlapped and their durations were characterized by optimizing the non
resonant thirebrder signal from a 50 um thick carbon tetrachloride gamAfter exiting

the sample cell, the vibrational echo signals were spatially coaligned with a local
oscillator reference pulse using an uncoated ZnSe window as a combining optic through
which the echo was transmitted and the LO was partially refleétieek. three partial
reflections from the uncoated surfaces of ZnSe windows (assuming 7% reflectance), the
LO power was approximately B85 nJ per pulse. The coaligned LO and signal beams
were spectrally resolved in a 0.32 meter monochromator withleé&m grating and
detected with a liquid Ncooled 64element mercury cadmium telluride (MCT) linear
array detector (Infrared Associates, Inc). The spectral resolafithe detection system

was ~4 cm’. On a single detector pixel at the maximum ofiiteational echo spectrum,

the LO was approximately 100 times larger than the signal. The vibrational echo and LO
pulses were temporally aligned by offsetting the LO by a few ps and measuring the
spectral interferogram with the signal pulse. The integem was inverse Fourier
transformed to determine the precise time difference and the LO was moved to time zero

with a delay stage with 2 fs (0.6 micron) accuracy (Newport3Wl The entire optical
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system was purged with dry ai¥1Q0 °F dewpoint) durip data collection. Over the

range of powers tested, no power dependence was observed for the samples in this work.
In the 2DIR technique, the third order signal (vibrational echo) is heterodyne
detected with the spatially and temporally overlapped dighal at the detector after
being spectrally dispersed by a monochromator grating. The first frequency dimension
was achieved by the Fourier transform performed optically by the diffraction gfating.
106 169170 Eor the second dimensipthe time delay between pulses 1 and(2was
scanned in increments of 5 fs as theeidelay between pulses 2 andT3, was
maintained at a fixed value. Beam 3 was chopped at 500 Hz and the chopped signal was
divided by the laser spectrum to account for the laser power differences across the range
of frequencies examined. This resulted a temporal interferogram at each of the
spectrally resolved detector pixels. The temporal interferograms were separated into two
datasets with the pulse orderings such that pulse 1 arrived at the sample before pulse 2
(rephasing echo diagrams) and pul2 arrived before pulse 1 (nonrephasing echo
diagrams). The Fourier transform of these datasets produced the rephasing and
nonrephasing 2BR spectra that were added to produce the purely absorptivi® 2D
spectrum:** In order to account for systematic and random errors in the instrumentation,
the data were then phase processed, as has been described in detail BY* dthaitse
pumpprobe projection theorem was used as a constraiimgdtiis proceduré** The
resulting data plots were then analyzed using the centerline slope procedure developed by
Kwak and coworkers in order textract the FFCF from the 2[R data directly, as

described in more detail belaand in Chapter 2"’
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3.3.2.IPP Spectroscopy

Using thelaser system described above, approximately 0.1% of the full IR laser
power was split from the parent beam and used as the weak probe beam while the
remaining strong beam was used as the pump. The pump beam was temporally delayed
from the probe and chopgat half of the repetition rate of the pulse train, allowing every
other pump pulse to be blocked from the sample. The pump and probe beams were both
p-polarized. The pump and probe beams were spatially overlapped in the sample volume
(same sample ceks described above), and the transmitted probe beam was aligned
through a 0.32 m monochromator. The probe was detected using the satemért
MCT array as described above for the-ID studies. The pumprobe signal was
obtained as the difference betan the probe transmission with and without the pump
beam present, normalized by the laser spectrum of the probe, and recorded as a function
of the time delay between the pump and probe pulses. With the utilized beam
polarizations, the collected signalscdiyed as the result of orientational and population
relaxation. Orientational relaxation in solution is typically completed within a few ps,
while population relaxation of metal carbonyls in the solvents studied occurs on the tens
of ps time scale. Thdata were fit from £ ps to 100 ps to determine the population

relaxation times reported in TalBel.

3.4.Results and Discussion

The linear spectra for the carbonyl stretch of VC (solid lines) andDy@ashed

lines) inds-benzene (black), chloroform (rednd DMF (blue) are shown in FiguBel.
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The spectra have been baselined and normalized and the solvent spectra subtracted where

solvent peaks would inhibit clarity of presentation. The peak cemtefsand linewidths
for each of the six samples arentpiled in Table3.1 for comparison. For VC, center
frequencies of the CO mode are approximately 1964 and are nearly unchanged by
the nature of the solvent. The insensitivity of the mean CO frequencies demonstrates
similar average solvation enviromemts of VC despite significant changes in the solvent
polarity. This is somewhat surprising since VC is square planar and has the potential to
accept solvent ligands above and below the molecular plane. It must therefore be true
that either there is mimal coordination of these solvents to the iridium or that these
interactions are not reflected in the.

The carbonyl vibrations on the VG, exhibit a blueshift upon binding of
molecular oxygen and the conversion from a square planar to an octatoediguration
(see Schem®&.1). The oxidative addition of Odecreases badbonding of metal d
orbital electrons into the CO* orbital.>’**"? This weakens the iridiurnarbon bond to
the CO ligand resulting in aidgher frequency CO vibration. In contrast to VC, the
values for VGO, are noticeably sensitive to the solvent identity, experiencing a shift of
more than 10 cthover the three solvents studied here. The frequency shifts are not well
correlated withthe solvent polarity indices (Tab&1). Vibrational solvatochromism is
the result of changes in the local electrostatic environment around the vibrational
oscillator that induce shifts in the vibrational transition enerdi#$®> The interactions
can be parameterized by describing the nucleophilicity and electrophilicity of the solvent

species, and are not always wabkrelated with empirical polarity indices such as those
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developed by Reichardt for solvatochromic dye&* Pensack and coworkers showed

that organic carbonyl vibrational frequencies were more accurately described by the
acceptomumber (AN) or Lewis acidity metrics of Gutmann and Mayét” We find
that the frequency shifts dfie VGO, carbonyl mode track well with the Lewis acidity
for benzene, chloroform, and DMF (shown in Tah).*417®

There are two peculiar observations surrounding the vibrational solvatochromism
of VC. The first is that, contrary to previous organic carbonyl repots/ "8 the VG
O, carbonyl actually blushifts with increasing solvent Lewis acidity. The second is that
the 3co for VC-O, is solvent dependent while on VC it is not. These can both be
rationalized by the indirect effect of the surrounding solvent on the triphenylphosphine,
chloride, and dioxygen ligands and their influence on the ability of the metal te back
bond into the CO* orbital. As a starting point, electron withdrawal from the iridium by
the @ ligand is reflected in the > 40 ¢hblue-shift due to the decrease in bamnding.
The solvent insensitivity of the CO frequency in VC, which has the chloride and
triphenyphosphine ligands but not,Ofurther suggests that the extent of interaction of
the dioxygen ligand with the solvent is the key factor in modifying the CO frequéwy.
the solvat Lewis acidity increases froms-benzene to DMF to chloroform, electron

density is progressively shifted onto the f@m iridium, thereby decreasing the ability of

the metal to backond to the CO and increasing its vibrational frequency.
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Table 3.1: Vibrational parameters for VC, solvent properties, and oxidative addition of
O, reaction rate constants.

ds-benzene chloroform DMF
parameters

VC VC-O, VC VC-O, VC VC-0O,
FTIR center (crﬁ) 1964.7 2003.5 1964.7 2013.9 1963.5 2006.9

FTIR width (FWHM, le) 16.7 17.2 249 214 18.9 22.5
vibrational lifetime, Ty (ps) 40+1 65+3 41+1 93+5 282+0542%1

polarity index #& 2.7 4.1 6.4
acaeptor numbér® 8.2 23.1 16.0
viscosity (cP at 25°C}* 0.604 0.537 0.794
rate constantéM ™ min)**  2.05 3.00 7.85

a.Values for benzene, ndg-benzene.

The lineshapes in Figurgl reflect changes in the distributions of vibrational
frequencies in each dhe solvents. In solution, these linewidths are influenced by the
static spread of chemical environments (inhomogeneous broadening) as well as-the time
dependent fluctuations of the vibrational frequencies and spectral diffusion that are
driven by solvehdynamics. The spectra of the VC and-@gcomplexes irds-benzene
are narrower than either complex in either of the other solvents (see Japldt is
conceivable that the range of solvsotute configurations in the nonpolds-benzene is
morehomogeneous than chloroform or DMF in which there are more diverse palettes of
nonbonding interactions. However, without prior knowledge of the dynamic and static
contributions to the linewidths, it is not possible to determine whether the increased
linewidths are the result of increases in solvation inhomogeneity or changes in the time
scales of spectral diffusion. It is worth noting that the ~20' ¢RiVHM Gaussian

lineshapes imply that these ensembles are at least partially inhomogeneously broadened,
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ard it would be valuable to know the extent to which the solvation environments are

statically or dynamically defined. Reviewing TabBl shows that the trends in
linewidths are not consistently correlated with either the solvent polarity indices or the
Lewis acidities, which indicates that the relative contributions of these factors may not be

the same in different solvents.
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Figure 3.1: Baselined and normalized FTIR spectra of VC (solid lines) andOy@ashed
lines) dissolved is-benzene (black),htoroform (red), and DMF (blue).

Also shown in Table3.1 are the values fof;, the vibrational relaxation time.
These were calculated from a single exponential fit to the gnoipe decays at the

maximum of the iridiurroound CO absorbance. To our knedge, this is the first report
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of the vibrational relaxation time of the oxygenated form of VC and of the complex in

multiple solvents. Heilweil and coworkers examined VC in only chloroform along with
several other metal carbonyl complexes in variousest$v (including chloroform and
benzene), and observed an increase inTthavith increasingsco.’® This trend was
confirmed and extended to a large library of metal carbonyl compounds by Dlott and
coworkers'® The large increase ifi; and corresponding bleghifting of theaco upon
oxygenation for VC agrees well with these previous observaifolf§.The increased
relaxation time is explained by the fact that the lengthening of the iridarbon bond
with addition of Q (due to changes in backbonding) causes a decrease in the vibrational
frequency &,.c) of this mode (as well as the-f+O bending mode), along with the
observed increase in ttego. The increased separation of these modes, already well
separated since fiical values for metatarbon vibrations are in the hundreds of
wavenumber& increases the number of these lower frequency modes that must be
excited for the relaxation of the carbonyl stretch.

While VC versus V&0, T; trends are consistent with the mechanisms of
relaxation described above, a comparisosefto T; in Table3.1 for either VC or VG
O, shows that the frequencies and relaxation times across the studied solvents are not.
For example, VC in all threeolvents has a very similago, but while the values fof;
are identical within error in chloroform amig-benzene, th&; is faster by more than 10
ps in DMF. Additionally, VGO, has a large range of values fbr, with the fastest
relaxation occurring again in DMF, the slowest in chloroform, dgtienzene as an

intermediate. These trends are due to solvent vibrations in the same spectral region as the
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carbonyl stretch that serve as energy accepting vibratioodésnto decreask for the

CO. Inds-benzene, there is a weak absorbance at ~1995ldrly due to residual nen
deuterated benzene, which would clearly have a more marked effect-@n ti@&n VC.
In DMF, the entire region of interest from ~198000cm™ is populated by weak solvent
peaks, which have a large effect on the relaxation times of both VC an@®, ¥ Thus
the solute intramolecular relaxation pathways are modified by sedodute mechanisms
that vary with solvent type.

In addition to their influence on the vibrational relaxation dynamics, the motions
of the solvent also lead to time dependent fluctuations of the vibrational frequencies that
result in the dephasing of a coherently driven cabecof oscillators. These dephasing
dynamics are also reflected in the linear lineshape, but cannot be directly extracted
without prior knowledge of the extent of inhomogeneous broadening.-IR2D
spectroscopy has the ability to separate the homogeneods irdiomogeneous
contributions to the FTIR lineshapes and to characterize the time scales of the solvation
dynamics that are obscured beneath the linear linesidpefull 2D-IR datasets for VC
are collected in Figures 3.6, 3.8 and 3.Higure 3.2 showsepresentative 2I0R spectra
collected for VC inds-benzene (Fig8.2ac), chloroform (Figs3.2d-f), and DMF (Figs.
3.2g+), respectively. Thre&,s (0.5 ps, 10 ps, and 50 ps) are shown for each solvent, and
the spectra at all measur&gs areavailablein Figures 3.63.11 In each spectrum, the
optical transform performed by the monochromator is displayed as the vertical axis and is
called¥,. The horizontal axis arises from the Fourier transform of(tagis of the

interferogram and is calledg (seeSectiors 2.2 and 3.3.Xor further description). Each
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spectrum contains a posithgeing peak (red) and a negatigeing peak (blue) at similar

ygvalues but shifted along the, axis. Recall from Chapter 2 thahé positive peaks
result from vibrationboscillators that were coherently driven by the first pulse in the 2D
IR sequence at the v = 0 to v = 1 transition frequeney)(@nd then rephased by the
third pulse at the-Q frequency. Likewise, the negative peaks arise from coherences that
were intiated at the @l transition but rephased at the v = 1 to v = 2 frequen3).(1
Hence, the 2 peaks are shifted along, by the vibrational anharmonicity.

Within a given vibrational manifold ¢Q or 12), the motions of the surrounding
solvation enwionment induce time dependent frequency shifts that accumulate phase
errors among the vibrational modes during the coherence periods (between pulses 1 and 2
and after pulse 3). In other words, the vibrational oscillator frequencies become
progressively deorrelated with their starting frequencies due to solvation dynamics.
This leads to a finite width along the antidiagonal slice across thER 2ibot; a large
antidiagonal width at small values ©f is characteristic of fast homogeneous dynamics
that albw the oscillators to sample many frequencies beneath the IR lineshape. At short
TuwS, 2DIR plots are generally elongated along the diagonal with their antidiagonal slices
approaching the homogeneous linewidth. Increasingffords additional opportunés
for solvent and solute motions to decorrelate the frequencies of the vibrational oscillators,
thereby sampling the solvation dynamics that occur on longer time scales. This can lead
to spectral diffusion that is manifest in the -B® spectrum as a brdaning along the
antidiagonal direction. The solvation dynamics that affect H2epkak are typically

similar to those influencing the Dtransitions, though there are examples in which this is
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not the casé® In the discussion that follows, only the dynamics of thE fleak were

analyzed.
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Figure 3.2: 2D-IR spectra of VC irds-benzene (&), chloroform (df), and DMF (gi) collected
atT, = 0.5, 10, and 50 ps (first, second, and third columns, respectively).
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Figure 3.3: 2D-IR spectra of V@0, in ds-benzene (top row), chloroform (middle row), and DMF
(bottom row) collected &, = 0.5, 10, and 50 géirst, second, and third columns, respectively).
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Figures 3.2a, 3.2d, and3.2g demonstrate that the VC carbonyl peak exhibits

significant elongation along the diagonal in all solvents at sh@tindicative of strong
correlation between the frequersie The antidiagonal slices, characteristic of the
homogeneous lineshapes, are generally no more than Towie (FWHM), which
confirms the earlier assertion that the FTIR lineshapes were inhomogeneously broadened.
It can also be said that the antidiagbslice across the D peak center at the short@gs

has the widest lineshape in chloroform, similar to the FTIR linewidths, demonstrating
that the increased linear linewidth in this solvent is at least partly a dynamical effect
rather than an increase the inhomogeneity. A3, is increased to 10 ps (Fig8.2b,

3.2e, and3.2h) and then to 50 ps (Figd.2c, 3.2f, and3.2i), more time is allowed for the
solvent motions to influence the frequencies of the carbonyl vibrations and thHe 2D
peak shapedecome round. Regardless of their starting excitation frequencies, the
solvation dynamics enable the CO oscillators to sample nearly the entire FTIR lineshapes
within 50-100 ps. Visual inspection of the spectra in FigdiBeshows that the dynamics
varywith the solvent. In particular, at 50 ps there is stildence of elongation along the
diagonal for the carbonyl-0 transition in DMF (Fig.3.2i), while in ds-benzene and
chloroform (Figs.3.2c and3.2f) the peaks appear entirely round. Timdicates that in

DMF there are solvation dynamics affecting the carbonyl frequeti@ésire slower than

those present in eithdg-benzene or chloroform.
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Figure 3.4: CLS as a function of,, for a) VC and b) V@0, in ds-benzene (black), chloroform
(red), and DMF (blue). Lines with matching colors represent multiexponential fits to the data
shown as markers. Inset plots show zoom of early time data onrlagasithmic scale.

Figure3.3 similarly shows th&D-IR spectra foWC-0O,in ds-benzene (Fig 3.3a
i 3.3c), chloroform (Figs3.3di 3.3f) and DMF (Figs3.3gi 3.3i). Again, the full 2D

IR datasets for VC are shown in Figures 3.7, 3.9 and AElitatively, t is clear from
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the degree ofroundness of the 10 mpectra in the three solvents that the dynamics in

chloroform are generally faster than in eitlilgfbenzene or DMF. Also, it is worth
noting that in a comparison between Figu@® and 3.3, VC-O, is generally less
elongated at the lateF,s, particulaly in ds-benzene and chloroformndicating that
fasterdynamicsare playing a dominant role in dephasing.

The evolution of the 2BR spectra in each solvent due to solvation dynamics can
be characterized by the extent to which the peak shapes vary iigondlly elongated
to round. The inverse center line slope (CLS) method described previouBhrkgnd
coworkers is a convenient approach to quantify this dynamical informafidhe center
line for a 2DIR peak is found by taking slices of a given spectrum parallel t® gagis,
calculating the peak value for each slice, then fitting those peak points to a line. The
slope of tlis line is an indication of the extent to which the peak is elongated along the
diagonal. At early values fdr, and in the limit that no spectral diffusion has occurred,
the slope is expected to be close to unity. Tasncreases and the 2IR peak shap
approaches its round limit, the CLS (the inverse of the center line slope) approaches zero.
It has been shown that the CLS is proportional to the FFCF discussed’HbBye.
examining how the CLS changes witl, we can gain insight into the amplitudes and
time scales of the dynamics causing the decorrelation of the vibrational frequency.

The CLS decays (or the normalized FFCFs) Withfor both VC and VGO, in
the three solvents are shown in Figl@d. None of the decays begins at 1, which
indicates that there is significant homogenous broadening as well as solvent dynamics

occurring on a time scale faster than we are able to resolve. atetikely to be of
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similar origins to the fast rotational dynamics or intermolecular librational motions that

have been identified by optical Kerr effect (OKE) measureméhts™ 818 These
solvent dynands are completed by a few hundred fs in benzene and chloroform.
Examining the initial heights for the CLS decays (see zoomed insets in Fidaesnd
3.4b), it is clear that for all of the solvents studied, the oxygenated form has decayed
more than thaleoxygenated by the firdi, (0.3 ps). This disparity between the two
forms is most obvious in the casedgfbenzene (black), which starts at 0.7 for VC but
only 0.6 for VGO,. This indicates that these very fast solvent motions more strongly
influence 3co on VC-O,, and can be explained by the fact that the-®Ccarbonyl
responds strongly to changes in and around thkgé@nd, which acts as an antenna for
the solvent dynamics and translates those solvent motions into frequency fluctuations in
the iridium-bound CO through its effect on metal backbonding. Thus, these fast solvent
motions have an additional mechanism by which they can eliminate the carbonyl
frequency correlation for VO,. Both forms of VC have the largest initial CLS in DMF
(see insetm Figures3.4a and3.4b), the lowest in chloroform, and the intermediatdsin
benzene (though these last two are very close feOY)C These trends track the solvent
viscosities illustrated in Tabl@1 supporting the notion that the dynamicdbrmation in
this offset is related to the viscoelastic properties of the pure sofefifse®

Examining the inset plots in Figur8gla and3.4b, five of the six complexes hav
very similar CLS decays over the first 5 ps. The outlier among these is & in
benzene, which is slower on this time scale. In order to quantify these time scales, the

CLS decay for each complex in each solvent was fit with a multiexponential furictid
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is overlaid in Figure3.4 as a solid line of matching color. The parameters for these

functions along with the fit uncertainties are shown in Taie VC-O,in DMF and
chloroform as well as VC ids-benzene were all fit with a double exponenti®dC in

chl oroform and DMF were fit to opindiatingbl e e x
that there were dynamics occurring on time scales much longer than those of our
experiment. V&0, in de-benzene required a triple exponential. The time constants have
been classified intt] (on the order of a few psij (on the order of tens of ps), abon

the order of hundreds of ps). A comparison oflihealues confirms that the five similar
looking CLS decays in the insets of Figu4a and3.4b have time constants that range
from 1.4 to 3.5 ps, while that of VC ids-benzene is roughly twice as long as their
average. The VC idg-benzene also experiences the most significant changeujymn
oxidative addition, which suggests a more severe change in the solvation shell dynamics
on this time scale.

Identifying the microscopic origins of the dynamics measured irIRD
spectroscopy is challenging and is usually achieved through a connectiorthei
observables calculated from a molecular dynamics simul&iorr. In the following
discussion, we draw parallels between ouasueed CLS decays and previously reported
dynamics measured by OKE and NMR spectromsip categorize some of our results.
Table3.3 compiles the results of several studies performed on neat benzene, chloroform,
and DMF. Within error, the majority ohé decorrelation dynamics contained(rfor
VC and VCO, are identical to time scales extracted from previous studies where they

were assigned primarily to rotational and reorientational motions of the pure solvent. A
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notable exception is the longer time constant (~5 ps) measured in DMF that does not

appear to have a corresponding term in the CLS decays for VC eD,VCThis
underscores the fact that different techniques may in some cases be sensitive to different
dynanical aspects, and in this case, the CO frequency flcutuations may be poorly coupled
to the molecular source of these slower dynamics. It is also worth noting that the
majority of the time constants found for benzene are not from the deuterated form, and
these times would be expected to lengthen slightlylfdrenzené® Nonetheless, there

is a strong correspondence betw#en(] values measured by 2IR and the neat solvent

librational dynamics measured by OKE spectroscopy.

Table 3.2: Multiexponential fit parameters to CLS decays of VC and®4{n multiple
solvents.

CLS fit ds-benzene chloroform DMF

paramegr vC VC-0, VC VC-O0, VC VC-O,

@ ?1%905)3 ?1%?05) 0.09(x0.05) (()ig.loe) (()J_r%?OS) ?1'?5?05)

] 5 (+2) 1.4(+0.6) 2 (+1) 3.5(+0.6) 2.1(+0.8) 1.9(+0.6)

® (();3?05) ?ig.los) 0.55(0.06) ?ig.loe) ?ig?og) &?os)

G 33(+4)  9(+3) 10 (+1) 15(+2) 11(¥2) 33(+8)
0.16

® ' (£0.04) ~ ' ' '

G - 100(40) - - - -

0.013 0.06
R ) ) (£0.009) (0.01)
a. Numbers in parentheses represent standard errors of the fit.
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Table 3.3: Comparison of short time scale dynamics to literature values (in psBEP0
K).

de-benzene chloroform DMF
VC-O, VC VC-O, VC VC-O, VC

assignment (method

U (this work) 14+06 52 35+06 2+1 19+06 2.1+0.8

reorientation
(OKE)186

rotation (NMRY® 1.17 1.62 (d)

reorientation
(RIKES)*

intermolecular
nuclear response 2.94
(OKE)185

vibrational
respons&>

0.98, 3.14, 3.1% 3.28,1.2,1.85

0.86, 2.84 2.81, 1.07 1.53, 5.06

1.38, 1.11, 1.48

reorientation
(OKE)13O

reorientation
(RIKES)'®

reorientation
(M D) 190

1.3,6.22
0.82,4.72

1.2,15,28,4%

a. Values for benzene, ndg-benzene.

Although the CLS decays of O, begin lower than VC in all three solvents (as
mentioned above), at latéps the VCs become more decorrelatéethis is shown more
clearly in Figure3.5 in which the fitted multiexponential functions are overlaid for VC
and VGO, in each solvent separately. The point at which the crossover occurs and the
CLS for VC (solid line) drops below WO, (dashed line) isndicated with a vertical
dashed line at 50, 18, and 7 pgliFbenzene, chloroform, and DMF, respectively. While

the unresolved fast dynamics before the fligthave more of an impact on VQ,, the
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spectral diffusion in the first tens of ps more stigragfects the VC carbonyl, allowing it

to become more decorrelated. This is borne out in the fits to the CLS decays in Table
32, whi ch s bwalues ardnaways largee forqgC than for X3, Figure3.5

shows that the length of time required tbe crossover is not correlated with solvent
viscosity, which suggests that the molecular origins of these dynamics have more to do
with the strength of solversiolute interactions than the pure solvsolvent interactions

of J. If these motionsdoiars e from such interactiops, t
mentioned above since the square planar geometry of VC is sterically more open to these
kinds of interactions than \O..

On longer time scales, the dynamics contained in the FFCF (througbLthe
decay) can still, in some cases, be related to the viscoelastic properties of the pure
solvents. For example, the CLSs for VC and-@¢@n chloroform have decayed below
those of the other solvents by five ps and remain the most dephased out ta|@ngkr
is clear that overall the dynamics in chloroform are the fastest for both VC ait@,,VC
which is consistent with it being the least viscous solvent. Other observations on the tens
of ps time scale are less correlated with the pure solvent pespestich as the crossover
time described above, and the fact that VCdérbenzene and DMF is more readily
differentiated by solvent type than MO, (Figures3.4a and3.4b). In these cases, the
dynamics are more likely to be intermolecular fluctuatidreg tlepend on the nature of
the interactions between the solute and solvent. Similarly, Chang and coworkers showed

that some of the dynamics reported by OKE spectroscopy could be modulated by the

hi
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presence of a soluté’ and it has more recently been demonstrated withIRD

spectroscopy that water reorientation in the vicinity of ions is significantly sI&W&d.
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Figure 3.5: Comparison of multiexponential fits for VC (solid line) and X0g (dashed line) in
a) de-benzene, b) chloroform, and c) DMF. Vertical dotted line in each frame indiCatas
which VC decays below V.

Even without precise knowledge of their origins, TaBI2 shows that the}

dynamics have a large impact on thes of CO correlation for VC in all three solvents.

Regar dl ess

of

sol vent

2)0of thede @yndmics are equialtioeor a mp |

larger than the effect of any other time scale. However, there are differences in how the

contributions fromU (few ps) and( (tens of ps) are balanced in each solvent.

Chloroform and DMF are similar, having their VC dynamics dominated by(he
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fluctuat i snand tifeir ¥@Ogdymamicp equally affected by tHg¢ and (3

dynamics. The CLS decaysdg-benzene, on the other hand, are dominated by tens of ps
dynamics for both VC and \M©,. Although the(j and{} time constants are not overly
different inds-benzene compared to chloroform and DMF, their relative weights in the fit

( ga n o), tiee necesty of a third exponential term{y) in the CLS fits, and the greater
change in the value &f with O, ligation make this solvent dynamically distinct from the
other two. Notably, the reported rate of oxidative addition to VC in benzene is the
smallest dthe three solvents studied, which suggests that the solvation dynamics that we
are resolving do have some influence on the overall reactivity of VC.

This connection between the chemical reactivity of VC and its ultrafast dynamics
is a challenging oneotdraw from these experiments alone. The trends in reaction rates
do not track the solvent viscosity for the three solvents studied, but the dynamics reported
by the iridiumbound CO on the time scale of a few [, (which we believe to reflect
the puresolvent motions, are not drastically different. What is certainly different across
these solvents is the relative amplitudes ofdrend(3 types of dynamics. The change to
more favorable solvents for oxidative addition of Boves towards a system which
the VGO, has notably more of thd time scale fluctuations than the deoxygenated form,
to the point that these contributions are balanced with the tens of ps fluctuations. One
interpretation of this is that the more reactive solvents have strampeentsolute
interactions with the dioxygen ligand that favor the bound state (and possibly the

transition state as well), which is manifested in our measurements as a larger proportion
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of CO decorrelation through the indirect effect of CO frequencgutadion by the metal

carbonyl backbonding interactions.

In addition to this change in the balance btwekand (, the J time constants
have distinct trends across the solvents studied. Moving from benzene to chloroform to
DMF, the rate of @additionincreases, thé&} for VC decreases, and thg for VC-O,
increases. Therefore, based on the dynamics that we are sensitive to in thel® 2D
experiments, the transition to more favorable solvation environments for this reaction is
accompanied by a shift to a solvent system that has somewhat faster-solutnt
interactons with the deoxygenated complex and slower dynamics with the oxygenated
form. We hypothesize that the slower dynamics indicate a stronger interaction between

the solvent and the bound (Iyand.

3.5.Conclusions

In this work, the ultrafast solvation dymé&s were measured for VC and M@
in three solvent systems. The solvents chosen have been reported to support a range of
reactivities towards the oxidative addition op @ the complex. The FTIR spectra
showed that the center frequency of the iridibound carbonyl of VC was fairly
insensitive to the solvent, but ligation of dioxygen made it noticeably sensitive, which
was interpreted as an indirect effect of the solvent interactions with;thigadd. The
vibrational relaxation rates of the CO ligawere measured and found to be dependent
on solvent type as well as oxidation state, with-@&always relaxing slower than VC in

a given solvent. While this is consistent with trends in their carbonyl frequencies, there
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were more subtle variations iRy that did not follow the anticipated pattern that were

ascribed to energy relaxation into solvent modes.

2D-IR spectra were collected on all of the VC samples and were used to extract
the fast homogeneous and spectral diffusion dynamics from beneatiihdineogeneous
lineshapes in the FTIR spectra. Dynamics on the time scale of a few ps and faster were
found to be consistent with the viscoelastic properties and molecular dynamics of the
pure solvents. On these early time scales, the decorrelation efgbenbles of V@,
carbonyls was found to be more effectively mediated by very fast (unresolved) solvent
dynamics, whereas VC was more sensitive to the few to tens of ps dynamics.
Fluctuations on the time scale of tens of ps generally dominated thealaton of the
VC carbonyls, but it was observed that the solvents in which the oxidative addition
reaction had the largest rate constant also had dynamics that reflected a more balanced
contribution from the faster (few ps, pure solvent) and slower {eps, solutesolvent
influenced) carbonyl frequency fluctuations. In the presence of such -soluent
interactions, the @ligand on VGO, may act as an antenna that makes the carbonyl
frequency fluctutations more sensitive to the pure solvent dysamhich explains the
trend towards balanced contribution of the faster and slower time scale motions. The

time constants of the slower dynamics became longer foOY&s the solvent became
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more favorable for oxidative addition, suggesting that theebsttivents for this reaction

stabilize the oxygenated complex through stronger interactions with the dioxygen“ligand.

& The authos gratefully acknowledge funding frorie National Science Foundation
under CHE0847356. The authors also thank M. D. Fayer and Emily Fenn for helpful

discussions regarding the AR data analysis.
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Chapter 4: Solvent Mediated Vibrational
EnergyRel axati on From V
Complex Adducts in Binary Solvent
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fiSolventMe di at ed Vi brati onal Energy Rel axation
Bi nary Sol v htlondsi & Jd. Hubar, A, M MassdriPhys. Chem A
2013,117(29), 6150
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4.1.Chapter Summary

A vibrational pumpprobe and FTIR study was performed on two different
adducts of Vaskaods complex in two differ:
carboryl vibrational mode on the oxygen adduct exhibits solvatochromic shifts of ~10
cm™* in either benzyl alcohol or chloroform relativedgbenzene, whereas this vibration
is nearly unchanged for the iodine adduct for the same three solvents. The width and
center frequency of the carbonyl stretch for each adduct are compared to its vibrational
lifetime in binary mixtures ofle-benzene with either benzyl alcohol or chloroform. In
neat solvents, the trends in linewidth, frequency, and vibrational lifetimeoasastent
for the two adducts, but complex relationships emerge when the trends in each property
are compared as a function of mixed solvent composition. 3dhé more sensitive to
the solvation environment around tk@ans ligand, while the linewidthand lifetime
depend on the environment around the CO itself. The carbonyl frequency and width vary
nonlinearly across the two binary solvent series indicating preferential solvation. In
contrast, the vibrational lifetime is shown to change linearly waivent composition,
and is correlated with the mole fraction of chloroform but-aatrelated with the mole
fraction of benzyl alcohol. The results are explained by differences in the densities of

solvent modes that affect intermolecular relaxatiothefcarbonyl mode.
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4.2.Introduction

Vaskads complex (bis(triphenyl phosphine
an organometallic catalyst that has served as a model system for exploring the
mechanistic details of oxidative additféf* ° **” and reductive elimination reachs>*
180 as well as biomimetic ©binding to methcenters:>® 18 19 vC and its adducts
possess a carbon monoxi de |Icdogamegortevbfthe e vi b
oxidation state of the iridiurf**"> 1% |t is often cited as a textbook example of métal
ligand backbo ondi ng wheselfdutivelyttunesl bysthe extent of electron back
donation into it¥ antibonding ~* orbital

In Chapter 3, waused this spectroscopic handle to report on the time scales of
solvent shell rearrangement around VC in a series of solvents that were known to have
different oxidative addition rate constaht$Oxidative addition to form an adduct is the
first step in the catalytic cycle and this reaction restructures VC tansurrounding
solvent shell. We found that the time scales on which the solvation shells fluctuate are
different for these solvents around VC and itsa@duct (VGO,) and we hypothesized
that these dynamic differences play a role in the catalytic fatéoth this study and a
subsequent more exhaustive Fed WaR gesdrallyd y w
insensitive to the surrounding solvent for VC and most of its adducts, including the |
adduct (VGI.), but was distinctly solvatochromic for V0,.** We also found evidence
that, for VGO,, the CO mode is influenced by the solvent motions around the O
ligand!®* Based on this observation, we hypothesized that tHgy&hd could contribute

tothetimedependent f r equcelealigg tsilts dephasing, ongking thee 3
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carboryl on VC-O; a patrticularly sensitive probe of the local solvation dynamics in the

vicinity of the active site of the catalyst. However, it is not clear to what extent the
sensitivity of @ trasdates to sensitivitydn dgnamiovarialdles that 3
affect the IR lineshape such as vibrational energy relaxation (VER) and pure
dephasing? *>%% |t has been shown that for certain classes of molecules that a linear
correlation exists between the frequency oé texcited vibrational mode and its
population relaxation tim&® while in other cases this relationship is complicaigd
interactions with the solvefit.**

In this chaptera detailed study of éhsolvenisolute interactions between two VC
adducts in two series of binary solvent mixtuiepresentedWe focus our attention on
the behavior of the frequency and width of the inhomogeneous lineshape, and the rate of
VER @ fortwo specific VC addcts: the dioxygen adduct (VO,) and the diiodide
adduct (VCI,). Both molecules are octahedral iridium complexes with one chloride, one
carbon monoxide, and two triphenylphosphine ligands, but the difference in
electronegativity of the ©and I ligandsp 0 s i t i ocp wlues BOeto 70 ciBapart.
Although they are structurally similar, their frequencies exhibit the extremes of
sensitivity and insensitivity to the nature of the solvent: the frequency e@Man be
perturbed up to 20 chmby the sobent, while on VGl, it is largely insensitive to all
solvents that we have test®d.Hence, these VC adducts provide two cases in which the
role of solvent on VER can be studied in the presence and absence of vibrational
solvatochromism, givig us a way to examine the relationship between the sedlent

interactions that perturb tlsgo and those that affect the vibrational lifetime.
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4.3.Experimental Materials and Methods

Bis(triphenyl phosphine) Fridium(ClIl 1) ca
99.99%, Sigma Aldrich), chloroform (CH£199.8%, Sigma Aldrich), benzyl alcohol
(BA, 099%, Sigma A dsgberizend (909.5% [DeCanhleidge satope e d  (
Laboratories, Inc), and iodine (99.8%, Fisher Scientific) were used as received.

VC-O;solutons were prepared by dissolving 6
of the desired solvent mixture (freshly prepared) and waiting for at least 24 hours to
allow the oxygen dissolved in solution to bind. WfCsolutions were prepared by
dissolving 6 mg of Vask6s compl ex with 2 mg of iodin
sonicating for 1 hour in a water bath (vials were capped and parafilmed during
sonication). All solutions were filtered before being placed in the sample cell. Typical
VC concentrations were 4 mM. olations were used within 2 weeks (most within 1
week) of preparation. Solutions of the mixed solvents were stored in small vials with
minimum headspace to minimize solvent composition changes due to evaporation. The
sample cell had a path length of 1850 for pump probe measurements.

Infrared spectra were collected on a Nicolet 6700 FTIR spectrometer (Thermo
Scientific) with at least 16 scans and a typical resolution of 1 cRath lengths of both
150em and 2% m were used for FTIR measurements.

The IPP spectroscopy setwpas similar to that described in Chapter 3, with the
addition of polarization control.lhe probe beam waspwlarized and the pump beam was
polarized to the magic angle (~54.7°) to remove any effects from orientational relaxation.

For consistent results, it was necessary for the pump and probe beam polarizers to be
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placed immediately before the sampf®. The pump and probe beams were spatially

overlapped and focused in the sample volume by aaxié$f parabolic reflector. The
transmitted probe beam passed through an analyzing polarizer placed directly after the
sample (set to transmit-golarized) andwas then spectrally resolved in the same
monochromator and detected with the same detector as in Chapike3ata were fit

from 2 ps to 270 ps to determine the population relaxation times (lifetijhdoiTthe

v=0-1 and 12 transitions. The vibrationaklaxation times for these two transitions
consistently showed the same trends and ttie v@dlues are used in the following

discussion.

4.4. Results and Discussion

The solverssubtracted FTIR spectra of the carbonyl stretch orRO4@nd VCl,
in neatds-benzere, CHCE, and BA are shown in Figurdsla and4.1b, respectively. As
e X pect eobf VC4, s eonssderably higher than that of MQ; due to the electron
withdrawing strength of the’ ligandsi®*'®* The VGO, carbonyl peak broadens and
exhibits a strong hypsochromic shift from 2003.6'cim dg-benzene (black) to either
2014.0 crit in CHCk (blue) or 2013.2 cthi n BA  ( r @adnd linewidih$ie thes
latter two solvents are quite similar. It can be said that €Bi@l BA are two solvents
that can lead to significant and nearly identical changes in the oxidation state of the
iridium on VG-0,.'*®

In contrast, VG, shows very little b a n g eco bunthe 3peak width varies
considerably between the three solvents, increasing dggmenzene (black) to BA (red)

toCHCE( bl ue) . Comparing the two ¢orofave&s 1 n

t
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is nearly insensitive to the changesalvents shows that there are no specific solvent

solute interactions with any of the ligands, including the CO, that influence the extent of
metatto-ligand backbonding. For VG, the average oxidation state of the iridium is
the same in all three samts. Replacing the iodide ligands with, @ctivates
solvatochromism through stronger specific interactions between this particular ligand and
the solvent, as we have previously reporféd:®® DFT calculations showed that these
interactions could be through hydrogen bond donation to the lone pairs on,the O
ligand®* Yet CHCE and BA have different hydrogen bonding strentfthand so the
coinci denc® valmds ot @4 likely hhas some dependence on other
nonbonding forces, such as dipdlipole interactiond*®* The broademrd ng of
lineshapes for both adducts suggests that their solvation envireanmedHCE and BA

are more heterogeneous than thalgbenzene, although there may also be contributions
to the lineshapes from changes in solvent shell dynamics and;tk®afTcannot be

determined from the FTIR spectra aldh®*®
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Figure 4.1: Solvent subtracted, baselineddanormalized FTIR spectra of the CO vibrational
mode on a) V&), and b) VCI, in ds-benzene (black), BA (red), and CH@blue).

Wi th the «c¢hadoarthetwo adtlucts estabbished m these pure
solvents, we systematically varied the solveamposition fromds-benzene to either

CHCI; or BA. Binary solvent mixtures introduce a linear variation of the bulk solvent
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composition as an independent variable onto which one can map spectroscopic changes

to test for preferential solvation. In genethkee types of preferential solvation can be
described for binary solvent mixtur&s®® First, the solvent and solute can have-site
specific interactions such as hydrogen bonding. The second type of preferential solvation
invokes nomstructural solutesolvent interactions, such as dipalole interactions.
Alternatively, the solvent mixture itself may exhibit microheterogeneity in the bulk, and
thus solvation would occur in small pockets or domains of one solvent or the other. In all
cases, the mole fraction of the first solvation shell(s) is different froormtte fraction of
the bulk solvent. | f a par tcd EWHMaor ;T impectro
the following measurements, has different values in two neat solvents, then a linear
variation of that observable with the mole fraction of a binaimture of the solvents
would indicate that the solute experiences a solvation shell whose properties also vary
linearly, at least from the perspective of the measured quantity. It is important to note
that most properties of solvent mixtures do not vargdrly> 8

Figure42 a s h o yosfor Y@ asdhe composition of the solvent mixture
changes from purels-benzene to either pure BA (black circles) or pure GH@&d
S quar e ggand FWHM valaes leading to Figuré® and4.3 are included in Table
4.1. The full FTIR spectra are provided kigure 4.8 The change in the MO, 3co
displayed in Figured.2a is not linear in mole fraction for either BA or CH@h dg-
benzene. In both types of mixtures, the fb@mzene solvent has a stronger influence on
the carbonyl frequency than would be amtated from a linear projection between the

pure solvents. This indicates that there is indeed preferential solvation of tigari@
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by BA and CHC{ over ds-benzene, which decreases the availability of metal electrons

for backbonding. The solvation sl is heterogeneously distributed around the ligated
oxygen such that the local composition is not the same as that of the bulk solvent
mixtures. While there certainly may be preferential solvation of other portions of the
molecule as well, the lack ohca n g e doof V@-1h(EBigure4.2b) indicates that any
change in solvation for the other ligands is not reflected in a frequency shift of the CO.
While neither plot is linear in Figurd.2a, the BA mixtures exhibit a far less
linear trend. We observabat VGO, was much less soluble in BA than in either of the
other two solvents; it thus seems unlikely that the solute is surrounded by entirely or even
primarily BA molecules. What is far more probable is that any BA molecules present in
the solvationshell have a stronger influence on the carbonyl stretch frequency than the
benzene molecules. Considering that benzyl alcohol has a much greater dipole moment
and hydrogen bond strength thépbenzene (or chloroform for that mattéfj,’® 200201
the more prominent deviation from linearity is thus due to a stronger -sullvent
interaction and/or heterogeneous solvent shell composition with BA preferentially
solvating the @ ligand®®? In CHCL, this interaction with dioxygensiweaker, even
though the solvent readily dissolves \@5, |l eading to a cemsthe | i

mole fraction of CHGincreases.

n
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Figure 4.2: Carbonyl frequency3stg) for VC-O, (a) and VCI, (b) as a function of solvent
composition in mixtures ads-benzene and BA (black circles, green triangles) and mixturés of
benzene and CHg({red squares, blue diamonds).

The sol vent ¢omnsVE ssiapparent ih igurd.2b, where the
blue diamonds and green triangles show the center frequency in the @HCBA
mi xtures, respectivel y. Since tdyeludshr ee p
there is no variation of this parameter across the binary mixtures. The lack dfia shif

the b complex suggests that there are not specific sols@nte interactions with any of



107
the ligands, including the and CO, that modulate the electron density on the iridium

enough to change the extent of bddnding to the CO ligand. Sinceetimetalto-CO
backbonding is the primary factor dictating the carbonyl frequency, this does not imply

that the solvent shell composition is the same as that of the bulk.
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Figure 4.3: Full width at half maximum (FWHM) for the carbonyl stretch of \0g (a) and VG
I, (b) as a function of solvent composition in mixtureslgbenzene and BA (black circles, green
triangles) and mixtures ak-benzene and CH¢{red squares, blue diamonds).
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As noted above, d e gqgfar YI,, thehsgctral Imaskapes i t 1 v i

are not independent of the solvent. Figlizshows the width (FWHM) for the carbonyl
stretch of each adduct in both types of solvent mixtures. Here again, #igarmontains
the values for V&0, in BA mixtures (black circles) and s mixtures (red squares),
while Figure4.3b contains those for VG in BA mixtures (green triangles) and CHCI
mixtures (blue diamonds). In some cases, the FTIR bands show someedsyiisee
Figure 4.8), ando the widths in Figurd.3 are FWHMSs of th raw absorbance bands, not
Gaussian fit parameters. Both adducts show broadening as the mole fractign of
benzene in the bulk decreases. In the BA mixtures, bottO¥@nd VGl exhibit
greater broadening at low mole fraction than would be expeaieddrlinear variation in
solvent composition. This is most pronounced for theQ)BA/ds-benzene mixtures
(black circles), which reach their maximum width at 0.1 mole fraction of BA and broaden
very little at higher mole fractions. Combining this trend wh t h a¢in Fgure t he 3
4.2a, it can be said that the carbonyl peak shifts and broadens at low mole fractions (<
0.1), but then retains its linewidth and simply changes frequency over the rest of the
range of solvent mixtures. In the CH®@hixtures,both adducts broaden mostly linearly
in relation to the mole fraction. In every solvent composition, the peak e©)i1S
consistently broader than that of M&in the same solvent.

Based purely on the FTIR spectra discussed above, it is impossiblevbater
the broadening in Figurd.3 is due to changes in the homogeneous linewidth (arising
from the vibrational lifetime and pure dephasing in the sample) or differences in the

inhomogeneity of the systems (arising from the variety of solsehite configurations).
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An increase in inhongeneity would be a reasonable explanation of the broader peaks in

the more polar CHGland BA (stronger intermolecular interactions generally mean a
wider variety of environments) but the homogeneous lineshape can also be affected by
the solvent. It is inhese circumstances that nonlinear spectroscopies such as vibrational
pumpprobe spectroscopy can become useful in differentiating sources of broadening.
The dynamic contributions to the lineshape are the vibrational relaxation time (lifetime,
T.), puredephasing, and spectral diffusith?*'® Here we measure onlyTisolating that
contribution to the homogeneous linewidth and giving insight into its role in lineshape
broadening as well as the rate and possible mechanism @nsadhfluence on the
relaxation of vibrational energy.

Preferential solvation has a peculiar manifestation in the dynamics of the
solvation shell. Cichos and coworkers showed that the fluorescence Stokes shift that was
characteristic of a coumarin dye mcoholic solvents was achieved even at low
concentrations of alcohols in alkane/alcohol mixtures. Tri@selving the fluorescence
Stokes shift showed that the time scale for the solvation process around the excited state
was notably slower than in nedtahols® Likewise, Luther and coworkers reported the
time-resolved fluorescence Stokes shift of the same coumarin dye contained an
abnormdly slow solvation process in acetonitrile/benzene mixture solvénthe
mechanism of this process was elegantly described by Nguyen attdaStaaiginating
from the exchange of molecules from the first solvation shell-sxgudibrate around the
excited staté® Hence, the preferential solvation of a solute by one component of a binary

mixture over the other, which occurs for the VC adducts studied here (see Biguaed
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4.3), could have an influence over the time dependent reorganizatitire colvation

shell molecules. Viewing the role of the solvent in VER as modulating the force applied
to the soluté® it is conceivable that thergferential solvation might also affect the CO
relaxation times. In the following measurements, we use vibrational -puoie
spectroscopy on VC adducts in binary solvent mixtures to test for this possibility,
although 2DIR spectroscopic studies underwiayour lab are necessary to complete the
dynamical picture of the solvation shell.

In each solvent mixture, it is possible that the CO peak consists of two or more
populations corresponding tl-benzene and CHgbr BA, and that these subensembles
have diferent T; values. This could result from preferential solvation by domains that
are rich in one of the two solvents, and might lead to a pronounced frequency dependence
in the T. Al t er ncapeakmaylreflect atsingee heterogeneous populatitin
a single relaxation time. For O,, the solvatochromic frequency shifts among the pure
solvents (~10 cff) allow for spectral distinction between uniform or binary solvation. In
order to be certain that in choosing a particular frequency at wdidport the lifetime
we were not ruling out certain solvation environments, we compared;thaldes at

many fequencies.
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Figure 4.4: Vibrational lifetime (T,) as a function of frequency for VO, in 0.3 mole fraction

BA in de-benzene (black circles). Error bars represent the standard error of the fit. Overlaid are
the pump probe spectra for the same sample at delay times of 1 ps (blue) and 100 ps multiplied by
3 (red). The gray area represents the region averaged in tineedepalues for T(see text).

Figure4 .4 shows the values for the fits at most of the wavelengths (along with the
standard error of the fit) as a function of frequency for theQfGample in 0.3 mole
fraction of BA in dg-benzene. This mole fraction wachosen because it contains
significant amounts of both BA ardi-benzene andco in this mixture is some distance
from its value in either pure solvent, giving a high probability that binary solvation, if
present, would be visible. The spread of the @aid the errors on the fits show that there
are not statistical differences in @cross most of the-D and 12 transitions. The slight
increase in T at a few of the higher frequencies was also present in tH#gsTio the

pumpprobe spectra of the pisolvents. The Tof VC-O, in pure BA is almost 40 ps
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faster than purds-benzene (see Tabfel). Therefore, if the higher frequency portion of

the carbonyl peak was indeed from primarily B&rounded molecules, then in this
particulards-benzene/BAmixture one would expect a decrease irwith an increase in
frequency. We ¢ @@ak Isuadsmgle tinh@niogenedus popilation
represented by a single. T

Overlaid in Figuret.4, the pumpgoprobe spectrum for this same sample is shown at
1 ps blue) and 100 ps (red, x3) delay times. The positive peak represents the bleach from
the transient absorption from the ground state to the first excited std)eaf@ the
negative peak represents the signal from the transition from the first exciedosthé
second excited state-@). The difference between the frequencies of these peaks is
indicative of the anharmonicity of the system. If a binary population were present, we
would expect the shape of the spectrum to change dramatically oveonliigiine
delay®®* Instead, the shapes are nearly identical, confirming that the solvent mixture has
a collective influence on the; Tor these pumyprobe spectral bands. For the remainder
of the discussion, the; Values are reported as the average of the five pointsarnhe
maximum of the positive (@) peak, shown in Figu#4 as the grayed area, for each trial
(most data points have at least two trials associated with them). ;Mau€s for both

complexes in all solvents and solvent mixtures are compiled ire #dbl
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Table 41.T;, cosand FWHM values for binary solvent mixtures. Errors in parentheses
indicate the standard deviation from the mean.

solvent(s) mole 3co (cm™) FWHM (cm ™) T1 (ps)
fracton vyc-o0, vC-, VC-O, VC-l, VC-O, VC-,
0 2003.6 2068.9 16.5 8.0 92 (3) 194 (7)

0.1 2005.5 2069.0  17.2 9.0 94 (2) 198 (8)
0.3 2008.3 2069.6 17.8 103  101(3) 205 (7)
0.5 2010.2 2069.9 186  11.9 102 (1) 207 (6)

CHCLIn 57 20119 20702 192 137  106(2) 214 (7)
de-benzen

0.8 20125 20704 198 148 106 (2) 216 (6)

0.9 20138 2069.9 202 157 109 (3) 219 (10)

0.95 20145 20706 205 162  106(2) 221 (6)

1 20140 20700 212 167  108(2) 216(7)

0 20036 20689 165 80  92(2) 193(7)

0.05 20067 2069.0 189 85  87(2) 189 (13)

0.1 20085 20690 199 88  88(2) 188(13)

| 0.2 20098 2069.0 202 92  84(2) 181(12)

JOAN 03 20105 20691 204 98  78(1) 174(11)
s-benzen

0.4 2011.3 2069.2  20.2 9.9 76 (1) 165 (9)

0.5 2011.8 20695 202 103  73(2) 172 (10)

0.7 2012.5 20695 205 107  66(2) 150 (7)

2013.2 2069.4 205  11.4  56(2) 124 (10)

toluene 1 2003.6 2069.3  16.1 7.6 61 (4) 155 (5)
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Figure 4.5: Representative normalized decays for-@&¢(a) and VCI, (b) in neatds-benzene
(black circles), BA (red triangles), and CH@blue squares). Markers represent data points and
lines illustrate the single exponential fits to the data.

Representative decays of the bleachddtfansition for VCO, and VGlI; in pure
solvents are shown in Figurdssa and4.5b, respectively.Decays for all the mixtures
with their fits are shown in Figures 4.9 and 4.1the markers represent the normalized
experimental data and the lines show the single exponential fitswWioan theT; was

obtained. The signdb-noise ratios for all datasets in this study are comparable to these
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decays and the fits are of similarly high qualityrhe full data and fitsare shown in

Figures 49 and 4.10 For both adducts, BA has the fastetaxation time, CHGlhas the

slowest, andls-benzene is intermediate (though closer to GHCI

115 - # # %
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e
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Figure 4.6: T, normalized by the lifetime of purds-benzene (¥ Tipenzenp @S @ function of
solvent composition. V&, in BA mixtures (black circles), V@, in CHCl; mixtures (red
squares), V&, in BA mixtures (green triangles), and M&in CHCl; mixtures (blue diamonds)
are shown. Error bars represent the standard deviation from the mean

It was anticipated that theaxbonyl would relax much more slowly on Mg
compared to V€O, in light of literature work on the relationship between vibrational
frequency and relaxation tint& A high frequency mode relaxes primarily through
intramolecular channels, whereby anharmonically coupled accepting modes in the solute

become excited. For the intramolecular process, the solvent bath semwveslutate
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these interactions and donates or absorbs additional quanta of energy that conserve

energy in the overall process (solvassisted intramolecular relaxatigfy. If this
relaxation process is inefficient, intermolecular relaxation into solvent accepting modes
can also become a viable relaxation chaftéP® The intuitive picture is that, as long as

the relaxation pathway remains the same, a higher energy mode should take longer to
relax as more lower energy modes must be excited for relaxation to ocdlurandd
coworkers demonstrated a linear relationship betweerTite n do far a library of
metalloporphyrins in which the lifetimes became longer with increasing freqd&ncy.
However, that trend was not consistently followed when the solvent alone was changed.
For a series of simple chlorinated solvents they reported only minor changeshiat T

were not correlated Wi hco. 3They concluded that VER proceeded primarily through

i ntramol ecul ar ¢ hann e-systemfof tleerporghyrirg and that theo n y |
anharmonic coupling of these channels was not perturbed by the nature of the solvent.
When a more structally complex dibutylphthalate (DBP) solvent was used they
observed a 40% decreaseTiy which was partly attributed to intermolecular relaxation

into the solvent on a time scale that was competitive with intramolecular relaxation due to
the large densityof states on DBP and its strong HAoonding interactions with the
porphyrin’® It is worth noting that the relaxatiotimes of their systems were on the
order of 510 times faster than those for the molecules we studied here. Heilweil and
coworkers reported drastic changes inwith a change in solvent in their study of metal
hexacarbonyls when only very small changesco accurred®® In contrast, King and

coworkers found minimal changes in the CO lifetime in a rodtbonyl system, despite
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changes in the number of hydrogen bonds that perturbed the CO frequencies and

hindeed intramolecular vibrational redistribution (I\VE).

The T, values for the VC adducts above are only partly consistent with these
studies. All of the V@, decay times are longaghan those of V&, in the same
solvents. Yet, our results in Tablel illustrate clearly that solvent effects opdre not
well-correlated with frequency changes for VC adducts. Comparing the frequencies and
Tis for t he neadf VGO in BA and GHC} atetsimilarsand higher in
energy than irdg-benzene, but the;Trend is BA <ds-benzene < CHGI Additionally,

VC-I, shows the same neat solvent trend inwhien there is virtually no change in center
frequency. One explanation for etfe differences is that the solvasskisted
intramolecular relaxation process is enhanced by BA but inhibited by {HGWwever,

based on the time scales of thegs {up to 200 ps), this channel is inefficient for these
complexes, and intermolecular egertransfer to the solvent is probable. Since VER
becomes faster as the solvent molecules increase in size, the process is apparently
modulated by intermolecular relaxation into the manifold of solvent accepting modes,
which has a greater density of sgafer the larger, more complex speci&€®

In order to more closely examine thenco e ct i o n cobaad W enme n 3
determined the relaxation times across binary mixtureg-b&énzene with BA or CHGI
Figure4.6 shows the Tvalues normalized by the lifetime in negtbenzene for V&0,
and VCI, as a function of the mole fraction ofABor CHCk. This normalization was
done to better enable comparison between adducts. Again, black circles represent VC

in BA mixtures, red squares represent -@¢ in CHCL mixtures, blue diamonds
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represent V@, in CHCl; mixtures and green trianglespresent VGI, in BA mixtures.

The error bars represent the standard deviation of all frequency points averaged (five for
each trial, see Figu#e4 and discussion).

Comparing the trends shown by each adduct;4Gnd VClI, in both solvent
mixtures show very similar proportional changes in; Twith changing solvent
composition. The CHGImixtures for VGO, (red squares) and (G (blue diamonds)
show a monotonic increase in ds theds-benzene is progressively replaced with CHCI
In the T; values fordg-benzene/BA mixtures, unlike the CH@hixtures, VER is faster as
the solvent moves toward a higher fraction of BA.

If the changes shown in Figudes for the BA (CHC}) mixtures were due to an
increase (decrease) in the rate of IVR caused by a change in the density of states in the
VC species, one would expect t haowouldibee mol e
pertur bed. o forVE&-W éswnearly, unaffeted by the nature of the solvent
(Figure 4.2b). Therefore we attribute the decrease irtoTa change in the density of
states in the solvent into which intermolecular relaxation occurs. This is not unexpected
since BA is a larger molecule than benzane should have more degrees of freedom.
Despite t he coffoa @O, shiftatb highdr energies on going frotg-
benzene to either BA or CH& lthe rate of carbonyl relaxation in BAcreasescontrary
to the expectation for a primarily intraftecular relaxatiort®® This is a furtheindication
that VER is significantly affected by intermolecular relaxation into solvent modes for

these adducts.
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In order to further test this evidence, we also examined the relaxation times of

VC-O; and VCI; in toluene. The IR spectrum of toluene is ilamto that of benzyl
alcohol in the high frequency range of the spectrum close to the CO stretchl@&ID0
cm™) but similar todg-benzene and CHgIn its lower frequency 50650 cm* range (see
spectra inFigure 4.7. This range was chosen to asdertashether the relaxation
pathway proceeds through the solute vibrations closest in energy to the carbonyl. In both
VC-O, and VGI, these vibrational peaks appear at ~1435"cfattributed to the
triphenylphosphine ligands) and so 570 trand 635 cni are the approximate
differences between these vibrations and the CO stretch foilOx@nd VCl,
respectively. The resulting lifetimes are given in Tahle and are much closer to the
lifetimes in BA than either CH@Glor ds-benzene, again supporting thgermolecular
model of relaxation. Also shown in Tablel are both the center frequency and FWHM
of each adduct in toluene. Thego for VC-O; in toluene is also very similar to that in
neatds-benzene, another indication that frequency is not the rdetieng factor in the
value of the relaxation time for these systems.

Returning to Figure4.6, we note that the ;Tvalues for both adducts in BA
mixtures decrease in a linear fashion. In the GH@xtures, they increase linearly. This
shows that the saoltion shell composition in the vicinity of the CO varies
proportionately with the bulk solvent composition for both adducts in both mixtures.
This is strikingly dtodfinfFguretBa andfsuggests thahtke b e h a
specific strongersobnts ol ut e i nteractions thaddomtr e res

have a noticeable effect on VER for the carbonyl. The evidence accumulated in Figure
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4.6 and compared to Figue2 indicates that the relaxation of the carbonyl vibration on

VC-0O, andVC-I; is not sensitive to the same influences as the solvatochromic response
0fco3 The s hayemus mdle fractiom of diluent is not reflected in the T
plots with the same independent variable. Similar proportional changes ameT
observed over the full mol e f r ac tcdobthe soluterisge r ec
sensitive (VGO,) or completely insensitive (VG) to the solvent. The vibrational
frequency is tuned by the extent of bdmdnding from the iridium, which is strongly tie
to the strength of the solvent interactions (or lack thereof) wittréimsligand (Q or I).
VER has a significant contribution from intermolecular relaxation channels that rely on
coupling to the CO ligand rather than interactions withtténes ligand.

As mentioned previously, the lifetime is one of several variables that determines
the linewidth of an absorbance. The homogeneous lineshape containsathevdll as
the pure dephasing time{J. If the lifetime decreases, with consistent pdephasing,
then the homogeneous linewidth will increase as dictated by the uncertainty principle. In
spite of the fact that, in solution, the homogenous peak is usually buried under large
amounts of inhomogeneous broadening, changes to its width dacostiibute to the
linear lineshape. This could explain the difference in the ranges of widths covered by the
two adducts in Figurd.3. The lifetimes of VA, as seen in Tablk.1 are always longer
than VGO, in the same solvents and so the homogenweadth of the VGO, carbonyl
stretch is expected to be consistently larger than its counterpart-ia. Vthe VGO,
FWHM exhibits this expected trend. Without knowing that i$ the same for the two

adducts in the same solvent, it is impossible to sidly @ertainty that this is the cause,
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but there is at least a correlation between the linewidth differences angstfer VG,

and VGO..
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Figure 4.7: Neat solventFTIR spectra fords-benzene(black), BA (red), CHClblue), and
toluene (green). Spectra to the left of the dotted line were collected with a 25 micron path length,
spectra to the right of the dotted line were collected with a 150 micron path length.

Examining the trends in Figurdss and4.3 as the sekent composition changes, it
is clear that something beyond the change in this &ffecting the width. Both CHEI
and BA mixtures exhibit broadening in the FWHM, but only the BA mixtures show a
corresponding decrease in vibrational lifetime. The cdouation to the homogeneous
linewidth from T, in the CHC} mixtures is actually decreasing with increasing mole

fraction. Furthermore, even in the BA mixtures the lifetime shows a gradual, linear
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change while the width increases rapidly to its value atn@ole fraction and then

plateaus. We hypothesize that these differences are due to inhomogeneous broadening
and/or dynamical differences induced by a range of solvent configurations and their

interconversion; further experiments are required to affirm this

4.5.Conclusions

We measured the FTIR and pwpmbe spectra and decays of two different
adducts of Vaskads complex in two sets of
exhibited solvatochromism of the carbonyl stretch in the mixtures, while the iodine
adduct did not. Although we observed higlsep values and longer 1§ for VG,
complexes relative to VO, the positive linear correlation between these two variables
that has been reported for a different class of compounds generally does not hisd in t
case. The frequency of the CO stretch is sensitive to the solvation environment gf the O
ligand for VGO,, while the vibrational lifetime is sensitive only to the solvation
environment of the CO. The dissimilarities between theand FTIR trends aoss the
binary solvent mixtures and the similarity of theiff toluene to that in BA show that the
vibrational relaxation for these VC adducts is strongly affected by an intermolecular
pathway involving the solvent vibrational modes rather than beingnéded by solvent
mediated IVR.

The width of the CO stretch absorption is sensitive to configurational influences
that elude the 1 indicating that there is likely some inhomogeneous component to the
broadening. But the consistent difference betweerO¢@nd VGI, widths in the same

solvent mixtures is possibly due to homogeneous broadening, sincedls® Exhibits a
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similar spread.From this and previous chaptesspicture is emerging of this carbonyl as

an exquisitely sensitive probe of the euial solvation environment of the molecule.
The linear spectrum is strongly affected by the solvation of the catalytic active site when
a sidebinding ligand like Qs present. Furthermore, since the relaxation time responds
entirely to the environmeénaround the carbonyl, it could be used to decouple the
influences from the front and back sides of the molecule. This study shows that the
dynamic influence of preferential solvation is not reflected in the VER of the carbonyl,
though it may still be opational in other dynamical solvation processes. AIRBtudy

of thee systems is given in Chapters 5 andvBich will give further insight into the
solvent influences on the carbonyl and the contributions of homogeneous and

inhomogeneous broadeningtte linear lineshap?.

® The authors gratefully acknowledge funding from the National Science Foundation
under CHEO8473%
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Figure 4.8: Baselined, solvergubtracted, and normalized FTIR spectra for-@Cin a) dg-
benzene/BA and bjls-benzene/CHGI mixtures, and V@, in c) ds-benzene/BA and dis-
benzene/CHGImixtures.
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Figure 4.9: Pumpprobe decays at the peak of th& @ansition inds-benzene/BA mixtures for
a) VG0, and b) VClI,
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5.1.Chapter Summary

As was seen in Chapter 4, linear absorption spectroscopy of the Hodiund
carbonylon aniodatedd duct of Vaskads complex has sh
frequency is insensitive to solvation by a broad range of solvents while the spectral
linewidth changes significantly. The spectral broadening is more significant in
chloroform than benzyl abhol, which is puzzling considering that benzyl alcohol is
considerably more polar. In this study, -B® spectroscopy was performed on this
vibrational mode to dissect the linear lineshape intbataogeneouand inhomogeneous
contributions in binary seent mixtures of either chloroform or benzyl alcoholds
benzene. The full frequendsequency correlation function was determined, including
the homogenous linewidth and fast spectral diffusion. We find that the magnitudes of
frequency fluctuations antthe time constants for spectral diffusion are the most notable
changes in chloroform and benzyl alcohol, respectively, yet it is the fluctuation
magnitudes in both solvent mixtures that most clearly explain the linear linewidths. The
homogeneous contriions were found to either stay the same or decrease as the more
polar solvent was added tlg-benzene, thereby implicating inhomogeneous dynamics as

the dominant broadening mechanism.
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5.2.Introduction

Although it is often the average peak frequency thatiged in vibrational
analyses, there is a wealth of information contained in spectral lineshapes that is lost in
linear spectroscopy, particularly the dynamic interactions of the solvation shell molecules
with the solute of interest. In the condensed phtee linear lineshape can be considered
as a heterogeneous collection of ®msembles, each of which characteriaggarticular
solventsolute configuration (see Figure 5.1). This inhomogeneous distribution is often
well-approximated by a Gaussian lihnepe whose width is notably larger than any of the
underlying ensembles and describes the full rangmlekEntsoluteconfigurations in the
sample. These chemical microstates are dyndntieey have the potential to change
their mean frequencies as saisolute configurations interconvert over a continuum of
time scales. These time scales may be measurable as spectral diffusion or appear to be
static for a given technique. As was discussed in Chapter 2, the contributions to the
individual subensemblelinewidths (i) are also dynamic being dictated by pure
dephasing (F), population relaxation (i), and solute reorientation {E&n) according
t0:116-117, 207-208

111 1
0 =—=—x¢+ +
T, T, 2T, 3Ty,

(5.1)

Hence, the overall FTIR linewidth is a combination of inhomogeneous and homogeneous
broadening phenomena, both of which are dynamic yet appear to be static through the

lens of the FTIR measurement
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The convolution of inhomogeneous and homogendwaadening contributions

means that all of the dynamic solvemiute interactions beneath the FTIR lineshape are
indistinguishable. Fortunately, nonlinear IR spectroscopy can be used to recover this
information. The Tand Toient times can be measured directly by polarizatontrolled

IR pumpprobe spectroscopy to reveal the mechanisms of energy relaxation and the role
of the solvation environment in facilitating or inhibiting molecular rotatfdrf® T,*

can be quantified by 2R spectroscopy to determine the time scales on which the
vibrational frequencies are modulated by their surrounding environments without
relaxation®® 110 145 148150194 1, addition, this technique can be used to characterize the
inhomogeneous dynamics of spectral diffusion, allowing full characterization of the

origins of spectral broadening for a vibrational moté*’

inhomogeneous
lineshape y

spectral spectral
diffusion diffusion

homogeneous
lineshape

Figure 5.1. Diagram of an inhomogeneously broadened FTIR (linear) lineshape composed of
numerous homogeneous (blue and red)-engembles, each representing a solgehite
configuration. The configurations have a homogeneous linewigjtard may spectrally diffuse

to other mean frequencies as configurations interchange.

In this study, we use 2[R spectroscopy’® 110 145 148150 194 55 \well as the IR
pumpprobe results from Chapte#.to explore the origins of spectral broadening for a

metatbound CO vibrational mode across two binary solvent mixtures. The solute of
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interest is bis(triphenylphospte) iridium(l) c ar bony | chloride, or

(VC),B82 156 that has been converted to the iodated adduct by oxidative addition of
iodine (VG1,).1%

VC is an organometallic catalyst best known for its ability to reversibly bind and
release oxygen, making it a modgbtem for biomimetic oxygen transport!®® It has
also been shown to reversibly bind molecular hydr&tErbut irreversibly add iodin&?
and to serve as an efficient catalyst for a number of chemical reactions following
oxidative addition of the substrate® " 163188 The carbonyl ligand on VC adducts is
trans to the bound addend and is sensitive to the oxidation stae ictithm}"**"? but
also to the nature of the addend it$&t'°* VC-I, presents an interesting case in which
the average vibrational frequency of the CO is unchanged for a broad range of solvents,
indicating that the oxidation state of the metal is nearly taoms yet the spectral
linewidth changes dramaticaf{*2*°

As stated above, méinear IR techniques can be used to separate the relative
contributions to FTIR spectral broadening and will be used here to characterize the
broadening influences for the CO on £ Binary solvent mixtures of chloroform
(CHCIl3) and benzyl alcohol (BA) ids-benzene were selected as two cases in which the
extremes of spectral broadening were observed and a variety of sabuetet
interactions were present. By mapping the dynamical contributions to the lineshape onto
a coordirate in which the bulk solvent composition was varied linearly, we were able to
test for preferential solvation dynamics of the solute within the first solvent shell.

Solvation dynamics studies have also shown that binary solvent mixtures may have



132
dynamicé processes that are distinct from either of the pure solv@Ats*® Such non

additive behavior can be valuable when attempting to use solvation interactions to tune
the response of a solut€?!’ By combining these results with our previous
measurements of the linear spectroscopic changes and the vibrational lifetime of this
mode discussed in Chapter 4, we are able to pravenplete picture of the factors that

lead to spectral broadening for the carbonyl onlY (@ these solvent mixtures.

5.3. Experimental Materials and Methods

Bis(triphenylphosphine) iridium(l) <carb
Sigma Aldrich), diloroform (CHC}, 9 9. 8 %, Sigma Aldrich), ber
Sigma Aldrich), perdeuteratedsf)benzene (99.5% D, Cambridge Isotope Laboratories,

Inc), and iodine (99.8%, Fisher Scientific) were used as received.

VC-I,sol utions were prepared by dissol vi ng
of iodine in 2 mL of solvent. These solutions were first capped and parafilmed and then
sonicated for at least 1 hour in a water bath. All solutions fifexeed through a 0.2 pm
syringe filter beforebeing placed in the sample cell. Typical VC concentrations were 4
mM. Solutions were used withi& daysof preparatio. Solutions of the mixed solvents
were stored in small vials with minimal headspace to reduce possible solvgrustion
changes due to evaporation. The sample cell had a path lengthesh150

Infrared spectra were collected on a Nicolet 6700 FTIR spectrometer (Thermo

Scientific) with at least 16 scans and a typical resolution of . ciR pumpprobe
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spectra wer collected for all samples in a previous study and were used for phase

corrections to the 2{IR data”*® %
The laser system used for 2R and pumpprobe spectroscopyas the same as
that described in Chapters 2 and Bhe resultingspectrawere then analyzed using the

¥m center line slope (CLS) procedure developed by Kaa#l coworkers in order to

extract theFFCFfrom the 2DIR data directly, as described in Chaptét®2*’

5.4.Results and Discussion

The frequency of the carbonyl stretch on-\4Gs effectively invariant to solvent
composition for a wide range of solvents, including the three studied'%er®. In
contrast, the FTIR linewidth changes significantly as the bulk solvent composition is
varied linearly in binary mixtures of either CH@Ir BA in dg-benzené®* ?*° Herein we
define the solvent composition by the mole fraction metric, but we have also considered
the data as &unction of volume fraction and found the observed trends to be the same.
Figure5.2 shows the FWHM values for the CO vibration on-{Gs a function of the
mole fraction of CHC (black circles) and BA (red squares). The full linear spectra are
availabk in previous publication$* %'° The change in spectral width is most drastic in
the CHC}/ds-benzene mixtures, varying monotonically and in a mostly linear fashion
from 8 cm' in pureds-benzene to nearly 17 ¢hin pure CHCL**° A linear variation of a
spectral variable with the solvent moledtian would indicate that the static and dynamic
influences of the solvation shell(s) on the carbonyl frequency change in a proportional

manner. This does not imply that the solvent shell composition is the same as the bulk
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solvent mixture, which it likel is not, but simply that it changes uniformly as the bulk

composition is varied. If nonlinear behavior is observed, this is interpreted as preferential
solvation in which the solvent shell composition and/or dynamics are more heavily
dominated by one seént over the othél: 18192336

A closer examination of the CHgdlata in Figure 5.2 reveals a slight variation in
slope when only the first or last three points are fit to a line. The bulk composition of the
surrounding solvent is changing linearly, but the influence on the linewidth is not
perfectly linear over thentire range. We see that the broadening is slower (lower slope)
at solvent compositions that have a majoritgg@benzene than those that have a majority
of CHCl;. Whatever the underlying origins are for carbonyl FTIR lineshape broadening,
which is thesubject of this paper, they are preferentially affectedddigenzene over
CHCI; and require higher bulk concentrations of CkGéfore the influence of this
secondary solvent dominates. Using the point at which the trend lines cross we can say
that betwer 0.5 and 0.6 mole fractions of CHGhe linewidth trend begins to converge
on the neat chloroform FWHM. Although the total broadening is smaller for the
carbonyl vibration in BA mixtures in Figure 5.2 (note differerdxys scale), it is more
clearly nalinear indicating preferential solvation of Mg by this solvent overds-
benzene. The low and high mole fraction trend lines cross between 0.1 and 0.2 mole
fractions and the low mole fraction line has the higher slope, indicating that a small
amount of B\ has a disproportionately large influence on the FTIR linewidth dyer

benzene.
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Understanding the reasons for the nonlinear evolution of the CO linewidth for

VC-l; is the purpose of this study. As mentioned above, the dynamical variables that
contribute to thespectral linewidths are,T, T1, and Tyriens and we can directly quantify
these contributions with IR pungrobe and 2EIR spectroscopies. We have previously
reported the vibrational lifetimes for this complex in the CH&Id BA binary mixtures

with dg-benzené™ It was shown that Tincreases linearly in CHglbut decreases
linearly in BA, despite the fact that both show an increase in the overall linewidth (see
Figure 5.2), indicating that some other factor is the likely cause of this broadening. In

addition, the T values for the V@, carbonyl in these solvents are so long that their
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contribution to the overall lineshape is comparatively miniscule. For example, the

vibrational lifetimes in neatls-benzene, CHG] and BA are 193, 216, and 124 ps,
respectively, whictcontribute 0.03, 0.02, and 0.04 ¢rto the homogeneous linewidth.
Based on its molecular size, we can estimate that:Ts of order of hundreds of ps.
Similarly-sized complexes were reported to have rotational timek50fi 400 psin
solventsof gmilar viscosity to those used in this study, also giving a small linewidth
contribution 0f0.021 0.009 cnt?**?% This number would be similar in all solvent
mixtures since the solute is the same throughout these stivitbeing forward, we
conclude that the contributions of; Bnd Tyient t0 the lomogeneous lineshape are
negligible and focus our attention on determining the time scales*o&nd spectral
diffusion as measured by 2IR spectroscopy. As we will show below, this
approximation is justified since these two terms contribute only apkeneent of the
homogeneous linewidth.

Representative 2[R plots give qualitative insight into the dynamics present in
these systems. The 2B spectra for every Jmeasured for all binary solvent mixtures
areprovided in Figures 5:8.22. Figure5.3 shows the 2DIR spectra at a short (0.3 ps,
top row) and a long (30 ps, bottom row) for each of the three neat solvents and their
corresponding 0.5 mole fraction mixtures. A-E®Dspectrum is a frequency correlation
plot for the subensembles beneath tHERFlineshapg?®® 10 145 148150 194 Tha req
positivegoing peaks show the bleached v=0 to v=1 transition, while the blue negative
going peaks are the v=1 W2 vibrational excited state absorption that is shifted by the

anharmonicity to lower frequencies. Assuming sufficient separation betweerlthad
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1-2 peaks, the projection of a diagonal slice through the8ak onto either axis reflects

the linear ineshape, which is of course more easily obtained from an FTIR measurement.
However, new information is obtained along the antidiagonal dimension of tHR 2D
spectrum. In the absence of spectral diffusion of oscillators from one solvent
configuration toanother, the antidiagonal width reports the homogeneous lineshape. In
most cases interconversion of molecular-enbembles driven by the reorganization of
solvent molecules in the first few solvation shells leads to broadening along the
antidiagonal dirension as [ increases. Even at short,sl (top row, Figure 5.3),
presumably some spectral diffusion has occurred and an antidiagonal slice is already
broader than the homogeneous linewidth. After describing the qualitative features of the
2D-IR spectra blow, CLS decay analysis will be used to quantitatively characterize the
homogeneous and inhomogeneous contributions to the Y&bonyl lineshape for each
of the binary solvent mixtures.

Figure 5.3e (top middle frame) shows the ear)2D-IR spectrum fods-benzene
with characteristic diamonrshaped peaks that indicate that the lineshape is primarily
homogeneously broadent#.?*! At this T,, there is some elongation along the diagonal
due to inhomogneity, but the peaks become symmetric by 30 ps (Figure 5.3f) through
spectral diffusion. Moving to the left, thig-benzene is progressively diluted with CHCI
and the lineshapes become diagonally elongated. The dramatic broadening with
increasing propdion of CHCk shown in the FTIR spectra is reflected here.
Qualitatively, the lineshapes do not differ largely apart from the broadening and loss of

the diamond shape. At 0.3 ps, the frequencies of the CO stretch during the initial and
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final coherences are strongly correlated with one another. By 30 ps this is no longer the

case; each of the lower spectra shows a rounded lineshape. The same trend is observed
moving to the right of the middle frames in Figure 5.3, dilutingdibenzere with a

more polar solvent, though for BA the broadening is more modest. In contrast to the
CHCI; mixtures, there are clear dynamical differences shown in these spectra. Notice
particularly that the peak is slightly thinner along the antidiagonal diowens pure BA
(Figure 5.3i) as opposed to the 0.5 mole fraction mixture (Figure 5.3g). Comparing short
to long T,s for binary mixtures of CH@I(Figures 5.3&.3d) to those of BA (Figures
5.3¢5.3)) shows that all of the dynamics have been sampled g 80 CHC}, whereas

the BA samples remain visibly elongated along the diagonal. The GA@ts-benzene
solvation dynamics have enabled all of the carbonyl oscillators ey YCsample all of

the available frequencies under the linear lineshape bygs3®ut in BA and BAls-
benzene mixtures some oscillators still remain partially correlated with their starting

frequencies.
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Figure 5.3.2D-IR spectra collected at,= 0.3 ps (top row) and 30 ps (bottom row) for a) and b)
neat CHCJ, c) and d) 0.5 molé&action CHC} in de-benzene, e) and f) ned¢benzene, g and h)
0.5 mole fraction BA irds-benzene, and i and j) neat BA.

In order to quantify the dataye used the CLS;, method outlined by Fayer and
coworkersand previously mentioned in Chaptef*2''’ Recall that this method takes
slicesparallel to the ya x i g) in(Figure 5.3 andits the positive going maxima to a
peakfunction. These peak pointseathen connected to form a line that tracks the ridge
over the 01 transition. For these data &, increased in the 2IIR pulse sequence, the
slope of this line evolved from a positive slope whes peak shape was elongated along
the diagonal (e.g. Figure 5.3a) to a slope of zero when spectral diffusion was complete
and the band shape was horizontally symmetric (e.g. Figure 5.3b). The CLS decay is
commonly modeled as a sum of exponential decayshas been rigorously shown to

provide a normalized analogue of tHeFCF!'**’ The FFCF also includes
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homogeneous term, which will be discussed below. In the limit,0oE (CLS ¥y

intercept), deviations of the CLS from unity are the result of homogeri®oadening
and very fast spectral diffusiorlJsing the linear spectryrthis normalized deviationan
be used to determine the acthamogeneous linewidth and the unnormalized FFCF with

amplitudes and time constants that are directly comparable to the results from MD

S116117, 153 222

simulation

CLS

CLS

Figure 5.4: CLS decays as a function of, Tor binary mixtures of a) 0 (black), 0.1ef), 0.3
(blue), 0.5 (green), 0.7 (orange), 0.9 (lavender), and 1 (purple) mole fractions GHGY
benzene; and b) 0 (black), 0.05 (brown), 0.1 (red), 0.2 (pink), 0.3 (blue), 0.4 (lavender), 0.5
(green), 0.7 (orange), 1 (purple) mole fraction BAdibenzene. Overlaid solid lines are the
multi-exponential fits to the data markers.
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Figures 5.4a and 5.4b show the CLS values as a functio of/drlaid with a
multi-exponential fit for both types of binary solvent mixtures. The markers represent a
mean CIS measured for between three to six differentiRBpectra and the error bars,
which in many cases are smaller than the size of the markers, show the standard
deviations from the mean. The solid lines are a rexjtionential plus a constant fit to
the canplete set ovalues (not simply the mean), anidcan be seen that the sigieal
noise ratio is very high and the fits are very good. The black curve in each frame shows
the CLS decay in neat-benzene, and it is clear that both Ckl@hd BA have the effect
of increasing the yntercept. Consistent with the 2B spectral observations in Figure
5.3, the CHG mixtures show decays that reach their minimum values at similar times
well before 50 ps. The BA mixtures take increasinglykmo decay, indicating that the
dynamics are slower. The best fit parameters to these decags/emein Table 5.2.
However, it is instructive to view these graphically to assess the dynamical trends.

The FFCF was modeled according to Equation 5.2egxin the case of pure
chloroform, where only the first two terms were necessary:

_‘V“(l 2 -t 2 t 2
FFCtF—T—ZCQeXﬁ+CQEX|EZ+Cp) (5.2)

The time constantd)and() in this equation were obtained directly from fitting the CLS
decays in Figure 5.4, which hasen shown to be highly accurat&*’ However, the
amplitudes of each exponential contribution ass@ntFCF normalized to unity and the
y-intercept is likewise normalized and may include contributions from very fast spectral

diffusion. Following the procedure by Kwak and coworkers, the amplitudes from the fits
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to the CLS decays and the linear FWHMs wased to calculate approximate values for

the unnormalized amplitudesg) and B.2'*!’ These startingalues were then applied

to a FFCF and the first order response function was used to reproduce the linear
lineshape. The amplitudes, as well as the central frequencies, were iteratively varied to
fit the linear lineshape. Onlgpvalues for those terms where the time constants were
small compared with the free induction decay (FID, obtained from the Fourier transform
of the linear spectrum) were allowed to float, where small is defined as less than five
times the FID decay time.The CLS method was developed using the st
approximation, which underestimates the valuesgpand ; due t o t he met
inability to distinguish between homogeneous terms and fast (compared with FID)
spectral diffusion Thus, the floatedp and T, values were constrained to only increase
from the estimated values. In all cases,giealues that were fit did not change from the
initial guesses. The wings of the lineshapes of the linear spectra in mixtures containing
the majority of CHG did not fit well due to the asymmetry of the pe&k?*° but the

widths were well reduced. The fit parameters are given in Table 5.1. The fitted
center frequencies ang Values are given in Table 5.3. The homogeneous linewidths
were calculated from the,Values using Equation 5.1 and are also included in Table 5.1.
The errors oneach parameter are included in parentheses as a single () value or

independent positive and negative-J+alues.
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time constant, ps

0.0 0.2 0.4 0.6 0.8 1.0

mole fraction CHCI,

Figure 5.5: Graphical representation of full FFCF parameters for binary mixtures of {m@

benzene showing a) tté (black circles)and} ( r e d s qu ay(ebsl )a cakn dc ilfred lae s) a
squares). Error bars in a) represent the standard error of the fit. Positive error bars in b) show the
range of values for which the FTIR lineshape is fit 98% as well as thevdlest Since the

amplitudes were constrained positively (see text), the negative error bars in b) represent the
propagated error of the CLS fits.
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Table 5.1:FFCF parameters for BA and CH®@linary mixtures irds-benzene.

m.f. &g (rad/ps) U (ps) e (radlps) G(ps) & (rad/ps) g (%n
CHClz in dg-benzene
. 0.47 2.4 041 oo 012 2.3
(0.02/0.12) (0.5) (0.01/0.12) 08 03005  (0.1/0.1)
0.44 2.0 0.57 0.10 1.9
01 0o02010) (05 (001009 6810 (0oz003 (0.1/0.1)
0.49 15 0.68 0.10 2.3
03 004004y (02 (01004 90D  (wo7002) (0.2001)
0.42 1.4 0.86 0.10 2.2
05 010004) (04) (0020003 880D (015002 (0502
0.36 1.6 1.03 0.17 1.9
07 027007 @0y (05004 108 (026002 (1.6/02)
0.38 1.6 1.20 0.13 2.1
09 042007 @3) (10003 °2CD  (0sa002) (2600.1)
1.34 2.2
1 ©0.11/0.002) -7 (01 (0.3/0.3)
BA in dg-benzene
0 0.47 2.4 041  70(16) 012 2.3
(0.02/0.12) (0.5)  (0.01/0.12) (0.03/0.05)  (0.1/0.1)
0.05  0.39 1.8 053  59(11) 014 25
(0.02/0.19) (0.7)  (0.01/0.18) (0.02/0.07)  (0.1/0.1)
0.1 0.5 2.2 047  96(1.8) 016 2.2
(0.01/0.1) (0.4)  (0.01/0.1) (0.02/0.04)  (0.1/0.1)
0.2 0.35 1.4 062  7.6(08) 018 1.9
(0.03/0.09) (0.6) (0.01/0.07) (0.02/0.03)  (0.1/0.1)
0.3 0.52 3.6 056  123(21) 017 1.6
(0.01/0.12) (0.8)  (0.01/0.12) (0.03/0.05)  (0.2/0.1)
0.4 0.56 4.2 053  159(24) 021 1.6
(0.01/0.08) (0.6)  (0.01/0.08) (0.02/0.03)  (0.2/0.1)
0.5 0.45 2.6 066  16.8(15) 022 15
(0.02/0.04) (0.5)  (0.01/0.04) (0.02/0.02)  (0.1/0.1)
0.7 0.53 5.6 062  268(36) 025 0.9
(0.01/0.05) (0.9)  (0.01/0.06) (0.02/0.03)  (0.1/0.1)
1 0.62 75 065  454(93) 018 0.7
(0.01/0.05) (1.0)  (0.01/0.04) (0.03/0.06)  (0.1/0.1)
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Figure 5.5 pl ot s ;vales ofthé ergoneatial c@snpoments af a n d

the determined FFCF. All decays were fit well with a biexponential (plus a constant
offset) except for the neat CHClwhich was sufficiently modeled with a single
exponential. Within error, the time constantsdpectral diffusion are independent of the
mole fraction of CHGJ, having values of ~2 ps and ~8 ps in all mixtures. It is obligatory

to state that connecting the time scales from the FFCF to microscopic events is not
readily achieved with 2BR alone. Wiat we can say is that the characteristic time scales
for frequency decorrelation, regardless of their molecular origins, are unaffected by
changing the CHGIds-b e n z ene ¢ o mp ¢ salugsi(Figare 5.5b),Thoweverge

show that there is a steady incgean the magnitude of the ~8 ps dynamics while the ~2

ps dynamic contribution diminishes and vanishes in neat ¢HCI Conceptual |l y.

values indicate the magnitude of the frequency fluctuations that are being modulated on a
time scale olj. Withnochanges in the time scale of a
leads to faster decorrelation of vibrational modes in the ensemble, a faster free induction
decay, and therefore a broader linear lineshape. Taken together, these two frames paint a
picture d spectral diffusion that is driven by two dominant processedsinenzene,
perhaps a molecular motion in Mg that modulates the carbonyl frequency and is
coupled to the solvent shell and a proximal solvent motion that more directly affects the
CO mode. Although this is conjecture in the absence of corroborating simulations,
Figures 5.5a and 5.5b might then show the change in the intramolecular potential in the
former case with additional CHECANnd the loss of the latter contributiondgdbenzene is

progressively diluted and replaced with CH@i the solvationshell. Within the error

1
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bars of these measurements, shevalues change in an effectively linear fashion with

mole fraction, but it can be seen in Figrba that the longer time constants of spectral
diffusion show a slight increase up to about the 0.5 mole fraction before leveling off.
Here we see that theme constant$or spectral diffusion are the only parameters in the
FFCF that show any correlatianith the change in the rate of broadening in Figuge

It is a minor effect, but the time constant getting slightly longer would cause the rate of

broadening to be somewhat slower up to 0.5 mole fraction.

W
S

30
20
10

time constant, ps

S
94 O
1

0.0 0.2 0.4 0.6 0.8 1.0
mole fraction BA

Figure 5.6. Graphical representation of fullFEF parameters for binary mixtures of BAdg

benzene showing a) thé(black circles) and} ( r ed s qu ags(ebsl)acakn dc idfrgdlees) a
squares). Error bars in a) represent the standard error of the fit. Positive error bars in b) show the
range of values for which the FTIR lineshape is fit 98% as well as the best value. Since the
amplitudes were constrained positively (see text), the negative error bars in b) represent the
propagated error of the CLS fits.
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The dynamical behavior is notablyffdrent whends-benzene is diluted instead

with the more polar BA, which we believe to preferentially solvatelyY@ver benzene.
Figures5.6a ands.6bshowtheUand & val ues of the FFCF. Th
progressively while the magnitudes thie frequency fluctuations are anticorrelated and
show very minor changes with mole fraction of BA. In comparison to the £HCI
mixtures, it can be said that the time scales of CO decorrelation progressively become
much slower from ~2 ps and ~8 ps in néabenzene to ~8 ps and ~45 ps, respectively,

in neat BA. Furthermore, both time constants only begin to increase significantly
beginning around 0.2 mole fraction, the approximate area where the linear FWHM
changed its slope (séggure5.2). This isaccompanied by a mild nonlinear increase in

t h e vale in this same range in Figure 5.6b, indicating that while this process is
becoming characteristically slower, the magnitudes of the frequency fluctuations become
larger. Thus we can see in this graph representation of the FFCF parameters that
there is nonlinear behavior in the spectral diffusion with mole fraction of BA, showing
that preferential solvation of MG by BA over ds-benzene leads to corresponding

changes in the inhomogeneous dynamics.
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0.2 1 1 1 I
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 5.7.Homogeneous linewidthi( cni') as a function of mole fraction for CHQlblack)
and BA (red) mixtures. Error bars represent the range of values for which the FTIR lineshape is
fit 99% as well as the best value (except where noted in bable

The final piece in this spectral broadening puzzle is to consider the homogeneous
contribution to the linewidth across both binary solvent mixtures. Figurehows the
homogeneous linewidth as calculated frogfdr both sets of mixtures (CHEE black
circles,BA = red squares) as a function of mole fraction. The values are typically on the
order of a few wavenumbers. Considering theaid Torien: CONtributions as they were
calculated above, this demonstrates that tifec@®ntribution is dominat. Intriguingly,
the CHC} mixtures show virtually no change i as theds-benzene is diluted with
CHCl; in spite of the fact that the linear linewidth more than doubles! This reveals that

this enormous and dramatic broadening shown in the FTIR is almost entirely due to an
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increase in the variety of solvation environments and spectral diffusion. Sintméhe

constants also remain nearly the same for this system over the entire range of solvent
compositions, the most significant source of this inhomogeneous broadening (apart from
the natural increase in the number of environments that occurs when adadang polar
solvent) is the increase @, the magnitude of the frequency shifts for the slow spectral
diffusion component. Closer examination of the FFCF parameters shows that there is
also a corresponding small increase in the FFCF constant offsetmaith fraction,
showing that the increase in inhomogeneous broadening also includes some slow
unresolved processeseg Table 5.1).

In contrast, théi for the BA mixtures shows considerable decrease throughout the
range of solvent compositions from a vabfe~2.3 cni in pureds-benzene to ~0.@m™*
in pure BA. This is again consistent with the observations made concerning-iRe 2D
spectra of the BA mixtures that the pure BA sample had a visibly thinner lineshape at the
short T,s. Considering that the FH linewidth increases by almost half, this is also a
striking result. Again, the increased broadening is certainly not coming from the
homogeneous linewidth, but rather from inhomogeneous broademhgincrease in the
characteristic time scales of sl diffusion shown in Fig5.6a would narrow the
|l ineshape rather than broadening 1it, but
Therefore we must conclude that the nonlinear increase in linewidth up to 0.2 mole
fraction of BA cannot be the resubf homogenous broadening. Furthermore, the

intuitive expectation that a more polar solvent should lead to greater inhomogeneous
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contributions is recovered, despite a narrower linear lineshape in BA versus, GiHC#

the BA induces a decreaselirthatcounters the increase in inhomogeneity.

5.5.Conclusions

Despite a lack of solvatochromisitf,?° the linear linewidth of the carbonyl on
VC-I, varies dramatically and nonlinearly whdgbenzene is systematlbyareplaced by
CHCI; or BA. The broadening is more pronounced in CH@hich is surprising
considering that BA is more polar. Herein we hased FTIR and 2BR spectroscopies
to tease apart the major contributing factors to these lineshapes, in dbessr
establishing the full FFCF for this vibration across a range of binary mixed solvents.
With this information, the homogenous and inhomogeneous broadening contributions are
determined. The primary contributor to the homogeneous linewidth is purasiegfor
VC-I,, and we have shown that this contribution is unchanged across all mixtures of
CHCIl; in ds-benzene while decreasing significantly for BA mixtures. This demonstrates
that the gains in linear linewidth in both cases must have their originedmogeneous
contributions.

Using CLS decay analysis, we characterized the inhomogeneous broadening as
well. The BA mixtures have much slower characteristic time scales for spectral diffusion
than are present i-benzene or any of the CHGhixtures. BA is about ten times more
viscous than CHGlor ds-benzene, it is known to be a relatively strong hydrogen bond
donor, and its higher dipole moment certainly strengthen the interactions with ¥a

any of these factors could explain the slowed dynamYet slower time constants in the
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FFCF generally lead to lineshape narrowing, and so these temporal differences cannot be

the reason for spectral broadening. The explanation lies in the corresponding increases in
the magnitudes of the frequency fluations in the FFCF that correlate with the
preferential solvation profile of the lineshapes in both types of solvent mixtures with
mole fraction. Furthermore, ignoring contributions from spectral diffusion to the
linewidth and simply taking the ratio ¢fie FWHM to the homogeneous linewidth in
each neat solvent, we obtain a valuedgbenzene of 3.5, for chloroform of 7.4, and for
benzyl alcohol 15.5. This trend, unlike that of the absolute FTIR width, is consistent with
that expected for these solvembnsidering their relative dipole moments.

Overall, we have taken the vibrational mode on the adduct of a model catalyst and
applied an irdepth evaluation of the origins of spectral broadening. Our results show
how straightforward analysis of 2[R lineshapes can be used to uncover otherwise lost
dynamical information about the solvation dynamics. A natural extension of these
experiments would be to investigate the influence of changingahsligand to one that
is perhaps more sensitive to its solvation environment in order to determine whether the
dynamics sensed by the reporter reflect the active site of the catalyst. We will investigate

this in the following chaptet.

¢ The authors gratefully acknowledge funding from the National Science Foundation

under CHEO0847356.
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Table 5.2: Fit paameters to CLS decays

mole Al - - Atotal
frac. (horm.) Uips)  Ax(norm.)  U(ps)  Ao(norm.) (norm.)
CHClz in dg-benzene
0.25 2.4 0.017
0 (0.08) (0.5) 0.20 (0.08) 7.0(1.6) (0.002) 0.46 (0.11)
0.19 2.0 0.010
0.1 0.07) 05 031 (0.07) 6.8 (1.0) 0002 ©51 (0.10)
0.22 1.5 0.009
0.3 0.03) 02 046 (0.03) 8.0 (0.5) 0002 069 (0.04)
0.16 14 0.0
0.5 0.03) 04 065 (0.03) 8.6 (0.5) 0003 082 (0.05)
0.08 1.6 0.019
0.7 (0.05) (1.0) 0.69 (0.05) 8.1(0.6) (0.004) 0.775 (0.007)
0.08 1.6 0.009
0.9 (0.05) (1.3) 0.75(0.05) 9.3(0.7) (0.005) 0.821 (0.006)
1 0.8(8 (0.004) 7.7 (0.1) 0.808 (0.004)
BA in dg-benzene
0 0.25 2.4 0.20 (0.08) 7.0(1.6) 0.017 0.46 (0.11)
(0.08) (0.5) (0.002)
0.05 0.22 1.8 0.42(0.12) 5.9(1.1) 0.027 0.67 (0.17)
(0.12) (0.7) (0.004)
0.1 0.36 2.2 0.31(0.07) 9.6(1.8) 0.036 0.71 (0.10)
(0.07) (0.4) (0.005)
0.2 0.16 1.4 0.52(0.06) 7.6(0.8)  0.045 0.73 (0.08)
(0.05) (0.6) (0.005)
0.3 0.32 3.6 0.37 (0.09) 12.3 0.035 0.718(0.13)
(0.09) (0.8) (2.1) (0.004)
0.4 0.38 4.2 0.33 (0.06) 15.9 0.052 0.763(0.09)
(0.07) (0.6) (2.4) (0.004)
0.5 0.23 2.6 0.49 (0.03) 16.8 0.054 0.774(0.05)
(0.03) (0.5) (1.5) (0.005)
0.7 0.32 5.6 0.43 (0.05) 26.8 0.069 0.822(0.07)
(0.05) (0.9) (3.6) (0.008)
1 0.34 7.5 0.38(0.03) 45.4 0.028 0.756(0.06)

0.04)  (L.0) ©.3)  (0.019)
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Table 5.3: Additional fit parameters from linear response function to reproduce linear
lineshape.

mole

fraction T2 (ps) 3co (cm™)
CHCl; in ds-benzene
0 4.6 (0.3/0.2) 2068.6
0.1 5.7 (0.4/0.3) 2068.8
0.3 4.5 (0.4/0.3) 2069.1
0.5 4.8 (1.1/0.5) 2069.3
0.7 5.6 (4.6/0.7) 2069.4
0.9 5 (6.1/0.3) 2069.6
1 4.9 (0.8/0.6) 2069.7
BA in dg-benzene
0 4.6 (0.3/0.2) 2068.6
0.05 4.3 (0.2/0.2) 2068.7
0.1 4.9 (0.3/0.2) 2068.8
0.2 5.5 (0.4/0.3) 2068.9
0.3 6.5 (0.6/0.5) 2068.9
0.4 6.7 (0.7/0.6) 2069.0
0.5 6.9 (0.7/0.6) 2069.1
0.7 11.6 (1.9/1.4) 2069.1

1 14.3 (2.7/0)  2069.2
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Figure 5.8: 2D-IR spectra for all | values for VCI, in neatds-benzene.
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Figure 5.9: 2D-IR spectra for all ] values for VCI, in 0.1 mole fraction CHGIin ds-benzene.
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Figure 5.10: 2D-IR spectra for all ], values for VCI, in 0.3 mole fraction CHGIlin ds-benzene.
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Figure 5.11. 2D-IR spectra for all [ values for VCI, in 0.5 mole fraction CHGIin de-benzene.






































































































































































































































































































