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Abstract 

This thesis describes and interprets experiments using two-dimensional infrared 

spectroscopy (2D-IR) and infrared pump-probe spectroscopy (IPP) as applied to the 

organometallic catalyst Vaska’s complex (VC) and its I2 and O2 adducts (VC-I2 and VC-

O2 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, giving suggestions as to the mechanism of the relaxation of vibrational energy.  

The 2D-IR 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 VC-O2 are characterized by 2D-IR first in 3 

neat solvents.  2D-IR spectra were analyzed using the inverse center line slope (CLS) as a 

representative of the frequency-frequency correlation function (FFCF).  The dynamics 

are compared to previously determined oxidative addition rate constants. 

Next, an IPP and linear infrared spectroscopic study was performed on VC-I2 and 

VC-O2 in two different sets of binary solvent mixtures.  The vibrational lifetime changes 

linearly with solvent composition.  Evidence that relaxation proceeds directly into the 

solvent modes is shown. 

In the third study presented, 2D-IR was performed on the VC-I2 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 benzyl alcohol in d6-benzene.  The full 

FFCF was determined. Inhomogeneous dynamics are implicated as the dominant 

broadening mechanism. 

Finally, an IPP, 2D-IR, and kinetics study on VC and VC-O2 in binary solvent 

mixtures of d6-benzene with chloroform and benzyl alcohol is presented.  The vibrational 

lifetimes for VC, in contrast to VC-O2 and VC-I2, show a decrease with increasing mole 

fraction of the more polar solvent in both sets of mixtures.  There is evidence of 

correlation between the rate constants and the homogeneous linewidth of VC-O2, as well 

as its inhomogeneous amplitude.   
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Chapter 1: Introduction 

Solvent and its Effects 
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With the possible exception of the mole, there is no concept more familiar to the 

chemist than that of solvent 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 static 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 seemingly 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 time-averaged and time-dependent, properties that 

is the focus of this thesis, with an end goal of investigating the influence of solvent 

dynamics on a particular solvent-sensitive oxidative addition reaction: the addition of O2 

to Vaska’s complex.  The remaining sections of this chapter are intended to place this 

work in its appropriate context within the literature by first discussing the use and 

properties of solvent mixtures and subsequently some ways solvent can affect reactions 

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 nature 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 

azeotropic deviation from Raoult’s law.  When a solute is present, the same can be true 

for solute characteristics that respond to solvent influence, such as solubility.  Even if all 

purely solvent-based properties do respond linearly to solvent composition, the 

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 solvation
1
 or 

dielectric enrichment)
2
 are as follows.  The solute can have a nonspecific (and thus 

symmetric) tendency to be encapsulated by one solvent versus the other.  This could be 

caused by dipole/dipole interactions as well as general dispersion interactions, or simply 

by size differences.
1, 3-6

  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 case of 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 solvent A-

solvent A interactions and solvent A-solvent B interactions, this can give rise to 

microheterogeneities, regions of self-associated solvent where the solute interacts with a 

concentrated proportion of the dominant solvent.
7-8

  It has been shown that these 

microheterogeneities are dependent on solvent composition and solvent type and can 

have a strong influence on any solute present.
8
 Of 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.
9-12

  Measurements for aqueous mixtures with partially hydrophobic solutes by 

Bagno and coworkers suggest that hydrogen bonding is considerably less important than 

dispersion or microheterogeneity.
7, 9

 

 There are a number of methods used in measuring the degree of preferential 

solvation.  One of the most common is the use of solvatochromic solutes (see Section 

1.2.2 for a more in-depth discussion of solvatochromism) or some particular solvent-

sensitive solute parameter.
1, 13-16

   A variety of models are used particularly for the 𝐸𝑇(30) 

parameter (a property related to the absorbance maximum of the 𝐸𝑇(30) dye) since it is 

frequently used as a measure of polarity.  One of the simplest, in that it involves only a 

single fitting parameter, is described by Rosés and coworkers as follows:
14

 

 ETmix = ET1 +
x2

0 f
2/1

 (ET2 − ET1)

1 + (f
2/1

− 1) x2
0

 (1.1) 

where x2
0 is the bulk mole fraction of solvent 2, and ET1, ET2, and ETmix are the ET(30) 

values for solvent 1, solvent 2 and the mixture respectively.  Here f
2/1

 is a preferential 

solvation parameter modeled as f
2/1

 = 
x2

s x1
s⁄

x2
0 x1

0⁄
  with xi

s being the mole fraction of solvent i in 

the solvation shell.  It is thus a measure of the preference for solvent 2.  There are more 

complex models that take into account solvent-solvent interactions, which have been 

shown to be important in appropriately quantifying preferential solvation.
14, 17-18

  Systems 

with either a maximum or a minimum value in a mixture (of which there are quite a few) 

cannot be well modeled without solvent-solvent interactions.   
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 Using simply the ET(30) parameter can, 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 luminescence solvatochromic 

studies the emission frequency is related to a dielectric parameter  f(D)= 2(D-1) (2D+1)⁄  

(D being the static dielectric constant) in a linear fashion, but this parameter is not always 

linear in composition.
19-20

  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 solutes.
8
  They found a remarkable degree of correlation between the clustering 

abilities of DMSO in water-rich mixtures and the amount of DMSO surrounding the 

solute.  NMR-NOESY experiments have also been used to measure preferential 

solvation, via the coupling between atoms on neighboring molecules, for a variety of 

solutes in a number of solvent mixtures.
4, 9

  It can also be useful to calculate the 

preferential solvation via moledular dynamics (MD) simulation.
10, 21

  

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 certainly in flux.  Many studies of 

solvation and solvent dynamics in mixed solvents have been carried out by various 

methods including time-resolved Stokes shift fluorescence measurements,
2, 12, 19, 22-23

  

transient hole-burning spectroscopy,
24

 two-dimensional infrared spectroscopy (2D-IR),
25-

29
 Raman echo measurements,

30
 and optical Kerr effect spectroscopy

31-34
 as well as a 
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variety of simulations and theoretical studies.
11, 26, 35-37

  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 some change 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 time-resolved Stokes 

shift (TRSS) technique is an example of the former, where a 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 the solvent shell’s relaxation. 2D-IR 

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 2D-IR).   Though the measurements take place under different 

conditions, it has been shown
38-39

 within the assumptions of linear response theory, that 

the time correlation function of the equilibrium solvent fluctuations is equal to the 

nonequilibrium solvation function!  In addition to assuming a linear response to the 

solute’s perturbation of the solvent, this equation also assumes that the correlation 

function is not substantially different between the initial and final solute states.
40

  But 

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) dynamics 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 occurs when the mixture involves a polar/nonpolar 

solvent pair.
12, 19, 24, 36

  This is generally considered to result from the requisite exchange 

of solvent types in the solvation shell, requiring as it does slow, diffusive, translational 

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 shell.
35-36

  Both of these processes are much faster than the solvent exchange 

process.  In a simple MD simulation involving atomic solutes and solvents, Nguyen and 

Stratt demonstrated the presence of both compression and solvent-switching regimes.
36

  

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 

solvent-solvent interactions.  A number of studies have found linearity of the solvation 

times when plotted against viscosity parameters.
2, 23

  Gardecki and Maroncelli’s cleverly 

designed acetonitrile/propylene carbonate solvent system carefully avoids preferential 

solvation while varying solvation time constants, rotational time constants and viscosity, 

all of which are linear in mole fraction.
2
  

 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 coworkers 
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found a slowing of the solvent motions around ground state phenol and a phenol-

mesitylene complex in mixtures of mesitylene and carbon tetrachloride, similar to the 

changes in solvation motion discussed above.
25

  In a similar 2D-IR and MD study of 

phenol in mixtures of benzene and carbon tetrachloride, it was found that statistically the 

likelihood of finding a solvation shell that was primarily one solvent or the other was 

quite high relative to expectation.
26

  There was also a relationship between the FFCF (see 

Chapter 2 for further discussion of this quantity) and the correlation function of the 

number of benzene molecules in the solvation shell.  OKE measurements by Elola and 

coworkers in mixtures of benzene and hexafluorobenzene revealed that the collective 

orientational correlation time for benzene was linear in mole fraction, whereas that for 

hexafluorobenzene showed a maximum.
34

  King 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 spectra.
27

  

1.2. Solvent Effects 

 Now that some of the static and dynamic properties of solvent mixtures have been 

examined, let’s look at some of the ways the solvent can change things for the solute.  

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 reactions, with some 

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 are also common for many 

other chemical phenomena. The position and nature of chemical equilibria are some of 

the most well-documented and discussed.
1, 41

  For further and more general information, 

consult Reichardt’s work “Solvents and Solvent Effects in Organic Chemistry,” 

(reference 1). 

1.2.1. Solvent Effects: Reactions 

 The influence of solvent on chemical reactions has been a major driving force in 

the study of solvent effects.
1, 25

  Solvent has been shown to influence the rate,
42-44

 order,
1
 

mechanism,
1, 45

 and even products
45-46

 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 change barrier 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 control reaction rates with its 

rearrangement during the course of the reaction.
1, 47

  This area is less understood and 

usually applies most strongly in situations where transition state theory breaks down.   

 Transition state theory is the typical framework used to understand reactions and 

what influences them.
1, 38, 48-50

  A reaction is considered in terms of the free energy of the 

molecules at each of its steps.  By assuming 1) that the reactants and activated complex 

are in a pseudo-equilibrium that is unaffected by the formation of products and 2) that the 

net rate is determined by the reactant-to-product flux of the activated complex across the 

boundary, the rate for the reaction is: 
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 k= 
kB T

h
e

-∆G‡

R T
⁄

 (1.2) 

where 𝑘 is the rate, 𝑇 is the temperature, and ∆G
‡
 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 energies of the 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 proceeding to products, but movement across a barrier is 

not always unidirectional.
1, 38

 

 Since the rate depends on the free energy difference between the reactants and the 

transition state, the trends in static solvent effects can be estimated by examining 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, some anti-correlation 

was seen between the rate constant and solubility.
1, 51

  Later efforts showed some 

relationship between the rate constant and the Hildebrand solubility parameter,
1
 generally 

in the context of nonpolar reactants.  Trends for polar reactants were noted and codified 

by Hughes and Ingold
1, 52

 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 elsewhere.
1, 43

  The rules are as follows:  

1. The rate of a reaction with a more charge-dense activated complex (as 

compared to the reactants) will increase with increasing solvent polarity. 
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2. The rate of a reaction with a less charge-dense 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 unchanged with any change 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 predicted based 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 

these rules is the Menshutkin reaction,
1, 48, 53

 where amines react to form ammonium 

salts: 

  Et3N + MeI → [Et3N
δ+

∙∙∙Me∙∙∙I
δ-

]‡ → Et3MeN
+
 + I

- 
 

For the specific Menshutkin reaction above, the ratio of the rate constants in hexane and 

dimethyl sulfoxide is 1:50,000.
48, 53

  

 Of course, there are a number of factors that 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 strongly solvated solute, however, 

the solvent will be more ordered, countering the enthalpy and working contrary to the 

rules stated above.  Most reactions are enthalpy-driven, but exceptions certainly exist.
1
  

 The Hughes-Ingold rules also do not take specific solute-solvent or solvent-

solvent interactions into account.  Site-specific interactions between reactants and 
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solvent, especially if it blocks the reaction coordinate, generally work to slow reactions 

down.
1, 45, 48

  Unsurprisingly, interactions that either stabilize the transition state/products 

or lead the reactants towards a configuration similar to the products (electron shift) will 

speed up reactions.
1, 45

  Solvent-solvent interactions can also be important as the reaction 

will likely interrupt any structure present in the pure solvent.
1, 54-55

  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 differently.
18

 

 These rules also 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 ease of cavity 

formation between solvents.
1
  This is the area where close connections 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 original structure 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 theory.
47, 56-57

  This theory recognized two different ways that 

solvent dynamics could 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 system-bath coupling).  Second, the equilibrium assumption 

in transition state theory can break down if solvent relaxation around the activated 
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complex is slow (low friction, weak system-bath coupling).  The former has the strongest 

effect in systems where the solvent and solute are strongly coupled, hindering passage 

across the barrier.  The latter is most important in systems with low friction: reactions at 

low pressure or with a low, broad reaction barrier.
1, 38, 47

  Using this theory, the rate falls 

into three different regimes: low friction, where the rate is limited by the energy transfer 

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 friction coefficient); and the region in between, 

where the rate is well-modeled by transition state theory.
47, 49, 56-57

  Not all of these 

regimes will be accessible for liquids at ambient temperature and pressure, however; the 

earliest experimental studies of this “Kramers turnover” involved the isomerization of 

stilbene in supercritical ethane.
58-59

  The high friction regime is generally more 

accessible; Caldin and Hasinoff saw a change from the central to high friction regime 

changing the solvent from an ethylene glycol/water mixture to glycerol.
60

  Anna and 

coworkers used Kramers theory in the high friction limit to deduce the forward and 

reverse barriers for the isomerization of dicobalt octacarbonyl.
61-62

 

 One of the main weaknesses of Kramers theory is the assumption (via the 

Langevin equation) 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 property.
57

  

However, on the timescales of most chemical reactions, the solvent actions are better 

modeled as being time-dependent.  This is one of the innovations of Grote-Hynes theory, 
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where the time-dependent 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 of this theory 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 effects.
63

  

There are also examples of dynamic effects not well-described by existing theory.  Horng 

and coworkers found a power-law relationship between solvation time and electron-

transfer rates in a bound donor-acceptor dye molecule.
64

  Orr-Ewing in a recent paper 

concerning the reactions of the CN radical showed evidence of another kind of frictional 

effect, not on the rate directly, but rather on the vibrational excitation of the products.
65

  

 

 

Figure 1.1: Bis(triphenylphosphine) iridium(I) carbonyl chloride, more commonly known as 

Vaska’s complex (VC). 

 

 The primary reaction that will be discussed in the following work is the oxidative 

addition of O2 to Vaska’s complex.  Vaska’s complex (VC, see Figure 1.1) is a square 

planar organometallic catalyst that has been frequently studied due to its simplicity and 

remarkable ability to bind small molecules.  The reactions of VC with O2, H2, and CH3I 

have all been shown to have solvent-sensitive rates that increase significantly with an 
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increase in solvent polarity.
42-43, 66

 According to the Hughes-Ingold 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 indeed has been 

articulated in the past regarding this particular reaction.
43

  Considering that the formal 

oxidation state of the iridium increases during this reaction, this is not an unreasonable 

suggestion.  However, as Wilson and coworkers have shown, this may not be correct, as 

electrostatic ligand effects can mask or cause such distinctions.
67

  A recent DFT study of 

the mechanism of this reaction for a number of inorganic complexes examined the 

trimethylphosphine analogue to VC.
68

  In these calculations, the structure at the transition 

state was very similar to the product, with elongated Ir-O bonds and a larger C-Ir-Cl bond 

angle.  Additionally, recent work on the addition reaction of methyl iodide to VC in ionic 

liquids found that the reaction rate was slower than in polar organic solvents.
69

  

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 in the low-

friction limit, such as isomerization, hydrogen bond exchange, or ion pairing.
25-26, 70-75

  

Chapter 6 is an investigation into the relationship between the dynamical solvent 

information available from such spectroscopies and the rate constants for an oxidative 

addition reaction in those solvents.  Though reactions in the low-friction limit are 

certainly important, the majority of catalytically important reactions fall into the central 

region of Kramers theory, where transition state theory is most useful.  The present work 

provides the first insights, to our knowledge, into this most common situation. 



   16 

 

 Other reactions involving VC primarily use it either as a precursor to make 

another catalytically active molecule
76-78

 or as a catalyst itself.
79-80

  It was originally 

studied because it is a simple and effective but relatively slow catalyst, allowing for more 

accurate speculation as to the catalytic mechanism.
81-82

  Very few studies have probed the 

role of solvent in these reactions, so at this point it is not known if they are as sensitive to 

solvent as oxidative addition reactions. 

1.2.2. Solvent Effects: Spectra  

 The impact of solvent choice on spectroscopic observables has been well-

documented and is often how solvent properties are measured.
1, 13-14, 83-84

  In fact, the 

cover of the second edition of Reichardt’s “Solvents and Solvent Effects in Organic 

Chemistry” shows the structure of a solvatochromic molecule!  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 major sets of analytical spectroscopies: electronic 

absorption/fluorescence and infrared (IR) absorption.  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 take place in Chapter 2.  Since Vaska’s 

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 reader is referred to references 1 and 

48.  

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

absorption frequency 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 states have notably different distributions of electron density.  Under 

these conditions, the absorption frequency is affected primarily by the solvent’s polarity 

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 wavelength.
13, 84

  The direction of 

the shift, either red (bathochromic) or blue (hypsochromic), is dependent on whether the 

ground state or the excited state has a greater dipole moment.
1
  The solvatochromic 

frequency shift has also been correlated to other solvent parameters,
84

 such as the 

acceptor number,
85-86

 as well as acid dissociation constants.
83

  

 Under these same conditions (μground ≠ μexcited), the intensity of the absorption can 

also change significantly due to dispersion interactions.
87

  Intensities in ultraviolet 

(UV)/visible absorption are also sensitive to neighboring solvent modes; if a solvent 

absorption is nearby, the intensity of the solute mode can “borrow” from that mode and 

the overall intensity is increased.
87

  The peak width and shape are influenced largely 

through electronic-vibrational coupling, which can also be influenced by solvent.
1, 88

 

 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 solvent-influenced, 

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 absorption 

peak as observed for Coumarin-153.
22, 88

  There is also a time-dependent component to 
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the emission frequency that  reveals the relaxation of the Franck-Condon 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 dynamics (see section 1.1).  The time constants for this process have also been 

shown by some to be connected to the time-dependent friction coefficient that influences 

charge-transfer reactions (see section 1.2.1).
22, 64

   

  In IR spectroscopy, solvent effects on peak intensity are usually relatively small.
1, 

87
  There are exceptions, however, particularly in the case where specific interactions are 

involved.  The intensity of a stretch involved in a hydrogen bond usually increases 

significantly compared to its intensity without the interaction.
89-91

  

 In the absence of inhomogeneous broadening, the width (Γ) of a spectral 

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

orientational relaxation, according to the following equation.
92-93

  

 Γ= 
1

πT2

= 
1

2πT1

+
1

πT2
*

+
1

3πTor

 (1.3) 

The characteristic times of these processes are the vibrational lifetime (T1), the pure 

dephasing time (T2
*) and the reorientation time (Tor), respectively (see Section 2.1 for 

discussion of the dephasing time, 𝑇2).  Each of these has their own opportunities for 

solvent effects and different processes dominate depending on the system.   

 The vibrational lifetime is a measure of 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 the 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 (IVR).
38

  Depending on how close the other 

modes are in energy, though, the energy can be back-transferred to the original mode, in 

which case IVR behaves more as a “pure dephasing” contribution.
30, 94

  The solvent can 

influence this by changing the relative positions of 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, though the relaxation time was unchanged.
94

 If there 

are no other intramolecular vibrations close in energy but solvent modes are available, 

then the energy can be transferred to these solvent modes either through strong 

intermolecular interactions or through solvent-solute collisions.
65-66

  This is almost 

always significantly slower than an IVR-type mechanism and usually takes tens or even 

hundreds of picoseconds.
65

  Chapter 4 will show direct evidence for this mechanism of 

energy transfer for the adducts of Vaska’s complex. 

 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 them.
87

  A larger molecule, however, has a much slower 

reorientation time, so slow even that it adds very little to the absorption linewidth.
94-95

  

Viscosity of course can play a strong role in this as well via the Stokes-Einstein relation, 

where a higher viscosity leads to slower orientational relaxation.
32-33, 96

  Wang and 

Schwartz measured the rotational diffusion of tungsten hexacarbonyl in a number of 

different solvents and the augmentation of both Raman and IR linewidths.
95

  Though the 
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contributions did change with solvent, decreasing with increasing viscosity, the 

reorientation was slow enough that in most cases the added width to the IR lineshape was 

negligible, contributing less than 10% of the overall width. 

 Pure dephasing is the loss of phase 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, usually involving energy exchange.
97

  These interactions are generally 

with low-frequency modes of either intramolecular (for polyatomic molecules) or 

intermolecular (with the solvent) nature.  In liquids, the pure dephasing timescale is 

usually the fastest, so it dominates Γ.
98

  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 intramolecular 

couplings as well.
99

  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 for systems that are not well-described by a harmonic oscillator.
97, 100

  

 Frequency fluctuations can occur on a variety of timescales, not just very quickly.  

If they become so slow that they could be considered to be static, then the phenomenon 

of static inhomogeneous broadening appears, where the different frequencies indicate 

different chemical environments.  The overall width (Γinh) becomes a convolution of the 

homogeneous widths (Γ) described by equation 1.3 with their environmental distribution.  

In this situation, the shape of the peak takes on a Gaussian or Voigt profile.  If there is no 
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inhomogeneous broadening (a homogeneous linewidth), then the peak shape is generally 

a Lorentzian lineshape.
93, 101

 

 The inhomogeneous width can be very solvent-sensitive, since this width involves 

variation in the number and type of vibrational environments.  The rule of thumb for an 

inhomogeneous linewidth is that the stronger the solute-solvent interactions involving 

that mode, the wider the peak.
1, 102

  Polar and nonpolar solvents both have a wide variety 

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 interactions; the 

stretching vibration for a hydrogen bond-donating entity broadens significantly as well as 

shifting to lower frequencies.
1, 89-91

 

 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 linewidth.  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 frequencies.
93

  Spectral diffusion is very solvent-sensitive; it has been related to 

solvent viscosity in some systems.
27, 71

  For a more in-depth discussion of spectral 

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.  Generally, the solvent 

changes either the magnitude or the direction of the transition dipole moment or both.  
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Jauquet and Laszlo
87

 showed that for a single normal mode, assuming a time independent 

local electric field applied by the solvent to the solute and assuming that the perturbing 

force is small compared to that of the bond, the frequency shift is proportional to 

 Δω  - [( δθ δq⁄ )
2
- 

1

μ

δ
2
μ

δq2
] V (1.4) 

where V is the potential for a specific vibration from the solvent, μ is the magnitude of its 

transition dipole, θ is the angle between the solvent electric field and its transition dipole, 

and 𝑞 is its normal internal coordinate.  If the solvating energy lowers the potential, then 

V in the equation above is negative and the 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.  Alternatively, 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.
87

  Specific interactions can play a part here also.  As mentioned previously, 

hydrogen bonding tends to impart a red shift to stretching vibrations involved in the 

bond.
87, 89-91

  Reichardt has published a nice list of the peak positions for three stretching 

motions in a variety of solvents, illustrating both a consistent red shift with increasing 

polarity and the substantial deviations from expectation when hydrogen bonding is 

involved.
1
  

 The situation for metal-bound carbonyls such as Vaska’s complex and its adducts 

is somewhat different, primarily because of metal-carbonyl backbonding.  The d-orbitals 

of the metal with 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 will the CO frequency.  This makes νCO markedly sensitive to the oxidation 

state of the metal; in fact it has been used as a way to measure the oxidation state.
103

  

Huber and coworkers carried out an FTIR study of Vaska’s complex and a number of its 

adducts in a variety of solvents.
104

  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-O2, however, there was a strong correlation between νCO and the solvent’s acceptor 

number, a measure of solvent electrophilicity.  They concluded that the solvent was 

pulling electron density from the dioxygen ligand, which, because of the particular metal 

d-orbital that the dioxygen π-bond affects, caused a through-metal interaction with a CO 

antibonding orbital.   

Vaska’s complex and its I2 and O2 adducts feature prominently in the work that 

follows.  In a number of ways, this system is ideal for investigating the interplay of static 

and time-dependent solvent-solute interactions.  The metal carbonyl is a strong IR 

absorber, giving excellent signal-to-noise ratios for both linear and nonlinear IR 

spectroscopies.  Its simplicity has made it an archetypical organometallic catalyst, 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 (which has 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 vibrational lifetime,
66

 to my knowledge, no 
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ultrafast measurements have been carried out on this system prior to the following work.  

It is a shame that a system so well-characterized in static parameters should be so 

neglected in the study of time-dependent properties.  The two adducts with I2 and O2 

provide additional insight into the effects of geometry and carbonyl stretching frequency 

on such properties.  Also, as mentioned previously, few studies of equilibrium ultrafast 

solvent dynamics in solvent mixtures exist, and even fewer examine the ties between 

reactions and solvent dynamics in the transition state theory regime. 

 The remainder of this thesis is organized as follows. Chapter 2 discusses the 

theory of 2D-IR and IPP.  It also explains the data treatment and extraction of the FFCF 

from the spectra.  In Chapter 3, the first 2D-IR studies of VC and VC-O2 in three 

different solvents are presented.  Chapter 4 contains a IPP study of VC-O2 and VC-I2 in 

two sets of binary solvent mixtures, examining how their vibrational lifetimes are 

affected by solvent.  Chapter 5 is a 2D-IR study of VC-I2 in the same two sets of solvent 

mixtures and reveals the origins of some unexpected differences in linewidth.  Chapter 6 

presents the 2D-IR study of VC and VC-O2 in these mixtures along with the kinetics of 

the oxygenation reaction; relationships between the solvent dynamics and the reaction are 

explored.   
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Chapter 2: Spectroscopy Theory 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(1)(E)+P(2)(E2)+P(3)(E3)… (2.1) 

where P
(n)

 is the n
th

 order polarization: an n+1 level tensor connected to the system’s 

response and a function of 𝐸 (the electric field of the incident light) raised to the n
th

 

power.  The incident light places those molecules with which it interacts into a coherent 

state: a superposition of (in the case 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 double-sided Feynman diagram for a linear spectroscopic process.  Such 

diagrams are useful for 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, 

respectively.  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, the appropriate 

density matrix element at a given point in time is placed in the center.  Note that the 

complex conjugate of this process (proceeding through a |0⟩⟨1| coherent state) is also an 

appropriate representation of the production of a linear lineshape.  For simplicity, 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: Double-sided Feynman diagram for a first order process. See text for further 

description. 

 

It is the ensemble of transition dipole moments of this coherent state that creates 

the macroscopic polarization.  For linear spectroscopy only the first term of the expansion 

above (Eq. 2.1) is needed to describe the response of the system to the electric field.   

An emitted electric field arising from a macroscopic polarization inherently has a 

90° phase shift from that polarization.
93

  The linear macroscopic polarization 𝑃(1) is a 

convolution of the incident electric field 𝐸(𝑡) with the linear molecular response function 

𝑅(1), which has been shown
93

 to be (in the approximation of second order in the cumulant 

expansion) 

 𝑅(1)(𝑡) = 𝑖𝜇01
2 𝑒−𝑖𝜔01𝑡𝑒−𝑔(𝑡) (2.2) 

where μ
01

 is the transition dipole moment, ω01 is the frequency of the transition 

((E
1
-E0) ħ⁄ ), and g(t) is the lineshape function (see Eq. 2.4 and below).  The electric field 

of the signal (Es
(1)), being shifted in phase, is related to 
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 Es
(1)  i ∫ R

(1)(t')E

∞

0

(t-t')e-iω(t-t')+ik⃗∙r⃗+iφdt' (2.3) 

where ω is the frequency of the incident light, φ is its phase, k⃗ its wavevector and E(t-t') 

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

incident pulse is short enough, Es
(1)will contain information about the molecular response.  

In a spectrometer, this signal is usually reflected from a grating (Fourier-transformed) 

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

pulse has imparted its own direction onto the signal (note the k⃗) both will reach the 

detector (heterodyne detection).  Due to the phase shift and the shift present 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 absorptive portion; to examine the dispersive 

(imaginary) part would require adjustment of the phase of the heterodyning field.  This 

decrease in the light appears as an absorbance lineshape.  Note in Figure 2.1 that the 

emitted wavepacket has the opposite sign as the incoming 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 under study.  To second order in 

δω01(t), this function is 

 
 g(t) = ∫ ∫ 〈δω01(t'')δω01(0)〉dt''dt' = 

t'

0

t

0

∫ ∫ CFFCF(t'')dt''dt' 

t'

0

t

0

 (2.4) 

where δω01(t) is the frequency fluctuation in time of the transition of interest, and 

CFFCF(t) is called the frequency-frequency correlation function. 
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To understand CFFCF(t) and its possible uses, consider 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 thus cause 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 oscillator, which is taken into account with the 

amplitude of particular changes.   

Given the naturally decaying nature of a correlation function, it is not 

unreasonable that Kubo
93, 105

 first proposed using an exponential decay to model this 

function as follows: 

 CFFCF(t) = Δc
2
e-|t| τc⁄  (2.5) 

 

where Δc represents the amplitude of the frequency fluctuations and τc is the time 

constant for the decorrelating process.  This form for the correlation function leads to the 

following form of the lineshape function: 

  g(t) = Δc
2
τc

2(e-t τc⁄ + t τc-1)⁄  (2.6) 

If the motions occurring near the vibration are very fast or are very small in amplitude 

(Δcτc≪1), then the lineshape function can be approximated by g(t)=Δc
2
τct and CFFCF(t) 

will be a delta function: δ(t)Δc
2
τc ≡ δ(t) Τ2⁄ .  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 circumstances, Eq. 2.2 for the linear response function is 

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

constant of Τ2, leading to a Lorentzian absorbance lineshape with a width of 1 (πΤ2)⁄  

(assuming a rapid instrument response;
93

 see Section 1.2.2).  Τ2 has units of time and is 

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

between different oscillators in the ensemble to be lost.  In a physical sense, the Τ2 term 

arises from the various processes that give an absorbance a finite linewidth.  In the 

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

changes in orientation, and intramolecular vibrational redistribution
30

 can all influence 

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

mode in the condensed phase 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, are not merely homogeneously 

broadened but also inhomogeneously 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 FFCF will be a time-insensitive static offset (CFFCF(t)=Δc
2
).  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 result.
93

  This situation represents 

the inhomogeneous limit, or static inhomogeneity, and 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 very small contribution 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 a way 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 FFCF, modeling it as a sum of 

exponential decays.  This process can also yield a Voigt- or Gaussian-like profile in the 

linear spectrum (though the cumulant expansion is only strictly correct for a Gaussian 

lineshape).
93, 101

   

Notice that these last two situations could possibly yield the same spectrum, to the 

linear “eye” so to speak.  To put it another way, in any inhomogeneously-broadened 

system, the absorbance is a sum of all the homogeneously-broadened absorptions of the 

subensembles sampled.  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 is it possible 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 Eq. 2.1, 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 vibrational echo signal, on which 2D-IR is based, comes from the third-order 

polarization P
(3)

, thus it involves the incidence of three laser pulses.  The vibrational 

echo is also often described as a four-wave mixing process, the four waves including the 

emitted signal wavepacket as well as the three laser pulses.  Since there are three pulses, 

there are also three times involved: τ: the time between the first and second pulse, Τw: the 

time between the second and third pulses (also called the waiting time), and t': the time 

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
93, 106

 (as above, complex conjugates are omitted).  The diagrams are organized by the 

sequence of positive and negative incident wave vectors: R1, R2, and R3 all use the 

ordering of - + +; : R4, R5, and R6 all use the ordering of + - +; : R7 and R8 use the 

ordering of + + -.  The sign of a response function associated with a particular path is 

dictated by the evenness (positive) or oddness (negative) of the number of interactions on 

the bra side of the density matrix.  Since (as will be seen below) the echo signal is 
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emitted in the phase-matched 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. 

 

Figure 2.2: Double sided Feynman diagrams for third-order processes.  See text for further 

description.  
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In examining the double-sided Feynman diagrams, it is clear that for the first six 

response functions, the first three interactions place the system in a coherent state, a 

population state, and another coherent state respectively.  During the first coherent state 

(τ), the ensemble of oscillators will behave in the same fashion as in the coherent state 

discussed above; that is, the electric field due to the macroscopic 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 due to the multiplicity of frequencies present.   

Upon the arrival of the second pulse (Τw), 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 as frozen, unless 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 of the ensemble is lost.   

During the second coherence time (t’), what happens depends on the relationship 

of this coherent state with that occurring during τ.  If the coherent states are the same (R4, 

R5, and R6) then the FID resumes where it left off, continuing its dephasing with only a 

slightly reduced number of oscillators.  If, however, the coherent states are phase 

conjugates of one another (R1, R2, and R3) something far more interesting happens.  The 

dephasing 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 pathways (R1, R2, and R3) are called rephasing diagrams, and 

those discussed previously (R4, R5, and R6) are called nonrephasing diagrams.  The 

diagrams labeled as R3 and R6 include a second coherent state between the first and 

second excited states, rather than the ground and first.  Since these diagrams have an odd 

number of interactions on the bra side, their response functions will be the opposite sign.  

Notice that only those oscillators which have retained their phase information (by 

retaining their frequency and also remaining in the same population state) will 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 the experiment, and those 

that have not.  Population relaxation, influencing both rephasing and nonrephasing 

pathways in the same manner, changes only the overall amount of signal and not its shape 

(though, as mentioned previously, it does contribute to the homogeneous linewidth).  

Diagrams R7 and R8 produce third-order signal, but in a different direction than the 

vibrational echo used by 2D-IR.  Due to the sign ordering of the incident wave vectors, 

they will contribute in the phase-matched direction (see Figure 2.3 and discussion) only 

when Τw< 0, which is never the case in a 2D-IR experiment. 
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Figure 2.3: Illustration of the box-CARS geometry.  Beams are labeled by time ordering for 

rephasing spectra. 

 

Early vibrational echo experiments had only two beams, essentially fixing Τw at 0.  

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 varying Τw, as has been done with later experiments, 

the window of what is “homogeneous” and what is “inhomogeneous” becomes 

changeable.  Generally in the condensed phase (and certainly in the experiments 

discussed in this work) population relaxation is considerably longer than the FID, 

ensuring that signal will still be present as the experimental time increases.  By altering 

the time of the experiment, the different timescales of those motions which influence the 

frequency can be discerned 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 state, R1 and R2 are identical, as 

are R4 and R5. 

For a system with only homogeneous broadening, R1 is 

 R1 = R2 = iμ
01
4 e-iω01τe-τ T2⁄ e-Tw T1⁄ e-iω01t'e-t' T2⁄  (2.7) 

Including the possibility of inhomogeneous broadening complicates matters, but again 

within the cumulant expansion to second order (which is exact for Gaussian statistics), 

the response functions are: 

 

R1 = R2 = iμ
01
4 exp (-g(τ)+g(Tw)-g(t')-g(τ+Tw)-g(Tw+t')+g(τ+Tw+t'))

∙ exp (-iω01(t
'
-τ)) ∙ exp (- Tw T1

(01)
) ⁄  

 

(2.8) 

 

R4 = R5 = iμ
01
4 exp (-g(τ)-g(Tw)-g(t') + g(τ+Tw)+g(Tw+t')-g(τ+Tw+t'))

∙ exp (-iω01(t
'
+τ)) ∙ exp (- Tw T1

(01)
)⁄  

 

(2.9) 

 

R3 = −iμ
01
2 μ

12
2 exp (−g(τ) + g

c
(Tw) − g

12
(t') − g

c
(τ + Tw) − g

c
(Tw + t')

+ g
c
(τ + Tw + t')) ∙ exp (−i((ω

01
− Δ)t' − ω01τ)) ∙ exp (

− Tw T1
(12)

)⁄  

 

(2.10) 
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R6 = −iμ
01
2 μ

12
2 exp (−g(τ) − g

c
(Tw) − g

12
(t') + g

c
(τ + Tw) + g

c
(Tw + t')

− g
c
(τ + Tw + t'))  ∙ exp ( − i((ω

01
− Δ)t' − ω01τ)) 

∙ exp (− Tw T1
(12)

)⁄  

 

(2.11) 

where the population relaxation times from the different states are distinguished and 

μ
12

 is the transition dipole moment for the vibrational 1-2 transition, Δ is the 

anharmonicity of the system, such that   ω12 = ω01 − Δ, and g
c
(t)and g

12
(t) are the cross-

correlation and 1-2 transition lineshape functions as follows.   

 g
c
(t) =  ∫ ∫ 〈δω12(t'')δω01(0)〉dt''dt' 

t'

0

t

0

 (2.12) 

 g
12

(t) =  ∫ ∫ 〈δω12(t'')δω12(0)〉dt''dt' 
t'

0

t

0

 (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 that  g(t) 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, see reference 
93

), then the above response functions 

simplify to Equations 2.14 and 2.15.  It is also often assumed that μ
12

= √2μ
01

. 

 

R3 = −2iμ
01
4 exp (−g(τ) + g(Tw) − g(t') − g(τ + Tw) − g(Tw + t')

+ g(τ + Tw + t')) ∙ exp ( − i((ω
01

− Δ)t' − ω01τ)) ∙ exp (

− Tw T1
(12)

)⁄  

(2.14) 



   39 

 

 

 

R6 = −2iμ
01
4 exp (−g(τ) − g(Tw) − g(t') + g(τ+Tw) + g(Tw+t')

− g(τ+Tw+t')) ∙ exp ( − i((ω
01

− Δ)t' − ω01τ)) ∙ exp (

− Tw T1
(12)

)⁄  

 

(2.15) 

From these response functions, we can proceed to calculate the third order 

polarization for these processes (Eq. 2.16) which consists of a convolution of the three 

pulses with the sum of the response functions. 

P
(3)(t) = ei(∓k⃗1±k⃗2+k⃗3)∙r⃗ei(∓φ1±φ2+φ3) ∫ ∫ ∫ ∑ Rp(τ,Tw,t') ∙

p

∞

0

∞

0

∞

0

E3(t − t')e−iω(t−t')

∙ E2(t − t' − Tw)e−iω(t−t'−Tw)

∙ E1(t − t' − Tw − τ)e−iω(t−t'−Tw−τ)dτ dTw dt' 

(

2.16) 

Note that this signal will be emitted in the ∓ k⃗1 ± k⃗2 + k⃗3 direction.  For R1-3 the direction 

is − k⃗1 + k⃗2 + k⃗3, whereas for R4-6 the direction is + k⃗1 − k⃗2 + k⃗3, in keeping with the 

double-sided diagrams.  This is what is called the phase-matched direction for each set of 

response functions.   
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Figure 2.4: 2D-IR spectroscopic setup showing the beam paths as labeled on the delay stages.  

The sample is located between the two off-axis parabolic mirrors (OAPs).  Position P is where 

the CaF2 wedge is inserted to switch to a IPP 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 pump-probe interactions 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 phase-matched direction 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 zero-background technique.  Signals from higher-order processes can be emitted in 

that direction also, however, so a power study is generally recommended. 

In the specific laser setup used for the following work, the beams were in what is 

called a box-CARS geometry,
107

 with the three beams impinging on the sample at the 

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

− k⃗1 + k⃗2 + k⃗3 direction.  But both rephasing and nonrephasing scans can be taken in this 

geometry simply by changing the time ordering of the pulses.  By setting 𝜏 to be 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 (pump-probe geometry, 

phase cycling, etc) which will not be further discussed.  Readers wishing to learn more 

about these methods are referred to Chapter 9 in reference 93. 

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 cm
-1

 FWHM bandwidth, 

~3 μJ/pulse).  As shown, the echo signal is combined with a small portion (~1%) of the 

incoming beam, called a local oscillator (LO) in tribute to the origin of heterodyne 

detection in radio systems, to produce a signal of the combined intensity.  These two 

beams add as electric fields but their combination is detected as intensity, which is related 

to the square of the electric field.  This squaring of the sum produces the three terms in 

Equation 2.17 below: the square of the echo signal, the square of the local oscillator and a 

cross term that is proportional to each individual electric field.  

  I ∝ |Es
(3) + ELO|

2
= Es

(3)2
+ ELO

2 + 2Re[Es
(3) ∙ ELO] (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: 

 Sdata =
Sunblocked − Sblocked

Sblocked

 (2.18) 

The subtraction process clearly gives the signal that is only present when all the 

beams are reaching the sample.  Division by the blocked signal is done to account for 

fluctuations and the shape of the laser spectrum across the wavelengths of interest.  It is 

therefore the third term in Eq. 2.17 that 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 the local oscillator.  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 an optical Fourier transform of the t' time variable to ωm in frequency.  

In a typical 2D-IR experiment, the time variable τ is scanned from negative to 

positive values to obtain both rephasing and nonrephasing decays while the value of Tw is 

kept constant.  This process is repeated for a number of values of Tw.  The resulting 

interferograms are separated into rephasing and nonrephasing scans and then Fourier-

transformed along the τ axis to give ωτ.   
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Figure 2.5: 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) for VC-I2 in d6-benzene at Tw = 0.1 ps.  

Note the relative magnitudes of the color bars 
 

This transform also would filter out the first term in Eq. 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.  Again examining the double-sided Feynman 

diagrams in Fig. 2.2, it can be seen that the average value on the ωτ axis for R1-6 will be 

〈𝜔01〉.  On the ωm axis the value for R1,2,4,5 will be, again, 〈ω01〉, but for R3,6 will be 

〈ω12〉, shifted from 〈ω01〉 by the anharmonicity.  Also recall that the sign of R3,6 is 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 the ωm  axis but in the 

same place on the ωτ axis.  Though conventions differ throughout the field, causing much 

good-natured bickering, throughout the remainder of this work the peaks arising from 

R1,2,4,5 (the 0-1 transition peak) will be designated as positive in sign (thus that from R3,6, 

called the 1-2 transition peak, will be negative); additionally the ωτ axis will be set as the 

abscissa and the ωm 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 for a value of Tw = 0.1ps from a sample that is mostly 

homogeneously broadened, with some spectral diffusion (VC-I2 in d6-benzene, see 

Chapter 5).  The two peaks of opposite signs can be seen in all the spectra.  Notice 

particularly how the real rephasing spectrum peaks 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 a 2D-IR spectrum does not yield 

absorptive peakshapes; the wide side wings of dispersive lineshapes can be seen in each 

spectrum.  Adding the complex rephasing and nonrephasing spectra together, however, 

has been shown
93, 108

 to cancel dispersive aspects of the lineshapes, leaving behind what 
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is called the purely absorptive spectrum.  This 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 the correct 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 pulse-shaper), it is necessary to correct 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 equations that are and have been used for the phasing 

procedure, all have the common form of: 

 SPA(ωm,ωτ) = SNR eiϕNR + SR eiϕR  (2.19) 

where SPA is the purely absorptive spectrum, SNR and SR are the nonrephasing and 

rephasing spectra, respectively, and ϕ
NR

 and ϕ
R

 are the nonrephasing and rephasing 

correction factors, respectively.  The form that these factors take varies
93, 108-110

 but only 

the two equations used in the following work will be discussed here. 
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Figure 2.6: Phase correction program built by the author showing the purely absorptive 2D-IR 

spectrum for VC-I2 in d6-benzene at Tw = 15 ps before (a) and after (b) phase corrections have 

been applied.  The pump-probe spectrum at the relevant time point is shown in the right axes 

plotted in black.  The projection of the 2D-IR spectrum onto the ωm axis is plotted in the same 

axes. 

 

In chapter 3, the equations below
109

 were used: 

 ϕ
R

= ωτ ∙ Δτ12 + ωm ∙ Δτ3LO + ωm
2 ∙ Q

1
+ ωτωm

∙ Q
2
 (2.20) 

 ϕ
NR

= −ωτ ∙ Δτ12 + ωm ∙ Δτ3LO + ωm
2 ∙ Q

1
+ ωτωm

∙ Q
2
 (2.21) 



   47 

 

where Δτ12 is the correction for errors in the relative timing of beams 1 and 2 (thus 

negative in ϕ
NR

), Δτ3LO is the correction for errors in the relative timing of beam 3 and the 

LO, Q
1
 is a correction for chirp due to propagation of the echo through the back window 

of the sample cell, and Q
2
 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: 

 ϕ
R

= ωτ ∙ Δτ12 + ωm ∙ Δτ3LO + ωmδωm ∙ Q
1

+ ωτδω
m

∙ Q
2
 (2.22) 

 ϕ
NR

= −ωτ ∙ Δτ12 + ωm ∙ Δτ3LO + ωmδωm ∙ Q
1

− ωτδω
m

∙ Q
2
 (2.23) 

where δωm = (ωm − 〈ωm〉) (ωmax − ωmin)⁄  where ωmax and ωmin are the maximum and 

minimum values for ωm.  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 value of Q
2
 was very small and generally zero.  

These equations 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 pump-probe projection theorem or  the projection slice theorem.
111

  

As will be discussed further in section 2.3, the same four-wave mixing processes that 

give rise to the vibrational echo also produce the pump-probe signal.  This signal, 

however, has a constant value of τ = t' = 0 and thus is insensitive to phase errors during 

the coherence times (which are the only ones that matter for 2D-IR
93, 101

).  The pump-

probe spectrum, therefore, should be the same shape as the projection of the correctly 

phased 2D-IR spectrum onto the ωm axis.  By changing the various phasing parameters 
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until the projection lines up with the pump-probe, in principle one can retrieve the correct 

2D-IR spectrum.  Unfortunately, but not unexpectedly, the projection on the ωm axis is 

not as sensitive to Δτ12, the parameter that has the least connection with that axis.  As a 

constraint along the ωτ axis, the absolute value spectrum was used.
112

  The 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 peak values of the absolute 

value spectrum for each value of ωm 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 the O-H stretch of water, an 

enormous peak,
112

 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 (VC-I2 in d6-benzene, see Chapter 5) at Τw = 15 ps.  The agreement 

between the pump-probe and the projection 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) for VC-I2 in d6-benzene at Tw = 15 ps.  Note 

the relative magnitudes of the color bars, especially as compared with Figure 2.5. 

 

The specific laser setup used for the remainder of this work (see Figure 2.4) can 

be easily modified to perform IPP spectroscopy by simply replacing the first and second 
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beam splitters with mirrors and placing a CaF2 wedge in position P.  The path for beam 1 

then becomes 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 section 2.3).  This works well, 

but gives rise to irregularities when the pump-probe 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 as any solvent peaks in the area causes distortion of the pump-probe 

relative to the 2D-IR due to the division by the blocked signal (Equation 2.18).  Since the 

spectrum of the probe is a better approximation of the light that is actually reaching the 

sample, the 2D-IR spectra were corrected rather than the pump-probe spectra.  Since it is 

the denominator in the signal that needs to be changed, the correction was applied by 

multiplying the raw 2D-IR data by the FTIR transmission spectrum.  This correction was 

developed and used for the work in Chapter 6, where the multiplicity 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 

sample at Τw = 15ps.  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 and visible 

distinction between the homogeneous and inhomogeneous dynamics.  Recall that those 

oscillators that contribute to the rephasing spectrum are all those that have maintained 

their energy and frequency throughout the entire experimental time frame.  Along the 
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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 those oscillators that have maintained their phase relationship 

throughout the entire experimental time frame.  It is no surprise, therefore, that in Figure 

2.5 (the shorter Τw) the colorbar shows that the rephasing has about twice the signal of 

the nonrephasing in both the positive and negative directions.  This produces a purely 

absorptive spectrum that is elongated along the diagonal; the rephasing spectrum 

dominates.  Comparing this with Figure 2.7 (the longer Τw) it is clear that the shapes of 

the rephasing and nonrephasing spectra have not changed very much.  Examining the 

relative amounts of signal in this instance, however, they are approximately equal.  This 

yields a round shape in the purely absorptive spectrum.  In interpreting 2D-IR spectra, 

then, to retrieve the response function, it is the shape of the peak that is the variable of 

interest. 

Many specific methods exist for pulling the FFCF (which is usually the dynamic 

function desired) from a series of 2D-IR spectra.  One is simply to relate the amplitude of 

the rephasing and nonrephasing spectra to one another.
27, 108

  For laser systems that 

require phasing this method is not generally used, since the phase correction process is 

done with the purely absorptive spectrum.  Since this spectrum has greater resolution, it is 

usually advantageous to use one of the following quantifying techniques that use the 

purely absorptive spectrum.  Often the best method depends upon the size of the 

anharmonicity, since the 1-2 peak can interfere with the shape of the 0-1 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 method.
93, 113-114

  At early Τws the angle will be steep, decaying as the 

peaks grow more round.  If the two peaks are well-separated, then the ellipticity can be 

calculated, the ratio of the difference between to the sum of the diagonal and antidiagonal 

width.
93, 113, 115

  In the work that follows, there is neither a continuous overlap of 0-1 and 

1-2 peaks, nor are they consistently isolated from one another.  Thus 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 2D-IR spectra.  For a given 2D-IR spectrum, slices are taken 

parallel to the 𝜔𝑚 axis and the maximum at each slice is marked.  These maxima are then 

fit to a line, the slope of which is the CLS.  As the shape of the spectra change from 

elongated (Figure 2.8a) to round (Figure 2.8b), the CLS changes from ~1 to 0.  It has 

been shown mathematically
116

 that the CLS is proportional to the normalized FFCF (that 

is, CLS(Tw) = CFFCF(Tw) CFFCF(0)⁄ ) under the previous simplifying assumption that 

 g(t) = g
c
(t) = g

12
(t) and under the assumption of Gaussian dynamics invoked by the 

cumulant expansion.  It has also been shown, however, that even in a situation where this 

is not true, the CLS method retrieves values for the FFCF parameters that are remarkably 

similar to the true FFCF.
116

  Additionally under these circumstances, the cross-correlation 

function 〈δω12(t'')δω01(0)〉 can be found by application of the CLS method to the peak 

arising from the 1-2 transition.   

The CLS method gives only the normalized FFCF.  To obtain the full FFCF, 

including the true amplitudes and the dephasing time, the (normalized) linear lineshape is 

calculated according to Equation 2.3 and fit to the FTIR.
117

  Initial guesses as to the 
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values of Τ2 and the amplitude(s) of the FFCF are made using the full-width-at-half-

maximum (FWHM) of the linear lineshape.
117

  Since the homogeneous FWHM cannot be 

larger than the overall FWHM, these initial guesses are also lower limits. 

When the CLS method was originally developed, the slices were taken parallel to 

the 𝜔𝜏 axis (CLS:ωτ) which also yields the normalized FFCF when the 0-1 peak and the 

1-2 peak are well-separated,
117

 but the interference of the 1-2 peak can cause distortion in 

situations where this is not the case.  For the analysis in Chapter 3, the CLS:ωτ method 

was used, while in Chapters 5 and 6 the CLS:ωm method was used, followed by fitting of 

FTIR to obtain the full FFCF.   

 

 

Figure 2.8: Simulated purely absorptive 2D-IR spectra at short (a) and long (b) values of Tw.   

The center line for slices taken parallel to ωm is plotted above the positive peak. 
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2.3. Infrared Pump-Probe Spectroscopy (IPP) 

Infrared, or vibrational, pump-probe spectroscopy can be thought of as a 

precursor to 2D-IR spectroscopy.  All of the information obtained in IPP is contained in 

2D-IR, but IPP is a considerably simpler experiment and (as discussed above) is not 

sensitive to the phase errors present in the more complex method.   

Like all pump-probe spectroscopies, IPP involves two beams, a strong pump 

beam and a weak probe beam, separated by a time delay (called here Tw for reasons that 

will become obvious).  The signal comes from four-wave mixing processes, as mentioned 

previously.  The double-sided Feynman diagrams in Figure 2.2, therefore, also apply to 

the pump-probe signal.  Unlike 2D-IR, however, the first two interactions both come 

from the pump beam.  Since the signal is again emitted in the ∓ k⃗1 ± k⃗2 + k⃗3 direction, 

and k⃗1 = k⃗2, the signal’s phase-matched direction is the same direction as the probe.  The 

IPP signal is thus self-heterodyning.  (Signal in this direction can also come from three 

interactions with the probe;
101

 by placing a chopper on the pump beam and using the 

same detection scheme as for 2D-IR, as was done for all the IPP experiments in this 

work, any signal arising from such processes is subtracted away.)   

The first two interactions occur at the same time, τ = 0, so for IPP  R1 = R4, R2 = 

R5, and R3 = R6.  R7 and R8 are once again neglected because they only give signal in the 

relevant direction when Tw < 0; they contribute primarily to the coherent artifact that 

occurs close to Tw = 0.
93

  Though IPP spectra 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.   



   55 

 

The three remaining response pathways each belong to one of the familiar 

processes of light-matter interaction: R1 illustrates the stimulated emission path, R2 the 

ground state bleach, and R3 the excited state absorption.  Since τ = 0 and t' = 0,  

 R1 = R4  iμ
01
4 exp (− Tw T1

(01)
)⁄  (2.24) 

 R2 = R5  iμ
01
4 exp (− Tw T1

(01)
)⁄  (2.25) 

 R3 = R6 ∝ − 2iμ
01
4 exp (− Tw T1

(12)
)⁄  (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 

pump-probe spectroscopies, the bleach 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 of 2D-IR spectra.   

The signal here is expected to decay with a time constant of the relevant 

vibrational lifetime.  Figure 2.9 shows the full spectrum of a pump-probe decay (the same 

sample as previously: VC-I2 in d6-benzene) as a function of delay time.  The negative 

signal occurs at a lower energy as expected: a manifestation of the anharmonic shift.  In 

this sample (as in the others examined in this work) T1
(12)

 was found to have a value very 

similar to T1
(01)

.   
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Figure 2.9: Vibrational pump-probe spectra plotted as a function of delay time Tw for VC-I2 in d6-

benzene.  The higher frequency peak (~2070) is positive and shows the contribution from 

stimulated emission and the ground state bleach; the lower frequency (~2045) peak is negative 

and shows the contribution from excited state absorption.  The decay of each peak gives the 

vibrational lifetime T1 for that transition.  
 

In order to calculate T1, the pump-probe spectrum is generally fit to a single 

exponential function.  However, it is important to recognize that, in the solution phase, 

orientational relaxation 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.
118

  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 electric 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 designated S(┴) and P(║)) of a 

polarized beam.  The grating and mirrors of a monochromator can also cause 

considerable 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 an analyzing polarizer on the probe after the sample, the resulting signal has no 

orientational dependence, even when passed through a monochromator.
118
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Chapter 3: Solvation Dynamics of 

Vaska’s Complex by 2D-IR 

Spectroscopy 

Reproduced in part with permission from: 

Brynna H. Jones, Christopher J. Huber, and Aaron M. Massari “Solvation Dynamics of 

Vaska’s Complex by 2D-IR Spectroscopy,” B. H. Jones, C. J. Huber, A. M. Massari; 

Journal of Physical Chemistry C 2011, 115, 24813  

Copyright 2011, American Chemical Society 
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3.1. Chapter Summary 

 The solvation dynamics for Vaska’s complex and its oxygenated adduct (VC and 

VC-O2) were characterized using two-dimensional infrared (2D-IR) spectroscopy in d6-

benzene, chloroform, and DMF.  The iridium-bound carbonyl was used as a probe of the 

static and dynamic chemical environments in each solvent system.  The linear IR spectra 

of the complexes were consistent with CO frequency modulation though d-π* 

backbonding interactions.  The VC center frequencies were insensitive to the solvent 

type, but those of VC-O2 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 the metal-carbon linkage, and showed faster relaxation in the presence of solvent 

accepting modes.  2D-IR spectra were analyzed using the inverse centerline slope (CLS) 

as a representative of the frequency-frequency 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 solvent-solute interactions.  The measured dynamics were 

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 condensed-phase chemical reactions are not limited to 

the reactants and products, but must also include the surrounding solvent molecules.
119-122

 

These participants lower the average energies of the initial and final solute structures and 

stabilize (or destabilize) the transition state configurations during reaction events.  

Perhaps 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, thermally-driven fluctuations in their relative positions 

around the solute species.  The time scales of these dynamics depend on the nature and 

strength of the solvent-solute and solvent-solvent interactions, and the time evolution of 

this solvation environment has been shown to be integral to some of the most important 

chemical processes, such as proton transport, electron transfer, and catalysis.
119, 121-125

  

 

Scheme 3.1. Oxidative addition reaction of Vaska’s complex (VC) 
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Despite their relevance to reaction 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 microscopic processes in neat solvents has been gleaned from molecular 

dynamics (MD) simulations.
126-129

 In turn, these simulations have been validated and 

refined by experimental observables from higher order spectroscopies such as optical 

Kerr effect,
130-136

 fluorescence Stokes shift,
133, 137

 RaPTORS,
138

 and photon echo 

spectroscopies.
39, 122, 139-141

 Two-dimensional IR (2D-IR) spectroscopy has emerged as a 

powerful experimental approach to characterizing the solvation dynamics in the vicinity 

of a solute molecule.
142-150

 In a 2D-IR experiment, an IR-active 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.
72, 151-152

  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 signal, 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 function (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 through 2D-IR spectroscopy (as well 
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as all other approaches) are seen through 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 chemical systems are not always the same when observed by different 

techniques.
119

 Nonetheless, the FFCFs obtained through 2D-IR methods have been shown 

to be representative of the dynamics that are predicted by MD simulations.
153-155

 

In the interest of understanding of the role of solvation dynamics in the area of 

catalytic reactions, the current study applies 2D-IR spectroscopy to 

bis(triphenylphosphene) iridium(I) carbonyl chloride (Ir(PPh3)2COCl), also known as 

Vaska’s complex (VC).
81-82, 156

 Interest in this organometallic compound was piqued by 

its ability to reversibly add molecular oxygen, converting the square planar reactant to an 

octahedral adduct (see Scheme 3.1), in a manner reminiscent of oxygen transporting 

proteins in biological systems.
156

 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 complexes.
157-158

 The kinetics of this reaction were 

measured by several groups to be dependent on the solvent polarity, which led to the 

hypothesis of a polar transition state.
42-43, 69

 It was later recognized that other substrates, 

such as hydrogen and methyliodide, could also form adducts with VC, which could in 

some cases be reductively eliminated through a photochemical mechanism.
42-43, 69, 159-162

 

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 for studying catalytic reactions.
43, 69, 157, 163-168

 Yet, aside from 
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one investigation of the vibrational lifetime of the iridium-bound CO ligand in a single 

solvent, to our knowledge no reports exist that delve into the ultrafast dynamics of VC.
66

 

Here we present the linear IR and 2D-IR spectroscopic characterization of 

Vaska’s complex and its oxygen adduct in three pure solvents with varying polarities and 

reaction rates for the oxidative addition of molecular oxygen.  These experiments will be 

further augmented in Chapter 6 with studies in binary mixtures.  IPP spectroscopy was 

used to determine the rates of vibrational energy relaxation in each solvent environment 

to aid in the interpretation of the 2D-IR results.  The time scales of spectral diffusion are 

obtained from the 2D-IR 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(I) carbonyl chloride (Vaska’s complex, VC), was 

used as received from Sigma Aldrich (99.99% purity).  Chloroform and N,N-

dimethylformamide (DMF) were used as received from  Mallinckrodt Chemicals and 

deuterated benzene (d6-benzene) was used as received from Cambridge Isotope 

Laboratories.  The deoxygenated samples were prepared and sealed in a nitrogen-purged 

glove bag using solvent that was nitrogen purged by sparging for ≥ 30 minutes.  The 

oxygenated samples were allowed to equilibrate with air in the dark for 2-3 days.  Linear 

and nonlinear IR spectroscopies were performed on VC samples that were almost 

exclusively in the deoxygenated (VC) or oxygenated (VC-O2) 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 CaF2 windows with a 50 micron Teflon o-ring spacer.  

For some VC-O2 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 

vibrational mode, 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 of 2 cm
-1

.   

3.3.1. 2D-IR Spectroscopy 

The fundamentals of 2D-IR spectroscopy were discussed in Chapter 2.  For the 

particular experiments in this chapter, the laser system consisted of a regeneratively 

amplified Ti:Sapph laser (Spectra-Physics, 800 nm, 40 fs pulse duration FWHM, 30 nm 

bandwidth FWHM, 600 mW) pumping an optical parametric amplifier (OPA) (Spectra-

Physics) at a repetition rate of 1 kHz.  The near IR signal and idler beams generated by a 

β-barium borate (BBO, 3 mm thick) crystal in the OPA were difference frequency mixed 

in a silver gallium sulfide crystal (AgGaS2, 0.5 mm thick) to generate 3-4 µJ mid-IR 

pulses.  The mid-IR spectrum of the final output pulses was centered at the iridium-bound 

CO symmetric stretching frequency in VC with approximately 200 cm
-1

 of bandwidth 

(full width at half maximum, FWHM) and the pulses had a temporal duration of 90 fs 

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

2D-IR excitation sequence.  Each of the pump beams transmitted through 7 mm of ZnSe 

on the path to the sample (5 mm beam splitters at 45°) and all other steering optics were 

reflective.  An off-axis parabolic reflector crossed and focused the three p-polarized 

excitation pulses in the sample in the boxCARS geometry
107

 with the third order signal 

(vibrational echo) generated in the phase-matched direction.  The three pulses were 

temporally overlapped and their durations were characterized by optimizing the non-

resonant third-order signal from a 50 µm thick carbon tetrachloride sample.  After 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 reflected. After three partial 

reflections from the uncoated surfaces of ZnSe windows (assuming 7% reflectance), the 

LO power was approximately 0.3-0.5 nJ per pulse.  The coaligned LO and signal beams 

were spectrally resolved in a 0.32 meter monochromator with a 75 line/mm grating and 

detected with a liquid N2 cooled 64-element mercury cadmium telluride (MCT) linear 

array detector (Infrared Associates, Inc). The spectral resolution of the detection system 

was ~4 cm
-1

. On a single detector pixel at the maximum of the vibrational 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 interferogram 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 (Newport XM-50).  The entire optical 
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system was purged with dry air (-100 ºF dewpoint) during data collection.  Over the 

range of powers tested, no power dependence was observed for the samples in this work. 

In the 2D-IR technique, the third order signal (vibrational echo) is heterodyne 

detected with the spatially and temporally overlapped LO signal 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 grating.
70, 

106, 169-170
 For the second dimension, the time delay between pulses 1 and 2, τ, was 

scanned in increments of 5 fs as the time delay between pulses 2 and 3, Tw, 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 in 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 pulse 2 arrived before pulse 1 (nonrephasing echo 

diagrams). The Fourier transform of these datasets produced the rephasing and 

nonrephasing 2D-IR spectra that were added to produce the purely absorptive 2D-IR 

spectrum.
144

 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 others.
109, 116

 The 

pump-probe projection theorem was used as a constraint during this procedure.
144

 The 

resulting data plots were then analyzed using the centerline slope procedure developed by 

Kwak and coworkers in order to extract the FFCF from the 2D-IR data directly, as 

described in more detail below and in Chapter 2.
117
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3.3.2. IPP Spectroscopy 

Using the laser 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 chopped at 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 cell as described above), and the transmitted probe beam was aligned 

through a 0.32 m monochromator.  The probe was detected using the same 64-element 

MCT array as described above for the 2D-IR studies.  The pump-probe signal was 

obtained as the difference between 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 signals decayed 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.  The data were fit from 1-2 ps to 100 ps to determine the population 

relaxation times reported in Table 3.1. 

 

3.4. Results and Discussion 

The linear spectra for the carbonyl stretch of VC (solid lines) and VC-O2 (dashed 

lines) in d6-benzene (black), chloroform (red), and DMF (blue) are shown in Figure 3.1.  
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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 centers (νCO) and linewidths 

for each of the six samples are compiled in Table 3.1 for comparison.  For VC, center 

frequencies of the CO mode are approximately 1964 cm
-1

 and are nearly unchanged by 

the nature of the solvent.  The insensitivity of the mean CO frequencies demonstrates 

similar average solvation environments 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 minimal coordination of these solvents to the iridium or that these 

interactions are not reflected in the νCO. 

  The carbonyl vibrations on the VC-O2 exhibit a blue-shift upon binding of 

molecular oxygen and the conversion from a square planar to an octahedral configuration 

(see Scheme 3.1).  The oxidative addition of O2 decreases back-bonding of metal d-

orbital electrons into the CO π* orbital.
171-172

 This weakens the iridium-carbon bond to 

the CO ligand resulting in a higher frequency CO vibration.  In contrast to VC, the νCO 

values for VC-O2 are noticeably sensitive to the solvent identity, experiencing a shift of 

more than 10 cm
-1

 over the three solvents studied here.  The frequency shifts are not well 

correlated with the solvent polarity indices (Table 3.1).  Vibrational solvatochromism is 

the result of changes in the local electrostatic environment around the vibrational 

oscillator that induce shifts in the vibrational transition energies.
173-175

  The interactions 

can be parameterized by describing the nucleophilicity and electrophilicity of the solvent 

species, and are not always well correlated with empirical polarity indices such as those 
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developed by Reichardt for solvatochromic dyes.
13, 84

 Pensack and coworkers showed 

that organic carbonyl vibrational frequencies were more accurately described by the 

acceptor number (AN) or Lewis acidity metrics of Gutmann and Mayer.
174-175

 We find 

that the frequency shifts of the VC-O2 carbonyl mode track well with the Lewis acidity 

for benzene, chloroform, and DMF (shown in Table 3.1).
174, 176

  

There are two peculiar observations surrounding the vibrational solvatochromism 

of VC.  The first is that, contrary to previous organic carbonyl reports,
175, 177-178

 the VC-

O2 carbonyl actually blue-shifts with increasing solvent Lewis acidity.  The second is that 

the νCO for VC-O2 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 to back-

bond into the CO π* orbital.  As a starting point, electron withdrawal from the iridium by 

the O2 ligand is reflected in the > 40 cm
-1

 blue-shift due to the decrease in back-bonding.  

The solvent insensitivity of the CO frequency in VC, which has the chloride and 

triphenylphosphine ligands but not O2, further suggests that the extent of interaction of 

the dioxygen ligand with the solvent is the key factor in modifying the CO frequency.  As 

the solvent Lewis acidity increases from d6-benzene to DMF to chloroform, electron 

density is progressively shifted onto the O2 from iridium, thereby decreasing the ability of 

the metal to back-bond 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 

O2 reaction rate constants. 

parameters 
 d6-benzene  chloroform  DMF 

 VC VC-O2  VC VC-O2  VC VC-O2 

FTIR center (cm
-1

)  1964.7 2003.5  1964.7 2013.9  1963.5 2006.9 

FTIR width (FWHM, cm
-1

)  16.7 17.2  24.9 21.4  18.9 22.5 

vibrational lifetime, T1 (ps)  40 ± 1 65 ± 3  41 ± 1 93 ± 5  28.2 ± 0.5 42 ± 1 

polarity index
179-180

   2.7
a
  4.1  6.4 

acceptor number
176

  8.2
a
  23.1  16.0 

viscosity (cP at 25°C)
181

  0.604
a
  0.537  0.794 

rate constants (M
-1

 min
-1

)
42

  2.05
a
  3.00  7.85 

a. Values for benzene, not d6-benzene. 

 

The lineshapes in Figure 3.1 reflect changes in the distributions of vibrational 

frequencies in each of the 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 solvent dynamics.  The spectra of the VC and VC-O2 complexes in d6-benzene 

are narrower than either complex in either of the other solvents (see Table 3.1). It is 

conceivable that the range of solvent-solute configurations in the nonpolar d6-benzene is 

more homogeneous 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 cm
-1

 FWHM Gaussian 

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

statically or dynamically defined.  Reviewing Table 3.1 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. 

 

 

Figure 3.1:  Baselined and normalized FTIR spectra of VC (solid lines) and VC-O2 (dashed 

lines) dissolved in d6-benzene (black), chloroform (red), and DMF (blue). 

 

Also shown in Table 3.1 are the values for T1, the vibrational relaxation time.  

These were calculated from a single exponential fit to the pump-probe decays at the 

maximum of the iridium-bound CO absorbance.  To our knowledge, 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 various solvents (including chloroform and 

benzene), and observed an increase in the T1 with increasing νCO.
66

  This trend was 

confirmed and extended to a large library of metal carbonyl compounds by Dlott and 

coworkers.
182

 The large increase in T1 and corresponding blue-shifting of the νCO upon 

oxygenation for VC agrees well with these previous observations.
66, 183

 The increased 

relaxation time is explained by the fact that the lengthening of the iridium-carbon bond 

with addition of O2 (due to changes in backbonding) causes a decrease in the vibrational 

frequency (νIr-C) of this mode (as well as the M-C-O bending mode), along with the 

observed increase in the νCO.  The increased separation of these modes, already well 

separated since typical values for metal-carbon vibrations are in the hundreds of 

wavenumbers,
66

 increases the number of these lower frequency modes that must be 

excited for the relaxation of the carbonyl stretch.  

While VC versus VC-O2 T1 trends are consistent with the mechanisms of 

relaxation described above, a comparison of νCO to T1 in Table 3.1 for either VC or VC-

O2 shows that the frequencies and relaxation times across the studied solvents are not.  

For example, VC in all three solvents has a very similar νCO, but while the values for T1 

are identical within error in chloroform and d6-benzene, the T1 is faster by more than 10 

ps in DMF.  Additionally, VC-O2 has a large range of values for T1, with the fastest 

relaxation occurring again in DMF, the slowest in chloroform, and d6-benzene 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 vibrational modes to decrease T1 for the 

CO.  In d6-benzene, there is a weak absorbance at ~1995 cm
-1

, likely due to residual non-

deuterated benzene, which would clearly have a more marked effect on VC-O2 than VC.  

In DMF, the entire region of interest from ~1950-2000 cm
-1

 is populated by weak solvent 

peaks, which have a large effect on the relaxation times of both VC and  VC-O2.
184

 Thus 

the solute intramolecular relaxation pathways are modified by solvent-solute 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 collection of 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.  2D-IR 

spectroscopy has the ability to separate the homogeneous and inhomogeneous 

contributions to the FTIR lineshapes and to characterize the time scales of the solvation 

dynamics that are obscured beneath the linear lineshape.  The full 2D-IR datasets for VC 

are collected in Figures 3.6, 3.8 and 3.10.  Figure 3.2 shows representative 2D-IR spectra 

collected for VC in d6-benzene (Figs 3.2a-c), chloroform (Figs 3.2d-f), and DMF (Figs. 

3.2g-i), respectively.  Three Tws (0.5 ps, 10 ps, and 50 ps) are shown for each solvent, and 

the spectra at all measured Tws are available in Figures 3.6-3.11.  In each spectrum, the 

optical transform performed by the monochromator is displayed as the vertical axis and is 

called ωm.  The horizontal axis arises from the Fourier transform of the τ axis of the 

interferogram and is called ωτ (see Sections 2.2 and 3.3.1 for further description).  Each 
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spectrum contains a positive-going peak (red) and a negative-going peak (blue) at similar 

ωτ values but shifted along the ωm axis.  Recall from Chapter 2 that the positive peaks 

result from vibrational oscillators that were coherently driven by the first pulse in the 2D-

IR sequence at the v = 0 to v = 1 transition frequency (0-1), and then rephased by the 

third pulse at the 0-1 frequency.  Likewise, the negative peaks arise from coherences that 

were initiated at the 0-1 transition but rephased at the v = 1 to v = 2 frequency (1-2).  

Hence, the 1-2 peaks are shifted along ωm by the vibrational anharmonicity.   

Within a given vibrational manifold (0-1 or 1-2), the motions of the surrounding 

solvation environment 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 decorrelated with their starting frequencies due to solvation dynamics.  

This leads to a finite width along the antidiagonal slice across the 2D-IR plot; a large 

antidiagonal width at small values of Tw is characteristic of fast homogeneous dynamics 

that allow the oscillators to sample many frequencies beneath the IR lineshape. At short 

Tws, 2D-IR plots are generally elongated along the diagonal with their antidiagonal slices 

approaching the homogeneous linewidth.  Increasing Tw affords additional opportunities 

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 2D-IR spectrum as a broadening along the 

antidiagonal direction.  The solvation dynamics that affect the 1-2 peak are typically 

similar to those influencing the 0-1 transitions, though there are examples in which this is 
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not the case.
108

 In the discussion that follows, only the dynamics of the 0-1 peak were 

analyzed. 

 

 

Figure 3.2: 2D-IR spectra of VC in d6-benzene (a-c), chloroform (d-f), and DMF (g-i) collected 

at Tw = 0.5, 10, and 50 ps (first, second, and third columns, respectively). 
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Figure 3.3: 2D-IR spectra of VC-O2 in d6-benzene (top row), chloroform (middle row), and DMF 

(bottom row) collected at Tw = 0.5, 10, and 50 ps (first, second, and third columns, respectively). 
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Figures 3.2a, 3.2d, and 3.2g demonstrate that the VC carbonyl peak exhibits 

significant elongation along the diagonal in all solvents at short Tws, indicative of strong 

correlation between the frequencies.  The antidiagonal slices, characteristic of the 

homogeneous lineshapes, are generally no more than 10 cm
-1

 wide (FWHM), which 

confirms the earlier assertion that the FTIR lineshapes were inhomogeneously broadened.  

It can also be said that the antidiagonal slice across the 0-1 peak center at the shortest Tws 

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 in the inhomogeneity.  As Tw is increased to 10 ps (Figs. 3.2b, 

3.2e, and 3.2h) and then to 50 ps (Figs. 3.2c, 3.2f, and 3.2i), more time is allowed for the 

solvent motions to influence the frequencies of the carbonyl vibrations and the 2D-IR 

peak shapes become 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 Figure 3.2 shows that the dynamics 

vary with the solvent.  In particular, at 50 ps there is still evidence of elongation along the 

diagonal for the carbonyl 0-1 transition in DMF (Fig. 3.2i), while in d6-benzene and 

chloroform (Figs. 3.2c and 3.2f) the peaks appear entirely round.  This indicates that in 

DMF there are solvation dynamics affecting the carbonyl frequencies that are slower than 

those present in either d6-benzene or chloroform.   
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Figure 3.4:  CLS as a function of Tw for a) VC and b) VC-O2 in d6-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 on a non-logarithmic scale. 

 

Figure 3.3 similarly shows the 2D-IR spectra for VC-O2 in d6-benzene (Figs. 3.3a 

– 3.3c), chloroform (Figs. 3.3d – 3.3f) and DMF (Figs. 3.3g – 3.3i).  Again, the full 2D-

IR datasets for VC are shown in Figures 3.7, 3.9 and 3.11.  Qualitatively, it is clear from 
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the degree of roundness of the 10 ps spectra in the three solvents that the dynamics in 

chloroform are generally faster than in either d6-benzene or DMF.  Also, it is worth 

noting that in a comparison between Figures 3.2 and 3.3, VC-O2 is generally less 

elongated at the later Tws, particularly in d6-benzene and chloroform, indicating that 

faster dynamics are playing a dominant role in dephasing.  

The evolution of the 2D-IR spectra in each solvent due to solvation dynamics can 

be characterized by the extent to which the peak shapes vary from diagonally elongated 

to round.  The inverse center line slope (CLS) method described previously by Park and 

coworkers is a convenient approach to quantify this dynamical information.
117

 The center 

line for a 2D-IR peak is found by taking slices of a given spectrum parallel to the ωτ axis, 

calculating the peak value for each slice, then fitting those peak points to a line.  The 

slope of this line is an indication of the extent to which the peak is elongated along the 

diagonal.  At early values for Tw and in the limit that no spectral diffusion has occurred, 

the slope is expected to be close to unity.  As Tw increases and the 2D-IR peak shape 

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 above.
117

 By 

examining how the CLS changes with Tw, 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) with Tw for both VC and VC-O2 in 

the three solvents are shown in Figure 3.4.  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.  These are likely 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) measurements.
128, 131, 185-186

 These 

solvent dynamics are completed by a few hundred fs in benzene and chloroform.  

Examining the initial heights for the CLS decays (see zoomed insets in Figures 3.4a and 

3.4b), it is clear that for all of the solvents studied, the oxygenated form has decayed 

more than the deoxygenated by the first Tw (0.3 ps).  This disparity between the two 

forms is most obvious in the case of d6-benzene (black), which starts at 0.7 for VC but 

only 0.6 for VC-O2.  This indicates that these very fast solvent motions more strongly 

influence νCO on VC-O2, and can be explained by the fact that the VC-O2 carbonyl 

responds strongly to changes in and around the O2 ligand, 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 VC-O2.  Both forms of VC have the largest initial CLS in DMF 

(see insets in Figures 3.4a and 3.4b), the lowest in chloroform, and the intermediate in d6-

benzene (though these last two are very close for VC-O2).  These trends track the solvent 

viscosities illustrated in Table 3.1 supporting the notion that the dynamical information in 

this offset is related to the viscoelastic properties of the pure solvents.
27, 187-188

 

Examining the inset plots in Figures 3.4a and 3.4b, five of the six complexes have 

very similar CLS decays over the first 5 ps.  The outlier among these is VC in d6-

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 function that 
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is overlaid in Figure 3.4 as a solid line of matching color.  The parameters for these 

functions along with the fit uncertainties are shown in Table 3.2.  VC-O2 in DMF and 

chloroform as well as VC in d6-benzene were all fit with a double exponential.  VC in 

chloroform and DMF were fit to a double exponential with a static offset (Δ0), indicating 

that there were dynamics occurring on time scales much longer than those of our 

experiment.  VC-O2 in d6-benzene required a triple exponential.  The time constants have 

been classified into τ1 (on the order of a few ps), τ2 (on the order of tens of ps), and τ3 (on 

the order of hundreds of ps).  A comparison of the τ1 values confirms that the five similar 

looking CLS decays in the insets of Figures 3.4a and 3.4b have time constants that range 

from 1.4 to 3.5 ps, while that of VC in d6-benzene is roughly twice as long as their 

average.  The VC in d6-benzene also experiences the most significant change in τ1 upon 

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 in 2D-IR 

spectroscopy is challenging and is usually achieved through a connection with the 

observables calculated from a molecular dynamics simulation.
153-155

 In the following 

discussion, we draw parallels between our measured CLS decays and previously reported 

dynamics measured by OKE and NMR spectroscopies to categorize some of our results.  

Table 3.3 compiles the results of several studies performed on neat benzene, chloroform, 

and DMF.  Within error, the majority of the decorrelation dynamics contained in τ1 for 

VC and VC-O2 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 or VC-O2.  This 

underscores the fact that different techniques may in some cases be sensitive to different 

dynamical 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 slightly for d6-benzene.
189

 Nonetheless, there 

is a strong correspondence between the τ1 values measured by 2D-IR and the neat solvent 

librational dynamics measured by OKE spectroscopy. 

 

Table 3.2: Multiexponential fit parameters to CLS decays of VC and VC-O2 in multiple 

solvents.  

CLS fit 

parameter 

d6-benzene  chloroform  DMF 

VC VC-O2  VC VC-O2  VC VC-O2 

Δ1 
0.20 

(±0.05)
a
 

0.18 

(±0.05) 
 0.09 (±0.05) 

0.31 

(±0.06) 
 
0.23 

(±0.08) 

0.39 

(±0.05) 

τ1 5 (±2) 1.4 (±0.6)  2 (±1) 3.5 (±0.6)  2.1 (±0.8) 1.9 (±0.6) 

Δ2 
0.48 

(±0.05) 

0.31 

(±0.05) 
 0.55 (±0.06) 

0.31 

(±0.06) 
 
0.49 

(±0.09) 

0.39 

(±0.05) 

τ2 33 (±4) 9 (±3)  10 (±1) 15 (±2)  11 (±2) 33 (±8) 

Δ3 - 
0.16 

(±0.04) 
 - -  - - 

τ3 - 100 (±40)  - -  - - 

Δ0 - -  
0.013 

(±0.009) 
-  

0.06 

(±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 ps) (290-303 

K). 

assignment (method) 
d6-benzene  chloroform  DMF 

VC-O2 VC  VC-O2 VC  VC-O2 VC 

τ1 (this work) 1.4 ± 0.6 5 ± 2  3.5 ± 0.6 2 ± 1  1.9 ± 0.6 2.1 ± 0.8 

reorientation 

(OKE)
186

 
0.98, 3.14, 3.19

a
 

 
3.28, 1.2, 1.85 

 

 

rotation (NMR)
96

 1.17  1.62 (d)  
 

reorientation 

(RIKES)
32

 
0.86, 2.84

a
 

 
2.81, 1.07 

 
1.53, 5.06 

intermolecular 

nuclear response 

(OKE)
185

  

 

2.94 

 

 

vibrational 

response
185

 
 

 
1.38, 1.11, 1.48 

 
 

reorientation 

(OKE)
130

  

 

 

 
1.3, 6.22 

reorientation 

(RIKES)
189

  

 

 

 
0.82, 4.72 

reorientation 

(MD)
190

 
1.2, 1.5, 2.8, 4.5

a
 

 

 

 

 

a. Values for benzene, not d6-benzene.  

 

Although the CLS decays of VC-O2 begin lower than VC in all three solvents (as 

mentioned above), at later Tws the VCs become more decorrelated.  This is shown more 

clearly in Figure 3.5 in which the fitted multiexponential functions are overlaid for VC 

and VC-O2 in each solvent separately.  The point at which the crossover occurs and the 

CLS for VC (solid line) drops below VC-O2 (dashed line) is indicated with a vertical 

dashed line at 50, 18, and 7 ps in d6-benzene, chloroform, and DMF, respectively.  While 

the unresolved fast dynamics before the first Tw have more of an impact on VC-O2, the 
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spectral diffusion in the first tens of ps more strongly affects the VC carbonyl, allowing it 

to become more decorrelated.  This is borne out in the fits to the CLS decays in Table 

3.2, which show that the Δ2 values are always larger for VC than for VC-O2.  Figure 3.5 

shows that the length of time required for the crossover is not correlated with solvent 

viscosity, which suggests that the molecular origins of these dynamics have more to do 

with the strength of solvent-solute interactions than the pure solvent-solvent interactions 

of τ1.  If these motions do arise from such interactions, this could explain the trend of Δ2 

mentioned above since the square planar geometry of VC is sterically more open to these 

kinds of interactions than VC-O2. 

On longer time scales, the dynamics contained in the FFCF (through the CLS 

decay) can still, in some cases, be related to the viscoelastic properties of the pure 

solvents.  For example, the CLSs for VC and VC-O2 in chloroform have decayed below 

those of the other solvents by five ps and remain the most dephased out to longer Tws.  It 

is clear that overall the dynamics in chloroform are the fastest for both VC and VC-O2, 

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 properties, such as the crossover 

time described above, and the fact that VC in d6-benzene and DMF is more readily 

differentiated by solvent type than VC-O2 (Figures 3.4a and 3.4b).  In these cases, the 

dynamics are more likely to be intermolecular fluctuations that depend 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 
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presence of a solute,
130

 and it has more recently been demonstrated with 2D-IR 

spectroscopy that water reorientation in the vicinity of ions is significantly slowed.
191-192

 

 

 

Figure 3.5:  Comparison of multiexponential fits for VC (solid line) and VC-O2 (dashed line) in 

a) d6-benzene, b) chloroform, and c) DMF.  Vertical dotted line in each frame indicates Tw at 

which VC decays below VC-O2.  

 

Even without precise knowledge of their origins, Table 3.2 shows that the τ2 

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

Regardless of solvent or VC form, the amplitudes (Δ2) of these dynamics are equal to or 

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

contributions from τ1 (few ps) and τ2 (tens of ps) are balanced in each solvent.  

Chloroform and DMF are similar, having their VC dynamics dominated by the τ2 
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fluctuations (larger Δ2s) and their VC-O2 dynamics equally affected by the τ1 and τ2 

dynamics.  The CLS decays in d6-benzene, on the other hand, are dominated by tens of ps 

dynamics for both VC and VC-O2.  Although the τ1 and τ2 time constants are not overly 

different in d6-benzene compared to chloroform and DMF, their relative weights in the fit 

(Δ1 and Δ2), the necessity of a third exponential term (τ3) in the CLS fits, and the greater 

change in the value of τ1 with O2 ligation make this solvent dynamically distinct from the 

other two.  Notably, the reported rate of oxidative addition to VC in benzene is the 

smallest of the 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 one to draw 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 iridium-bound CO on the time scale of a few ps (τ1), which we believe to reflect 

the pure solvent motions, are not drastically different.  What is certainly different across 

these solvents is the relative amplitudes of the τ1 and τ2 types of dynamics.  The change to 

more favorable solvents for oxidative addition of O2 moves towards a system in which 

the VC-O2 has notably more of the τ1 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 stronger solvent-solute 

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 frequency modulation by the metal-

carbonyl backbonding interactions. 

In addition to this change in the balance btween τ1 and τ2, the τ2 time constants 

have distinct trends across the solvents studied.  Moving from benzene to chloroform to 

DMF, the rate of O2 addition increases, the τ2 for VC decreases, and the τ2 for VC-O2 

increases.  Therefore, based on the dynamics that we are sensitive to in these 2D-IR 

experiments, the transition to more favorable solvation environments for this reaction is 

accompanied by a shift to a solvent system that has somewhat faster solvent-solute 

interactions 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 O2 ligand.   

 

3.5. Conclusions 

In this work, the ultrafast solvation dynamics were measured for VC and VC-O2 

in three solvent systems.  The solvents chosen have been reported to support a range of 

reactivities towards the oxidative addition of O2 to the complex.  The FTIR spectra 

showed that the center frequency of the iridium-bound 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 the O2 ligand.  The 

vibrational relaxation rates of the CO ligand were measured and found to be dependent 

on solvent type as well as oxidation state, with VC-O2 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 in T1 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 beneath the inhomogeneous 

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 of the ensembles of VC-O2 

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 the decorrelation 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 (tens of ps, solute-solvent 

influenced) carbonyl frequency fluctuations.  In the presence of such solute-solvent 

interactions, the O2 ligand on VC-O2 may act as an antenna that makes the carbonyl 

frequency fluctutations more sensitive to the pure solvent dynamics, which explains the 

trend towards balanced contribution of the faster and slower time scale motions.  The 

time constants of the slower dynamics became longer for VC-O2 as the solvent became 
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more favorable for oxidative addition, suggesting that the better solvents for this reaction 

stabilize the oxygenated complex through stronger interactions with the dioxygen ligand.
a
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 The authors gratefully acknowledge funding from the National Science Foundation 

under CHE-0847356.  The authors also thank M. D. Fayer and Emily Fenn for helpful 

discussions regarding the 2D-IR data analysis. 
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Figure 3.6.  Full 2D-IR dataset for VC in d6-benzene. 
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Figure 3.7.  Full 2D-IR dataset for VC-O2 in d6-benzene. 
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Figure 3.8.  Full 2D-IR dataset for VC in chloroform. 
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Figure 3.9.  Full 2D-IR dataset for VC-O2 in chloroform. 
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Figure 3.10.  Full 2D-IR dataset for VC in DMF. 



   95 

 

.  

Figure 3.11.  Full 2D-IR dataset for VC-O2 in DMF.  
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Chapter 4: Solvent Mediated Vibrational 

Energy Relaxation From Vaska’s 

Complex Adducts in Binary Solvent 

Mixtures 
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“Solvent-Mediated Vibrational Energy Relaxation from Vaska’s Complex Adducts in 
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4.1. Chapter Summary 

A vibrational pump-probe and FTIR study was performed on two different 

adducts of Vaska’s complex in two different sets of binary solvent mixtures. The 

carbonyl vibrational mode on the oxygen adduct exhibits solvatochromic shifts of ~10 

cm
-1

 in either benzyl alcohol or chloroform relative to d6-benzene, 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 of d6-benzene with either benzyl alcohol or chloroform.  In 

neat solvents, the trends in linewidth, frequency, and vibrational lifetime are consistent 

for the two adducts, but complex relationships emerge when the trends in each property 

are compared as a function of mixed solvent composition.  The νCO is more sensitive to 

the solvation environment around the trans ligand, while the linewidth and 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 with solvent composition, 

and is correlated with the mole fraction of chloroform but anti-correlated with the mole 

fraction of benzyl alcohol.  The results are explained by differences in the densities of 

solvent modes that affect intermolecular relaxation of the carbonyl mode. 
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4.2. Introduction 

Vaska’s complex (bis(triphenylphosphine) iridium(II) carbonyl chloride, VC) is 

an organometallic catalyst that has served as a model system for exploring the 

mechanistic details of oxidative addition
42-43, 69, 157

 and reductive elimination reactions,
159-

160
 as well as biomimetic O2 binding to metal centers.

156, 158, 193
  VC and its adducts 

possess a carbon monoxide ligand whose vibrational frequency (νCO) is a reporter of the 

oxidation state of the iridium.
171-172, 193

 It is often cited as a textbook example of metal-to-

ligand back-bonding whereby the νCO is effectively tuned by the extent of electron back-

donation into its antibonding π* orbital.
171

   

In Chapter 3, we used 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 constants.
194

 Oxidative addition to form an adduct is the 

first step in the catalytic cycle and this reaction restructures VC and its surrounding 

solvent shell.  We found that the time scales on which the solvation shells fluctuate are 

different for these solvents around VC and its O2 adduct (VC-O2) and we hypothesized 

that these dynamic differences play a role in the catalytic rate.  In both this study and a 

subsequent more exhaustive FTIR study, we showed that the νCO was generally 

insensitive to the surrounding solvent for VC and most of its adducts, including the I2 

adduct (VC-I2), but was distinctly solvatochromic for VC-O2.
104

  We also found evidence 

that, for VC-O2, the CO mode is influenced by the solvent motions around the O2 

ligand.
194

  Based on this observation, we hypothesized that the O2 ligand could contribute 

to the time-dependent frequency shifts of the νCO leading to its dephasing, making the 
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carbonyl on VC-O2 a particularly 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 a static indicator like νCO translates to sensitivity in dynamic variables that 

affect the IR lineshape such as vibrational energy relaxation (VER) and pure 

dephasing.
106, 195-198

 It has been shown that for certain classes of molecules that a linear 

correlation exists between the frequency of the excited vibrational mode and its 

population relaxation time
183

 while in other cases this relationship is complicated by 

interactions with the solvent.
66, 199

 

In this chapter, a detailed study of the solvent-solute interactions between two VC 

adducts in two series of binary solvent mixtures is presented. We focus our attention on 

the behavior of the frequency and width of the inhomogeneous lineshape, and the rate of 

VER of νCO for two specific VC adducts: the dioxygen adduct (VC-O2) and the diiodide 

adduct (VC-I2).  Both molecules are octahedral iridium complexes with one chloride, one 

carbon monoxide, and two triphenylphosphine ligands, but the difference in 

electronegativity of the O2 and I
-
 ligands positions their νCO values 60 to 70 cm

-1
 apart.  

Although they are structurally similar, their frequencies exhibit the extremes of 

sensitivity and insensitivity to the nature of the solvent: the frequency on VC-O2 can be 

perturbed up to 20 cm
-1

 by the solvent, while on VC-I2 it is largely insensitive to all 

solvents that we have tested.
104

  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, giving us a way to examine the relationship between the solute-solvent 

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

Bis(triphenylphosphine) iridium(II) carbonyl chloride, (Vaska’s complex, 

99.99%, Sigma Aldrich), chloroform (CHCl3, 99.8%, Sigma Aldrich), benzyl alcohol 

(BA, ≥99%, Sigma Aldrich), perdeuterated (d6-)benzene (99.5% D, Cambridge Isotope 

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

VC-O2 solutions were prepared by dissolving 6 mg of Vaska’s complex in 2 mL 

of the desired solvent mixture (freshly prepared) and waiting for at least 24 hours to 

allow the oxygen dissolved in solution to bind.  VC-I2 solutions were prepared by 

dissolving 6 mg of Vaska’s complex with 2 mg of iodine in 2 mL of solvent and 

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.  Solutions 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 150 μm 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 cm
-1

.  Path lengths of both 

150 μm and 25 μm were used for FTIR measurements. 

The IPP spectroscopy setup was similar to that described in Chapter 3, with the 

addition of polarization control. The probe beam was p-polarized 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 sample.
118

  The pump and probe beams were spatially 

overlapped and focused in the sample volume by an off-axis parabolic reflector. The 

transmitted probe beam passed through an analyzing polarizer placed directly after the 

sample (set to transmit p-polarized) and was then spectrally resolved in the same 

monochromator and detected with the same detector as in Chapter 3.  The data were fit 

from 2 ps to 270 ps to determine the population relaxation times (lifetime, T1) for the 

v=0-1 and 1-2 transitions.  The vibrational relaxation times for these two transitions 

consistently showed the same trends and the 0-1 values are used in the following 

discussion. 

4.4. Results and Discussion 

The solvent-subtracted FTIR spectra of the carbonyl stretch on VC-O2 and VC-I2 

in neat d6-benzene, CHCl3, and BA are shown in Figures 4.1a and 4.1b, respectively.  As 

expected, the νCO of VC-I2 is considerably higher than that of VC-O2 due to the electron 

withdrawing strength of the I
-
 ligands.

103-104
 The VC-O2 carbonyl peak broadens and 

exhibits a strong hypsochromic shift from 2003.6 cm
-1

 in d6-benzene (black) to either 

2014.0 cm
-1

 in CHCl3 (blue) or 2013.2 cm
-1

 in BA (red).  The νCO and linewidths in the 

latter two solvents are quite similar.  It can be said that CHCl3 and BA are two solvents 

that can lead to significant and nearly identical changes in the oxidation state of the 

iridium on VC-O2.
158

 

In contrast, VC-I2 shows very little change in νCO but the peak width varies 

considerably between the three solvents, increasing from d6-benzene (black) to BA (red) 

to CHCl3 (blue).  Comparing the two frames in this figure, the fact that the νCO of VC-I2 



   102 

 

is nearly insensitive to the change in solvents shows that there are no specific solvent-

solute interactions with any of the ligands, including the CO, that influence the extent of 

metal-to-ligand back-bonding.  For VC-I2, the average oxidation state of the iridium is 

the same in all three solvents.  Replacing the iodide ligands with O2 activates 

solvatochromism through stronger specific interactions between this particular ligand and 

the solvent, as we have previously reported.
104, 194

 DFT calculations showed that these 

interactions could be through hydrogen bond donation to the lone pairs on the O2 

ligand.
104

 Yet CHCl3 and BA have different hydrogen bonding strengths
176

 and so the 

coincidence of their νCO values on VC-O2 likely has some dependence on other 

nonbonding forces, such as dipole-dipole interactions.
15, 18

 The broadening of the νCO 

lineshapes for both adducts suggests that their solvation environments in CHCl3 and BA 

are more heterogeneous than that of d6-benzene, although there may also be contributions 

to the lineshapes from changes in solvent shell dynamics and the T1 that cannot be 

determined from the FTIR spectra alone.
110, 143
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Figure 4.1: Solvent subtracted, baselined and normalized FTIR spectra of the CO vibrational 

mode on a) VC-O2 and b) VC-I2 in d6-benzene (black), BA (red), and CHCl3 (blue).   

 

With the characteristics of νCO on the two adducts established in these pure 

solvents, we systematically varied the solvent composition from d6-benzene to either 

CHCl3 or BA. Binary solvent mixtures introduce a linear variation of the bulk solvent 



   104 

 

composition as an independent variable onto which one can map spectroscopic changes 

to test for preferential solvation.  In general, three types of preferential solvation can be 

described for binary solvent mixtures.
15, 18

  First, the solvent and solute can have site-

specific interactions such as hydrogen bonding.  The second type of preferential solvation 

invokes non-structural solute-solvent interactions, such as dipole-dipole 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 from the mole fraction of 

the bulk solvent.  If a particular spectroscopic observable, such as νCO, FWHM, or T1 in 

the following measurements, has different values in two neat solvents, then a linear 

variation of that observable with the mole fraction of a binary mixture 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 vary linearly.
15, 18

  

Figure 4.2a shows the νCO for VC-O2 as the composition of the solvent mixture 

changes from pure d6-benzene to either pure BA (black circles) or pure CHCl3 (red 

squares). The νCO and FWHM values leading to Figures 4.2 and 4.3 are included in Table 

4.1.  The full FTIR spectra are provided in Figure 4.8.  The change in the VC-O2 νCO 

displayed in Figure 4.2a is not linear in mole fraction for either BA or CHCl3 in d6-

benzene.  In both types of mixtures, the non-benzene solvent has a stronger influence on 

the carbonyl frequency than would be anticipated from a linear projection between the 

pure solvents.  This indicates that there is indeed preferential solvation of the O2 ligand 
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by BA and CHCl3 over d6-benzene, which decreases the availability of metal electrons 

for back-bonding. The solvation shell 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 of change in the νCO of VC-I2 (Figure 4.2b) 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 Figure 4.2a, the BA mixtures exhibit a far less 

linear trend.  We observed that VC-O2 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 solvation shell 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 than d6-benzene (or chloroform for that matter),
174, 176, 200-201

 

the more prominent deviation from linearity is thus due to a stronger solute-solvent 

interaction and/or heterogeneous solvent shell composition with BA preferentially 

solvating the O2 ligand.
202

 In CHCl3, this interaction with dioxygen is weaker, even 

though the solvent readily dissolves VC-O2, leading to a more linear trend in νCO as the 

mole fraction of CHCl3 increases. 
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Figure 4.2: Carbonyl frequency (νCO) for VC-O2 (a) and VC-I2 (b) as a function of solvent 

composition in mixtures of d6-benzene and BA (black circles, green triangles) and mixtures of d6-

benzene and CHCl3 (red squares, blue diamonds). 

 

The solvent insensitivity of νCO in VC-I2 is apparent in Figure 4.2b, where the 

blue diamonds and green triangles show the center frequency in the CHCl3 and BA 

mixtures, respectively.  Since the three pure solvents have roughly the same νCO values, 

there is no variation of this parameter across the binary mixtures.  The lack of a shift in 

the I2 complex suggests that there are not specific solvent-solute interactions with any of 
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the ligands, including the I
-
 and CO, that modulate the electron density on the iridium 

enough to change the extent of back-bonding to the CO ligand.  Since the metal-to-CO 

back-bonding 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.   

 

Figure 4.3: Full width at half maximum (FWHM) for the carbonyl stretch of VC-O2 (a) and VC-

I2 (b) as a function of solvent composition in mixtures of d6-benzene and BA (black circles, green 

triangles) and mixtures of d6-benzene and CHCl3 (red squares, blue diamonds). 

 



   108 

 

As noted above, despite the insensitivity of νCO for VC-I2, the spectral lineshapes 

are not independent of the solvent.  Figure 4.3 shows the width (FWHM) for the carbonyl 

stretch of each adduct in both types of solvent mixtures.  Here again, Figure 4.3a contains 

the values for VC-O2 in BA mixtures (black circles) and CHCl3 mixtures (red squares), 

while Figure 4.3b contains those for VC-I2 in BA mixtures (green triangles) and CHCl3 

mixtures (blue diamonds).  In some cases, the FTIR bands show some asymmetry (see 

Figure 4.8), and so the widths in Figure 4.3 are FWHMs of the raw absorbance bands, not 

Gaussian fit parameters.  Both adducts show broadening as the mole fraction of d6-

benzene in the bulk decreases.  In the BA mixtures, both VC-O2 and VC-I2 exhibit 

greater broadening at low mole fraction than would be expected from a linear variation in 

solvent composition.  This is most pronounced for the VC-O2 BA/d6-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 with that of the νCO in Figure 

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 CHCl3 mixtures, both adducts broaden mostly linearly 

in relation to the mole fraction.  In every solvent composition, the peak of VC-O2 is 

consistently broader than that of VC-I2 in the same solvent. 

Based purely on the FTIR spectra discussed above, it is impossible to say whether 

the broadening in Figure 4.3 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 solvent-solute configurations).  
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An increase in inhomogeneity would be a reasonable explanation of the broader peaks in 

the more polar CHCl3 and BA (stronger intermolecular interactions generally mean a 

wider variety of environments) but the homogeneous lineshape can also be affected by 

the solvent.  It is in these circumstances that nonlinear spectroscopies such as vibrational 

pump-probe spectroscopy can become useful in differentiating sources of broadening.  

The dynamic contributions to the lineshape are the vibrational relaxation time (lifetime, 

T1), pure dephasing, and spectral diffusion.
106, 110

  Here we measure only T1, isolating that 

contribution to the homogeneous linewidth and giving insight into its role in lineshape 

broadening as well as the rate and possible mechanism of solvent influence 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 in alcoholic solvents was achieved even at low 

concentrations of alcohols in alkane/alcohol mixtures.  Time-resolving the fluorescence 

Stokes shift showed that the time scale for the solvation process around the excited state 

was notably slower than in neat alcohols.
23

 Likewise, Luther and coworkers reported the 

time-resolved fluorescence Stokes shift of the same coumarin dye contained an 

abnormally slow solvation process in acetonitrile/benzene mixture solvents.
19

 The 

mechanism of this process was elegantly described by Nguyen and Stratt as originating 

from the exchange of molecules from the first solvation shell to re-equilibrate around the 

excited state.
36

 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 Figures 4.2 and 
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4.3), could have an influence over the time dependent reorganization of the solvation 

shell molecules. Viewing the role of the solvent in VER as modulating the force applied 

to the solute,
203

 it is conceivable that the preferential solvation might also affect the CO 

relaxation times. In the following measurements, we use vibrational pump-probe 

spectroscopy on VC adducts in binary solvent mixtures to test for this possibility, 

although 2D-IR spectroscopic studies underway in our 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 to d6-benzene and CHCl3 or BA, and that these subensembles 

have different T1 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 T1.  Alternatively, the νCO peak may reflect a single heterogeneous population with 

a single relaxation time.  For VC-O2, the solvatochromic frequency shifts among the pure 

solvents (~10 cm
-1

) allow for spectral distinction between uniform or binary solvation.  In 

order to be certain that in choosing a particular frequency at which to report the lifetime 

we were not ruling out certain solvation environments, we compared the T1 values at 

many frequencies.   
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Figure 4.4: Vibrational lifetime (T1) as a function of frequency for VC-O2 in 0.3 mole fraction 

BA in d6-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 the reported values for T1 (see text). 

 

Figure 4.4 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 the VC-O2 sample in 0.3 mole 

fraction of BA in d6-benzene.  This mole fraction was chosen because it contains 

significant amounts of both BA and d6-benzene and νCO 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 data and the errors on the fits show that there 

are not statistical differences in T1 across most of the 0-1 and 1-2 transitions.  The slight 

increase in T1 at a few of the higher frequencies was also present in the T1 fits to the 

pump-probe spectra of the pure solvents.  The T1 of VC-O2 in pure BA is almost 40 ps 
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faster than pure d6-benzene (see Table 4.1).  Therefore, if the higher frequency portion of 

the carbonyl peak was indeed from primarily BA-surrounded molecules, then in this 

particular d6-benzene/BA mixture one would expect a decrease in T1 with an increase in 

frequency.  We conclude that the νCO peak is a single inhomogeneous population 

represented by a single T1. 

Overlaid in Figure 4.4, the pump-probe spectrum for this same sample is shown at 

1 ps (blue) and 100 ps (red, ×3) delay times. The positive peak represents the bleach from 

the transient absorption from the ground state to the first excited state (0-1) and the 

negative peak represents the signal from the transition from the first excited state to the 

second excited state (1-2).  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 over this long time 

delay.
204

  Instead, the shapes are nearly identical, confirming that the solvent mixture has 

a collective influence on the T1 for these pump-probe spectral bands.  For the remainder 

of the discussion, the T1 values are reported as the average of the five points around the 

maximum of the positive (0-1) peak, shown in Figure 4.4 as the grayed area, for each trial 

(most data points have at least two trials associated with them).  The T1 values for both 

complexes in all solvents and solvent mixtures are compiled in Table 4.1.  
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Table 4.1. T1, νCO, and FWHM values for binary solvent mixtures.  Errors in parentheses 

indicate the standard deviation from the mean. 

solvent(s)  
mole 

fraction 

 νCO (cm
-1

)  FWHM (cm
-1

)  T1 (ps) 

 VC-O2 VC-I2  VC-O2 VC-I2  VC-O2 VC-I2 

CHCl3 in 

d6-benzene 

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 10.3  101 (3) 205 (7) 

0.5  2010.2 2069.9  18.6 11.9  102 (1) 207 (6) 

0.7  2011.9 2070.2  19.2 13.7  106 (2) 214 (7) 

0.8  2012.5 2070.4  19.8 14.8  106 (2) 216 (6) 

0.9  2013.8 2069.9  20.2 15.7  109 (3) 219 (10) 

0.95  2014.5 2070.6  20.5 16.2  106 (2) 221 (6) 

1  2014.0 2070.0  21.2 16.7  108 (2) 216 (7) 

BA in  

d6-benzene 

0  2003.6 2068.9  16.5 8.0  92 (2) 193 (7) 

0.05  2006.7 2069.0  18.9 8.5  87 (2) 189 (13) 

0.1  2008.5 2069.0  19.9 8.8  88 (2) 188 (13) 

0.2  2009.8 2069.0  20.2 9.2  84 (2) 181 (12) 

0.3  2010.5 2069.1  20.4 9.8  78 (1) 174 (11) 

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

0.5  2011.8 2069.5  20.2 10.3  73 (2) 172 (10) 

0.7  2012.5 2069.5  20.5 10.7  66 (2) 150 (7) 

1  2013.2 2069.4  20.5 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 VC-O2 (a) and VC-I2 (b) in neat d6-benzene 

(black circles), BA (red triangles), and CHCl3 (blue squares).  Markers represent data points and 

lines illustrate the single exponential fits to the data. 

Representative decays of the bleached 0-1 transition for VC-O2 and VC-I2 in pure 

solvents are shown in Figures 4.5a and 4.5b, respectively.  Decays for all the mixtures 

with their fits are shown in Figures 4.9 and 4.10.  The markers represent the normalized 

experimental data and the lines show the single exponential fits from which the T1 was 

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

Figures 4.9 and 4.10.  For both adducts, BA has the fastest relaxation time, CHCl3 has the 

slowest, and d6-benzene is intermediate (though closer to CHCl3).   

 

 

Figure 4.6:  T1 normalized by the lifetime of pure d6-benzene (T1/ T1,benzene) as a function of 

solvent composition. VC-O2 in BA mixtures (black circles), VC-O2 in CHCl3 mixtures (red 

squares), VC-I2 in BA mixtures (green triangles), and VC-I2 in CHCl3 mixtures (blue diamonds) 

are shown. Error bars represent the standard deviation from the mean. 

 

It was anticipated that the carbonyl would relax much more slowly on VC-I2 

compared to VC-O2 in light of literature work on the relationship between vibrational 

frequency and relaxation time.
183

 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 serves to modulate 
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these interactions and donates or absorbs additional quanta of energy that conserve 

energy in the overall process (solvent-assisted intramolecular relaxation).
203

 If this 

relaxation process is inefficient, intermolecular relaxation into solvent accepting modes 

can also become a viable relaxation channel.
205-206

 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 occur.  Hill and 

coworkers demonstrated a linear relationship between the T1 and νCO for a library of 

metalloporphyrins in which the lifetimes became longer with increasing frequency.
183

 

However, that trend was not consistently followed when the solvent alone was changed.  

For a series of simple chlorinated solvents they reported only minor changes in T1 that 

were not correlated with νCO.  They concluded that VER proceeded primarily through 

intramolecular channels from the carbonyl to the π-system of the porphyrin, and that the 

anharmonic coupling of these channels was not perturbed by the nature of the solvent.  

When a more structurally complex dibutylphthalate (DBP) solvent was used they 

observed a 40% decrease in T1, which was partly attributed to intermolecular relaxation 

into the solvent on a time scale that was competitive with intramolecular relaxation due to 

the large density of states on DBP and its strong non-bonding interactions with the 

porphyrin.
183

  It is worth noting that the relaxation times of their systems were on the 

order of 5-10 times faster than those for the molecules we studied here.  Heilweil and 

coworkers reported drastic changes in T1 with a change in solvent in their study of metal 

hexacarbonyls when only very small changes in νCO occurred.
66

  In contrast, King and 

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

hindered intramolecular vibrational redistribution (IVR).
94

   

The T1 values for the VC adducts above are only partly consistent with these 

studies.  All of the VC-I2 decay times are longer than those of VC-O2 in the same 

solvents.  Yet, our results in Table 4.1 illustrate clearly that solvent effects on T1 are not 

well-correlated with frequency changes for VC adducts.  Comparing the frequencies and 

T1s for the neat solvents, the νCO of VC-O2 in BA and CHCl3 are similar and higher in 

energy than in d6-benzene, but the T1 trend is BA < d6-benzene < CHCl3.  Additionally, 

VC-I2 shows the same neat solvent trend in T1 when there is virtually no change in center 

frequency.  One explanation for these differences is that the solvent-assisted 

intramolecular relaxation process is enhanced by BA but inhibited by CHCl3. However, 

based on the time scales of these T1s (up to 200 ps), this channel is inefficient for these 

complexes, and intermolecular energy transfer 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 states for the larger, more complex species.
205-206

 

In order to more closely examine the connection between νCO and T1, we 

determined the relaxation times across binary mixtures of d6-benzene with BA or CHCl3.  

Figure 4.6 shows the T1 values normalized by the lifetime in neat d6-benzene for VC-O2 

and VC-I2 as a function of the mole fraction of BA or CHCl3. This normalization was 

done to better enable comparison between adducts.  Again, black circles represent VC-O2 

in BA mixtures, red squares represent VC-O2 in CHCl3 mixtures, blue diamonds 
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represent VC-I2 in CHCl3 mixtures and green triangles represent VC-I2 in BA mixtures.  

The error bars represent the standard deviation of all frequency points averaged (five for 

each trial, see Figure 4.4 and discussion).   

Comparing the trends shown by each adduct, VC-O2 and VC-I2 in both solvent 

mixtures show very similar proportional changes in T1 with changing solvent 

composition.  The CHCl3 mixtures for VC-O2 (red squares) and VC-I2 (blue diamonds) 

show a monotonic increase in T1 as the d6-benzene is progressively replaced with CHCl3.  

In the T1 values for d6-benzene/BA mixtures, unlike the CHCl3 mixtures, VER is faster as 

the solvent moves toward a higher fraction of BA.   

If the changes shown in Figure 4.6 for the BA (CHCl3) 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 that the molecular structure and therefore the νCO would be 

perturbed.  However, νCO for VC-I2 is nearly unaffected by the nature of the solvent 

(Figure 4.2b).  Therefore we attribute the decrease in T1 to a 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 benzene and should have more degrees of freedom.  

Despite the fact that the νCO for VC-O2 shifts to higher energies on going from d6-

benzene to either BA or CHCl3, the rate of carbonyl relaxation in BA increases, contrary 

to the expectation for a primarily intramolecular relaxation.
183

 This is a further indication 

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-O2 and VC-I2 in toluene.  The IR spectrum of toluene is similar to that of benzyl 

alcohol in the high frequency range of the spectrum close to the CO stretch (2000-1450 

cm
-1

) but similar to d6-benzene and CHCl3 in its lower frequency 500-650 cm
-1

 range (see 

spectra in Figure 4.7).  This range was chosen to ascertain whether the relaxation 

pathway proceeds through the solute vibrations closest in energy to the carbonyl.  In both 

VC-O2 and VC-I2 these vibrational peaks appear at ~1435 cm
-1

 (attributed to the 

triphenylphosphine ligands) and so 570 cm
-1

 and 635 cm
-1

 are the approximate 

differences between these vibrations and the CO stretch for VC-O2 and VC-I2 

respectively.  The resulting lifetimes are given in Table 4.1 and are much closer to the 

lifetimes in BA than either CHCl3 or d6-benzene, again supporting the intermolecular 

model of relaxation.  Also shown in Table 4.1 are both the center frequency and FWHM 

of each adduct in toluene.  The νCO for VC-O2 in toluene is also very similar to that in 

neat d6-benzene, another indication that frequency is not the determining factor in the 

value of the relaxation time for these systems. 

Returning to Figure 4.6, we note that the T1 values for both adducts in BA 

mixtures decrease in a linear fashion.  In the CHCl3 mixtures, they increase linearly.  This 

shows that the solvation shell composition in the vicinity of the CO varies 

proportionately with the bulk solvent composition for both adducts in both mixtures.  

This is strikingly different from the behavior of νCO in Figure 4.2a and suggests that the 

specific stronger solvent-solute interactions that are responsible for changes in νCO do not 

have a noticeable effect on VER for the carbonyl.  The evidence accumulated in Figure 
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4.6 and compared to Figure 4.2 indicates that the relaxation of the carbonyl vibration on 

VC-O2 and VC-I2 is not sensitive to the same influences as the solvatochromic response 

of νCO.  The shape of the νCO versus mole fraction of diluent is not reflected in the T1 

plots with the same independent variable.  Similar proportional changes in T1 are 

observed over the full mole fraction range regardless of whether the νCO of the solute is 

sensitive (VC-O2) or completely insensitive (VC-I2) to the solvent.  The vibrational 

frequency is tuned by the extent of back-bonding from the iridium, which is strongly tied 

to the strength of the solvent interactions (or lack thereof) with the trans ligand (O2 or I
-
).  

VER has a significant contribution from intermolecular relaxation channels that rely on 

coupling to the CO ligand rather than interactions with the trans ligand. 

As mentioned previously, the lifetime is one of several variables that determines 

the linewidth of an absorbance.  The homogeneous lineshape contains the T1 as well as 

the pure dephasing time (T2
*
).  If the lifetime decreases, with consistent pure dephasing, 

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 can still contribute to the 

linear lineshape.  This could explain the difference in the ranges of widths covered by the 

two adducts in Figure 4.3.  The lifetimes of VC-I2 as seen in Table 4.1 are always longer 

than VC-O2 in the same solvents and so the homogeneous width of the VC-O2 carbonyl 

stretch is expected to be consistently larger than its counterpart in VC-I2.  The VC-O2 

FWHM exhibits this expected trend.  Without knowing that T2
*
 is the same for the two 

adducts in the same solvent, it is impossible to say with certainty that this is the cause, 
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but there is at least a correlation between the linewidth differences and the T1s for VC-I2 

and VC-O2. 

 

 

Figure 4.7: Neat solvent FTIR spectra for d6-benzene(black), BA (red), CHCl3 (blue), 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 Figures 4.6 and 4.3 as the solvent composition changes, it 

is clear that something beyond the change in the T1 is affecting the width.  Both CHCl3 

and BA mixtures exhibit broadening in the FWHM, but only the BA mixtures show a 

corresponding decrease in vibrational lifetime.  The contribution to the homogeneous 

linewidth from T1 in the CHCl3 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 at 0.1 mole 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 pump-probe spectra and decays of two different 

adducts of Vaska’s complex in two sets of binary solvent mixtures.  The oxygen adduct 

exhibited solvatochromism of the carbonyl stretch in the mixtures, while the iodine 

adduct did not.  Although we observed higher νCO values and longer T1s for VC-I2 

complexes relative to VC-O2, the positive linear correlation between these two variables 

that has been reported for a different class of compounds generally does not hold in this 

case.  The frequency of the CO stretch is sensitive to the solvation environment of the O2 

ligand for VC-O2, while the vibrational lifetime is sensitive only to the solvation 

environment of the CO.  The dissimilarities between the T1 and FTIR trends across the 

binary solvent mixtures and the similarity of the T1 in 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 being dominated by solvent-

mediated IVR.   

The width of the CO stretch absorption is sensitive to configurational influences 

that elude the T1, indicating that there is likely some inhomogeneous component to the 

broadening.  But the consistent difference between VC-O2 and VC-I2 widths in the same 

solvent mixtures is possibly due to homogeneous broadening, since the T1 also exhibits a 
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similar spread.  From this and previous chapters, a picture is emerging of this carbonyl as 

an exquisitely sensitive probe of the equatorial solvation environment of the molecule.  

The linear spectrum is strongly affected by the solvation of the catalytic active site when 

a side-binding ligand like O2 is present.  Furthermore, since the relaxation time responds 

entirely to the environment around 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 operational in other dynamical solvation processes.  A 2D-IR study 

of these systems is given in Chapters 5 and 6, which will give further insight into the 

solvent influences on the carbonyl and the contributions of homogeneous and 

inhomogeneous broadening to the linear lineshape.
b
 

                                                 
b
 The authors gratefully acknowledge funding from the National Science Foundation 

under CHE-0847356 
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Figure 4.8: Baselined, solvent-subtracted, and normalized FTIR spectra for VC-O2 in a) d6-

benzene/BA and b) d6-benzene/CHCl3 mixtures, and VC-I2 in c) d6-benzene/BA and d) d6-

benzene/CHCl3 mixtures. 
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Figure 4.9:  Pump-probe decays at the peak of the 0-1 transition in d6-benzene/BA mixtures for 

a) VC-O2 and b) VC-I2 
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Figure 4.10:  Pump-probe decays at the peak of the 0-1 transition in d6-benzene/CHCl3 mixtures 

for a) VC-O2 and b) VC-I2. 
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Chapter 5: Origins of Spectral 

Broadening in Iodated Vaska’s 

Complex in Binary Solvent Mixtures 

 

Reproduced in part with permission from: 

 “Origins of Spectral Broadening in Iodated Vaska’s Complex in Binary Solvent 

Mixtures” B.H. Jones, A.M. Massari, J. Phys. Chem. B, 2013, 117 (49), 15741 
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5.1. Chapter Summary 

As was seen in Chapter 4, linear absorption spectroscopy of the iridium-bound 

carbonyl on an iodated adduct of Vaska’s complex has shown that the mean vibrational 

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 alcohol, which is puzzling considering that benzyl alcohol is 

considerably more polar.  In this study, 2D-IR spectroscopy was performed on this 

vibrational mode to dissect the linear lineshape into its homogeneous and inhomogeneous 

contributions in binary solvent mixtures of either chloroform or benzyl alcohol in d6-

benzene.  The full frequency-frequency correlation function was determined, including 

the homogenous linewidth and fast spectral diffusion. We find that the magnitudes of 

frequency fluctuations and the 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 contributions were found to either stay the same or decrease as the more 

polar solvent was added to d6-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 that is used 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 phase, the linear lineshape can be considered 

as a heterogeneous collection of sub-ensembles, each of which characterizes a particular 

solvent-solute configuration (see Figure 5.1). This inhomogeneous distribution is often 

well-approximated by a Gaussian lineshape whose width is notably larger than any of the 

underlying ensembles and describes the full range of solvent-solute configurations in the 

sample.  These chemical microstates are dynamic – they have the potential to change 

their mean frequencies as solvent-solute 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 sub-ensemble linewidths (Γ) are also dynamic being dictated by pure 

dephasing (T2*), population relaxation (T1), and solute reorientation (Torient) according 

to:
116-117, 207-208

 

 Γ=
1

πT2

=
1

πT2
⋇ +

1

2πT1

+
1

3πTorient

 (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 homogeneous broadening contributions 

means that all of the dynamic solvent-solute interactions beneath the FTIR lineshape are 

indistinguishable.  Fortunately, nonlinear IR spectroscopy can be used to recover this 

information.  The T1 and Torient times can be measured directly by polarization-controlled 

IR pump-probe spectroscopy to reveal the mechanisms of energy relaxation and the role 

of the solvation environment in facilitating or inhibiting molecular rotation.
118, 209

  T2* 

can be quantified by 2D-IR spectroscopy to determine the time scales on which the 

vibrational frequencies are modulated by their surrounding environments without 

relaxation.
108, 110, 145, 148-150, 194

  In 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 mode.
116-117

 

 

 

Figure 5.1. Diagram of an inhomogeneously broadened FTIR (linear) lineshape composed of 

numerous homogeneous (blue and red) sub-ensembles, each representing a solvent-solute 

configuration. The configurations have a homogeneous linewidth (Γ) and may spectrally diffuse 

to other mean frequencies as configurations interchange. 

 

In this study, we use 2D-IR spectroscopy,
108, 110, 145, 148-150, 194

 as well as the IR 

pump-probe results from Chapter 4,
210

 to explore the origins of spectral broadening for a 

metal-bound CO vibrational mode across two binary solvent mixtures.  The solute of 



   131 

 

interest is bis(triphenylphosphine) iridium(I) carbonyl chloride, or Vaska’s complex 

(VC),
81-82, 156

 that has been converted to the iodated adduct by oxidative addition of 

iodine (VC-I2).
103

   

VC is an organometallic catalyst best known for its ability to reversibly bind and 

release oxygen, making it a model system for biomimetic oxygen transport.
156-158

 It has 

also been shown to reversibly bind molecular hydrogen
43, 81

 but irreversibly add iodine,
103

 

and to serve as an efficient catalyst for a number of chemical reactions following 

oxidative addition of the substrate.
43, 69, 157, 163-168

 The carbonyl ligand on VC adducts is 

trans to the bound addend and is sensitive to the oxidation state of the iridium,
171-172

 but 

also to the nature of the addend itself.
104, 194

 VC-I2 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 constant, yet the spectral 

linewidth changes dramatically.
104, 210

  

As stated above, nonlinear 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 VC-I2.  Binary solvent mixtures of chloroform 

(CHCl3) and benzyl alcohol (BA) in d6-benzene were selected as two cases in which the 

extremes of spectral broadening were observed and a variety of solvent-solute 

interactions were present.  By mapping the dynamical contributions to the lineshape onto 

a coordinate 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 
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dynamical processes that are distinct from either of the pure solvents.
19, 23, 36

 Such non-

additive behavior can be valuable when attempting to use solvation interactions to tune 

the response of a solute.
211-217

 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 provide a complete picture of the factors that 

lead to spectral broadening for the carbonyl on VC-I2 in these solvent mixtures.   

 

5.3. Experimental Materials and Methods 

Bis(triphenylphosphine) iridium(I) carbonyl chloride, (Vaska’s complex, 99.99%, 

Sigma Aldrich), chloroform (CHCl3, 99.8%, Sigma Aldrich), benzyl alcohol (BA, ≥99%, 

Sigma Aldrich), perdeuterated (d6-)benzene (99.5% D, Cambridge Isotope Laboratories, 

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

VC-I2 solutions were prepared by dissolving 6 mg of Vaska’s complex with 2 mg 

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 were filtered through a 0.2 µm 

syringe filter before being placed in the sample cell.  Typical VC concentrations were 4 

mM.  Solutions were used within 9 days of preparation.  Solutions of the mixed solvents 

were stored in small vials with minimal headspace to reduce possible solvent composition 

changes due to evaporation.  The sample cell had a path length of 150 μm. 

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

Scientific) with at least 16 scans and a typical resolution of 1 cm
-1

.  IR pump-probe 
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spectra were collected for all samples in a previous study and were used for phase 

corrections to the 2D-IR data.
210, 218

 

The laser system used for 2D-IR and pump-probe spectroscopy was the same as 

that described in Chapters 2 and 3.  The resulting spectra were then analyzed using the 

ωm center line slope (CLS) procedure developed by Kwak and coworkers in order to 

extract the FFCF from the 2D-IR data directly, as described in Chapter 2.
116-117

  

 

5.4. Results and Discussion 

The frequency of the carbonyl stretch on VC-I2 is effectively invariant to solvent 

composition for a wide range of solvents, including the three studied here.
104, 210

 In 

contrast, the FTIR linewidth changes significantly as the bulk solvent composition is 

varied linearly in binary mixtures of either CHCl3 or BA in d6-benzene.
104, 210

 Herein we 

define the solvent composition by the mole fraction metric, but we have also considered 

the data as a function of volume fraction and found the observed trends to be the same.  

Figure 5.2 shows the FWHM values for the CO vibration on VC-I2 as a function of the 

mole fraction of CHCl3 (black circles) and BA (red squares). The full linear spectra are 

available in previous publications.
104, 210

 The change in spectral width is most drastic in 

the CHCl3/d6-benzene mixtures, varying monotonically and in a mostly linear fashion 

from 8 cm
-1

 in pure d6-benzene to nearly 17 cm
-1

 in pure CHCl3.
210

 A linear variation of a 

spectral variable with the solvent mole fraction 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 likely 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 solvent over the other.
15, 18-19, 23, 36

  

A closer examination of the CHCl3 data 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 the entire range.  We see that the broadening is slower (lower slope) 

at solvent compositions that have a majority of d6-benzene than those that have a majority 

of CHCl3.  Whatever the underlying origins are for carbonyl FTIR lineshape broadening, 

which is the subject of this paper, they are preferentially affected by d6-benzene over 

CHCl3 and require higher bulk concentrations of CHCl3 before the influence of this 

secondary solvent dominates. Using the point at which the trend lines cross we can say 

that between 0.5 and 0.6 mole fractions of CHCl3 the 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 different y-axis scale), it is more 

clearly nonlinear indicating preferential solvation of VC-I2 by this solvent over d6-

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 BA has a disproportionately large influence on the FTIR linewidth over d6-

benzene. 
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Figure 5.2. Full width at half maxima (FWHM) for the linear lineshapes of the CO on VC-I2 in 

binary solvent mixtures of CHCl3 (black circles) and BA (red squares) in d6-benzene. Dashed 

lines are linear regression fits to the first or last points. 

 

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

VC-I2 is the purpose of this study. As mentioned above, the dynamical variables that 

contribute to the spectral linewidths are T2*, T1, and Torient, and we can directly quantify 

these contributions with IR pump-probe and 2D-IR spectroscopies.  We have previously 

reported the vibrational lifetimes for this complex in the CHCl3 and BA binary mixtures 

with d6-benzene.
210

 It was shown that T1 increases linearly in CHCl3 but 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 T1 values for the VC-I2 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 neat d6-benzene, CHCl3, and BA are 193, 216, and 124 ps, 

respectively, which contribute 0.03, 0.02, and 0.04 cm
-1

 to the homogeneous linewidth.  

Based on its molecular size, we can estimate that Torient is of order of hundreds of ps.  

Similarly-sized complexes were reported to have rotational times of 150 – 400 ps in 

solvents of similar viscosity to those used in this study, also giving a small linewidth 

contribution of 0.02 – 0.009 cm
-1

.
219-220

 This number would be similar in all solvent 

mixtures since the solute is the same throughout these studies. Moving forward, we 

conclude that the contributions of T1 and Torient to the homogeneous lineshape are 

negligible and focus our attention on determining the time scales of T2* and spectral 

diffusion as measured by 2D-IR spectroscopy.  As we will show below, this 

approximation is justified since these two terms contribute only a few percent of the 

homogeneous linewidth. 

Representative 2D-IR plots give qualitative insight into the dynamics present in 

these systems.  The 2D-IR spectra for every Tw measured for all binary solvent mixtures 

are provided in Figures 5.8-5.22.  Figure 5.3 shows the 2D-IR spectra at a short (0.3 ps, 

top row) and a long (30 ps, bottom row) Tw for each of the three neat solvents and their 

corresponding 0.5 mole fraction mixtures.  A 2D-IR spectrum is a frequency correlation 

plot for the subensembles beneath the FTIR lineshape.
108, 110, 145, 148-150, 194

 The red 

positive-going peaks show the bleached v=0 to v=1 transition, while the blue negative-

going peaks are the v=1 to v=2 vibrational excited state absorption that is shifted by the 

anharmonicity to lower frequencies. Assuming sufficient separation between the 0-1 and 
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1-2 peaks, the projection of a diagonal slice through the 0-1 peak onto either axis reflects 

the linear lineshape, which is of course more easily obtained from an FTIR measurement.  

However, new information is obtained along the antidiagonal dimension of the 2D-IR 

spectrum.  In the absence of spectral diffusion of oscillators from one solvent 

configuration to another, the antidiagonal width reports the homogeneous lineshape.  In 

most cases interconversion of molecular sub-ensembles driven by the reorganization of 

solvent molecules in the first few solvation shells leads to broadening along the 

antidiagonal dimension as Tw increases.  Even at short Tws (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 below, CLS decay analysis will be used to quantitatively characterize the 

homogeneous and inhomogeneous contributions to the VC-I2 carbonyl lineshape for each 

of the binary solvent mixtures. 

Figure 5.3e (top middle frame) shows the early Tw 2D-IR spectrum for d6-benzene 

with characteristic diamond-shaped peaks that indicate that the lineshape is primarily 

homogeneously broadened.
108, 221

 At this Tw there is some elongation along the diagonal 

due to inhomogeneity, but the peaks become symmetric by 30 ps (Figure 5.3f) through 

spectral diffusion.  Moving to the left, the d6-benzene is progressively diluted with CHCl3 

and the lineshapes become diagonally elongated. The dramatic broadening with 

increasing proportion of CHCl3 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, diluting the d6-benzene with a 

more polar solvent, though for BA the broadening is more modest.  In contrast to the 

CHCl3 mixtures, there are clear dynamical differences shown in these spectra.  Notice 

particularly that the peak is slightly thinner along the antidiagonal dimension in pure BA 

(Figure 5.3i) as opposed to the 0.5 mole fraction mixture (Figure 5.3g).  Comparing short 

to long Tws for binary mixtures of CHCl3 (Figures 5.3a-5.3d) to those of BA (Figures 

5.3g-5.3j) shows that all of the dynamics have been sampled by 30 ps in CHCl3, whereas 

the BA samples remain visibly elongated along the diagonal.  The CHCl3 and d6-benzene 

solvation dynamics have enabled all of the carbonyl oscillators on VC-I2 to sample all of 

the available frequencies under the linear lineshape by 30 ps, but in BA and BA/d6-

benzene mixtures some oscillators still remain partially correlated with their starting 

frequencies. 
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Figure 5.3. 2D-IR spectra collected at Tw = 0.3 ps (top row) and 30 ps (bottom row) for a) and b) 

neat CHCl3, c) and d) 0.5 mole fraction CHCl3 in d6-benzene, e) and f) neat d6-benzene, g and h) 

0.5 mole fraction BA in d6-benzene, and i and j) neat BA. 

 

In order to quantify the data, we used the CLS:ωm method outlined by Fayer and 

coworkers and previously mentioned in Chapter 2.
116-117

 Recall that this method takes 

slices parallel to the y-axis (ωm) in Figure 5.3 and fits the positive going maxima to a 

peak function.  These peak points are then connected to form a line that tracks the ridge 

over the 0-1 transition.  For these data, as Tw increased in the 2D-IR pulse sequence, the 

slope of this line evolved from a positive slope when the 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 decays and has been rigorously shown to 

provide a normalized analogue of the FFCF.
116-117

  The FFCF also includes a 
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homogeneous term, which will be discussed below.  In the limit of Tw = 0 (CLS y-

intercept), deviations of the CLS from unity are the result of homogeneous broadening 

and very fast spectral diffusion.  Using the linear spectrum, this normalized deviation can 

be used to determine the actual homogeneous linewidth and the unnormalized FFCF with 

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

simulations.
116-117, 153, 222

  

 

 

Figure 5.4: CLS decays as a function of Tw for binary mixtures of a) 0 (black), 0.1 (red), 0.3 

(blue), 0.5 (green), 0.7 (orange), 0.9 (lavender), and 1 (purple) mole fraction CHCl3 in d6-

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 BA in d6-benzene. 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 function of Tw overlaid with a 

multi-exponential fit for both types of binary solvent mixtures.  The markers represent a 

mean CLS measured for between three to six different 2D-IR spectra 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 multi-exponential plus a constant fit to 

the complete set of values (not simply the mean), and it can be seen that the signal-to-

noise ratio is very high and the fits are very good.  The black curve in each frame shows 

the CLS decay in neat d6-benzene, and it is clear that both CHCl3 and BA have the effect 

of increasing the y-intercept.  Consistent with the 2D-IR spectral observations in Figure 

5.3, the CHCl3 mixtures show decays that reach their minimum values at similar times 

well before 50 ps.  The BA mixtures take increasingly longer to decay, indicating that the 

dynamics are slower.  The best fit parameters to these decays are given in Table 5.2.  

However, it is instructive to view these graphically to assess the dynamical trends. 

The FFCF was modeled according to Equation 5.2, except in the case of pure 

chloroform, where only the first two terms were necessary:  

 FFCF(t)=
δ(t)

T2

+Δ1
2
exp (

-t

τ1

) +Δ2
2
exp (

-t

τ2

) +Δ0
2
 (5.2) 

The time constants (τ1 and τ2) in this equation were obtained directly from fitting the CLS 

decays in Figure 5.4, which has been shown to be highly accurate.
116-117

  However, the 

amplitudes of each exponential contribution assume a FFCF 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 were used to calculate approximate values for 

the unnormalized amplitudes (Δi) and T2.
116-117

  These starting values 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.  Only Δ values 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 short-time 

approximation, which underestimates the values for Δi and T2 due to the method’s 

inability to distinguish between homogeneous terms and fast (compared with FID) 

spectral diffusion.  Thus, the floated Δi and T2 values were constrained to only increase 

from the estimated values.  In all cases, the Δi values 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 CHCl3 did not fit well due to the asymmetry of the peak,
104, 210

 but the 

widths were well reproduced.  The fit parameters are given in Table 5.1.  The fitted 

center frequencies and T2 values are given in Table 5.3.  The homogeneous linewidths Γ 

were calculated from the T2 values using Equation 5.1 and are also included in Table 5.1.  

The errors on each parameter are included in parentheses as a single (±) value or 

independent positive and negative (+/-) values. 
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Figure 5.5: Graphical representation of full FFCF parameters for binary mixtures of CHCl3 in d6-

benzene showing a) the τ1 (black circles) and τ2 (red squares) and b) ∆1 (black circles) and ∆2 (red 

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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Table 5.1: FFCF parameters for BA and CHCl3 binary mixtures in d6-benzene. 

m. f. ∆1 (rad/ps) τ1 (ps) ∆2 (rad/ps) τ2 (ps) ∆0 (rad/ps) Γ (cm
-1

) 

CHCl3 in d6-benzene 

0 
0.47 

(0.02/0.12) 

2.4 

(0.5) 

0.41 

(0.01/0.12) 
7.0 (1.6) 

0.12 

(0.03/0.05) 

2.3 

(0.1/0.1) 

0.1 
0.44 

(0.02/0.10) 

2.0 

(0.5) 

0.57 

(0.01/0.09) 
6.8 (1.0) 

0.10 

(0.03/0.03) 

1.9 

(0.1/0.1) 

0.3 
0.49 

(0.04/0.04) 

1.5 

(0.2) 

0.68 

(0.01/0.04) 
8.0 (0.5) 

0.10 

(0.07/0.02) 

2.3 

(0.2/0.1) 

0.5 
0.42 

(0.10/0.04) 

1.4 

(0.4) 

0.86 

(0.02/0.03) 
8.6 (0.5) 

0.10 

(0.15/0.02) 

2.2 

(0.5/0.2) 

0.7 
0.36 

(0.27/0.07) 

1.6 

(1.0) 

1.03 

(0.05/0.04) 
8.1 (0.6) 

0.17 

(0.26/0.02) 

1.9 

(1.6/0.2) 

0.9 
0.38 

(0.42/0.07) 

1.6 

(1.3) 

1.20 

(0.10/0.03) 
9.3 (0.7) 

0.13 

(0.84/0.02) 

2.1 

(2.6/0.1) 

1   
1.34 

(0.11/0.002) 
7.7 (0.1)  

2.2 

(0.3/0.3) 

BA in d6-benzene 

0 0.47 

(0.02/0.12) 

2.4 

(0.5) 

0.41 

(0.01/0.12) 

7.0 (1.6) 0.12 

(0.03/0.05) 

2.3 

(0.1/0.1) 

0.05 0.39 

(0.02/0.19) 

1.8 

(0.7) 

0.53 

(0.01/0.18) 

5.9 (1.1) 0.14 

(0.02/0.07) 

2.5 

(0.1/0.1) 

0.1 0.5 

(0.01/0.1) 

2.2 

(0.4) 

0.47 

(0.01/0.1) 

9.6 (1.8) 0.16 

(0.02/0.04) 

2.2 

(0.1/0.1) 

0.2 0.35 

(0.03/0.09) 

1.4 

(0.6) 

0.62 

(0.01/0.07) 

7.6 (0.8) 0.18 

(0.02/0.03) 

1.9 

(0.1/0.1) 

0.3 0.52 

(0.01/0.12) 

3.6 

(0.8) 

0.56 

(0.01/0.12) 

12.3 (2.1) 0.17 

(0.03/0.05) 

1.6 

(0.2/0.1) 

0.4 0.56 

(0.01/0.08) 

4.2 

(0.6) 

0.53 

(0.01/0.08) 

15.9 (2.4) 0.21 

(0.02/0.03) 

1.6 

(0.2/0.1) 

0.5 0.45 

(0.02/0.04) 

2.6 

(0.5) 

0.66 

(0.01/0.04) 

16.8 (1.5) 0.22 

(0.02/0.02) 

1.5 

(0.1/0.1) 

0.7 0.53 

(0.01/0.05) 

5.6 

(0.9) 

0.62 

(0.01/0.06) 

26.8 (3.6) 0.25 

(0.02/0.03) 

0.9 

(0.1/0.1) 

1 0.62 

(0.01/0.05) 

7.5 

(1.0) 

0.65 

(0.01/0.04) 

45.4 (9.3) 0.18 

(0.03/0.06) 

0.7 

(0.1/0.1) 
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Figure 5.5 plots the time constants and ∆i values of the exponential components of 

the determined FFCF.  All decays were fit well with a biexponential (plus a constant 

offset) except for the neat CHCl3, which was sufficiently modeled with a single 

exponential.  Within error, the time constants for spectral diffusion are independent of the 

mole fraction of CHCl3, 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 2D-IR alone.  What we can say is that the characteristic time scales 

for frequency decorrelation, regardless of their molecular origins, are unaffected by 

changing the CHCl3/d6-benzene composition.  The ∆i values (Figure 5.5b), however, 

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

ps dynamic contribution diminishes and vanishes in neat CHCl3.  Conceptually, the ∆i 

values indicate the magnitude of the frequency fluctuations that are being modulated on a 

time scale of τi.  With no changes in the time scale of a dynamical process, increasing ∆ 

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 of spectral diffusion that is driven by two dominant processes in d6-benzene, 

perhaps a molecular motion in VC-I2 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 CHCl3 and the loss of the latter contribution as d6-benzene is 

progressively diluted and replaced with CHCl3 in the solvation shell.  Within the error 
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bars of these measurements, the ∆i values change in an effectively linear fashion with 

mole fraction, but it can be seen in Figure 5.5a 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 the time constants for spectral diffusion are the only parameters in the 

FFCF that show any correlation with the change in the rate of broadening in Figure 5.2.  

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. 

 

Figure 5.6. Graphical representation of full FFCF parameters for binary mixtures of BA in d6-

benzene showing a) the τ1 (black circles) and τ2 (red squares) and b) ∆1 (black circles) and ∆2 (red 

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 notably different when d6-benzene is diluted instead 

with the more polar BA, which we believe to preferentially solvate VC-I2 over benzene.  

Figures 5.6a and 5.6b show the τ and ∆ values of the FFCF. The time constants increase 

progressively while the magnitudes of the frequency fluctuations are anticorrelated and 

show very minor changes with mole fraction of BA.  In comparison to the CHCl3 

mixtures, it can be said that the time scales of CO decorrelation progressively become 

much slower from ~2 ps and ~8 ps in neat d6-benzene 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 (see Figure 5.2). This is accompanied by a mild nonlinear increase in 

the ∆2 value 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 graphical representation of the FFCF parameters that 

there is nonlinear behavior in the spectral diffusion with mole fraction of BA, showing 

that preferential solvation of VC-I2 by BA over d6-benzene leads to corresponding 

changes in the inhomogeneous dynamics. 
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Figure 5.7. Homogeneous linewidth (Γ, cm
-1

) as a function of mole fraction for CHCl3 (black) 

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 Table 5.1). 

 

The final piece in this spectral broadening puzzle is to consider the homogeneous 

contribution to the linewidth across both binary solvent mixtures.  Figure 5.7 shows the 

homogeneous linewidth as calculated from T2 for both sets of mixtures (CHCl3 = black 

circles, BA = red squares) as a function of mole fraction. The values are typically on the 

order of a few wavenumbers.  Considering the T1 and Torient contributions as they were 

calculated above, this demonstrates that the T2* contribution is dominant.  Intriguingly, 

the CHCl3 mixtures show virtually no change in Γ as the d6-benzene is diluted with 

CHCl3 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.  Since the time 

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 adding a more polar 

solvent) is the increase in Δ1, 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 offset with mole fraction, 

showing that the increase in inhomogeneous broadening also includes some slow 

unresolved processes (see Table 5.1). 

In contrast, the Γ for the BA mixtures shows considerable decrease throughout the 

range of solvent compositions from a value of ~2.3 cm
-1

 in pure d6-benzene to ~0.7 cm
-1

 

in pure BA.  This is again consistent with the observations made concerning the 2D-IR 

spectra of the BA mixtures that the pure BA sample had a visibly thinner lineshape at the 

short Tws.  Considering that the FTIR 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 broadening.  The increase in the 

characteristic time scales of spectral diffusion shown in Fig. 5.6a would narrow the 

lineshape rather than broadening it, but this could be counteracted by increases in ∆. 

Therefore we must conclude that the nonlinear increase in linewidth up to 0.2 mole 

fraction of BA cannot be the result of 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 CHCl3, since 

the BA induces a decrease in Γ that counters the increase in inhomogeneity.  

 

5.5. Conclusions 

Despite a lack of solvatochromism,
104, 210

 the linear linewidth of the carbonyl on 

VC-I2 varies dramatically and nonlinearly when d6-benzene is systematically replaced by 

CHCl3 or BA.  The broadening is more pronounced in CHCl3, which is surprising 

considering that BA is more polar.  Herein we have used FTIR and 2D-IR spectroscopies 

to tease apart the major contributing factors to these lineshapes, in the process 

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 pure dephasing for 

VC-I2, and we have shown that this contribution is unchanged across all mixtures of 

CHCl3 in d6-benzene while decreasing significantly for BA mixtures.  This demonstrates 

that the gains in linear linewidth in both cases must have their origins in inhomogeneous 

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 in d6-benzene or any of the CHCl3 mixtures.  BA is about ten times more 

viscous than CHCl3 or d6-benzene, it is known to be a relatively strong hydrogen bond 

donor, and its higher dipole moment certainly strengthen the interactions with VC-I2, and 

any of these factors could explain the slowed dynamics.  Yet 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 fluctuations 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 of the FWHM to the homogeneous linewidth in 

each neat solvent, we obtain a value for d6-benzene 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 solvents considering their relative dipole moments.   

Overall, we have taken the vibrational mode on the adduct of a model catalyst and 

applied an in-depth evaluation of the origins of spectral broadening.  Our results show 

how straightforward analysis of 2D-IR 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 changing the trans ligand 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 chapter.
c
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Table 5.2: Fit parameters to CLS decays  

mole 

frac. 

A1 

(norm.) 
τ1 (ps) A2 (norm.) τ2 (ps) A0 (norm.) 

Atotal 

(norm.) 

CHCl3 in d6-benzene 

0 
0.25 

(0.08) 

2.4 

(0.5) 
0.20 (0.08) 7.0 (1.6) 

0.017 

(0.002) 
0.46 (0.11) 

0.1 
0.19 

(0.07) 

2.0 

(0.5) 
0.31 (0.07) 6.8 (1.0) 

0.010 

(0.002) 
0.51 (0.10) 

0.3 
0.22 

(0.03) 

1.5 

(0.2) 
0.46 (0.03) 8.0 (0.5) 

0.009 

(0.002) 
0.69 (0.04) 

0.5 
0.16 

(0.03) 

1.4 

(0.4) 
0.65 (0.03) 8.6 (0.5) 

0.009 

(0.003) 
0.82 (0.05) 

0.7 
0.08 

(0.05) 

1.6 

(1.0) 
0.69 (0.05) 8.1 (0.6) 

0.019 

(0.004) 
0.775 (0.007) 

0.9 
0.08 

(0.05) 

1.6 

(1.3) 
0.75 (0.05) 9.3 (0.7) 

0.009 

(0.005) 
0.821 (0.006) 

1   0.808 (0.004) 7.7 (0.1)  0.808 (0.004) 

BA in d6-benzene 

0 0.25 

(0.08) 

2.4 

(0.5) 

0.20 (0.08) 7.0 (1.6) 0.017 

(0.002) 

0.46 (0.11) 

0.05 0.22 

(0.12) 

1.8 

(0.7) 

0.42 (0.12) 5.9 (1.1) 0.027 

(0.004) 

0.67 (0.17) 

0.1 0.36 

(0.07) 

2.2 

(0.4) 

0.31 (0.07) 9.6 (1.8) 0.036 

(0.005) 

0.71 (0.10) 

0.2 0.16 

(0.05) 

1.4 

(0.6) 

0.52 (0.06) 7.6 (0.8) 0.045 

(0.005) 

0.73 (0.08) 

0.3 0.32 

(0.09) 

3.6 

(0.8) 

0.37 (0.09) 12.3 

(2.1) 

0.035 

(0.004) 

0.718 (0.13) 

0.4 0.38 

(0.07) 

4.2 

(0.6) 

0.33 (0.06) 15.9 

(2.4) 

0.052 

(0.004) 

0.763 (0.09) 

0.5 0.23 

(0.03) 

2.6 

(0.5) 

0.49 (0.03) 16.8 

(1.5) 

0.054 

(0.005) 

0.774 (0.05) 

0.7 0.32 

(0.05) 

5.6 

(0.9) 

0.43 (0.05) 26.8 

(3.6) 

0.069 

(0.008) 

0.822 (0.07) 

1 0.34 

(0.04) 

7.5 

(1.0) 

0.38 (0.03) 45.4 

(9.3) 

0.028 

(0.019) 

0.756 (0.06) 
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Table 5.3: Additional fit parameters from linear response function to reproduce linear 

lineshape. 

mole 

fraction 

 
T2 (ps) νCO (cm

-1
) 

CHCl3 in d6-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 d6-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 (2.7/2.0) 2069.2 
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Figure 5.8:  2D-IR spectra for all Tw values for VC-I2 in neat d6-benzene. 
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Figure 5.9:  2D-IR spectra for all Tw values for VC-I2 in 0.1 mole fraction CHCl3 in d6-benzene. 
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Figure 5.10:  2D-IR spectra for all Tw values for VC-I2 in 0.3 mole fraction CHCl3 in d6-benzene. 
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Figure 5.11.  2D-IR spectra for all Tw values for VC-I2 in 0.5 mole fraction CHCl3 in d6-benzene. 
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Figure 5.12.  2D-IR spectra for all Tw values for VC-I2 in 0.7 mole fraction CHCl3 in d6-benzene. 
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 Figure 5.13.  2D-IR spectra for all Tw values for VC-I2 in 0.9 mole fraction CHCl3 in d6-

benzene. 
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Figure 5.14.  2D-IR spectra for all Tw values for VC-I2 in neat CHCl3. 
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Figure 5.15.  2D-IR spectra for all Tw values for VC-I2 in 0.05 mole fraction BA in d6-benzene. 
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Figure 5.16.  2D-IR spectra for all Tw values for VC-I2 in 0.1 mole fraction BA in d6-benzene. 
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Figure 5.17.  2D-IR spectra for all Tw values for VC-I2 in 0.2 mole fraction BA in d6-benzene. 
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Figure 5.18.  2D-IR spectra for all Tw values for VC-I2 in 0.3 mole fraction BA in d6-benzene. 
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Figure 5.19.  2D-IR spectra for all Tw values for VC-I2 in 0.4 mole fraction BA in d6-benzene. 
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Figure 5.20.  2D-IR spectra for all Tw values for VC-I2 in 0.5 mole fraction BA in d6-benzene. 
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Figure 5.21.  2D-IR spectra for all Tw values for VC-I2 in 0.7 mole fraction BA in d6-benzene. 
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Figure 5.22.  2D-IR spectra for all Tw values for VC-I2 in neat BA. 
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Chapter 6: Correlating Solvent Dynamics 

and Chemical Reaction Rates Using 

Binary Solvent Mixtures and 2D-IR 

Spectroscopy 

Reproduced in part from: 

 

 “Correlating Solvent Dynamics and Chemical Reaction Rates Using Binary Solvent 

Mixtures and 2D-IR Spectroscopy” B. H. Jones, C. J. Huber, I. Spector, A. M. Tabet, R. 

L. Butler, Y. Hang, A. M. Massari (J. Chem. Phys. submitted) 
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6.1. Chapter Summary  

In this chapter, a 2D-IR study was performed on VC and VC-O2 in binary solvent 

mixtures of d6-benzene with chloroform and benzyl alcohol.  The rates of oxygenation 

were also measured in these mixtures.  The rate constant for the chloroform mixtures 

shows a linear (within error) increase with increasing mole fraction.  For the benzyl 

alcohol mixtures, however, the rate constants increase nonlinearly as a function of mole 

fraction.  These rate constants as well as the macroscopic properties of the FTIR spectra 

were compared with the information extracted from the frequency-frequency correlation 

function using 2D-IR, particularly the homogeneous linewidth and the amplitude sum 

(inhomogeneity amplitude).  VC shows a more linear trend than VC-O2 in both of these 

parameters, and may be related to the linear portion of the increase.  The nonlinearity of 

the trend in rate constant is reflected in both the inhomogeneity amplitude and the 

homogeneous linewidth of VC-O2, against expectations of transition state theory.  This 

suggests that VC-O2 is similar to the transition state. 
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6.2. Introduction 

Bis(triphenylphosphine)iridium(I)carbonyl chloride, or Vaska’s complex (VC), 

has been extensively studied for its catalytic ability and its willingness to oxidatively bind 

small molecules.
42-43, 69, 157-168

 The kinetics and mechanism of O2 addition to form the 

VC-O2 adduct (Scheme 1) have been the focus of many previous studies.
42-43, 69

 The 

reversible side-on binding of O2 to VC provides a small molecule mimic of biological 

oxygen transport systems,
156-158

 but is also a simple model of the first mechanistic step in 

a catalytic cycle wherein the substrate is bound to the active site of a catalyst. As is true 

for most chemical reactions, the rate of O2 addition to VC is sensitive to the nature of the 

solvent.
42-43, 69, 82

 The entropy of this process was found to be negative and the rate 

constant increased with increasing solvent polarity, suggesting the presence of a polar 

transition state, similar to a Menshutkin reaction.
43

  This interpretation was disputed by 

early studies analyzing electronic ligand effects,
44, 223-224

 and more recently it has been 

shown by Wilson and coworkers that ligand properties can dictate relative rates for this 

and analogous compounds.
67

 Thus, for the same reactant in different solvents the mere 

increase in rate with polarity does not in and of itself give enough information to 

determine whether a polar transition state was present. A further computational study 

modeled the mechanism and calculated transition states for the reaction of O2 with the 

trimethylphosphine analogue of VC.
68

  This study showed that the mechanism begins 

with an end-on triplet O2 approach, proceeds via a pincer motion of the CO and Cl 

ligands through a side-on O2 position (as surmised by Ugo),
44

 passes through another 

end-on state, then undergoes intersystem crossing to the side-on singlet product.
68

  The 
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largest energy cost (the transition state) comes at the pinching step, which was calculated 

to be structurally similar to the product and still fairly nonpolar.
68

 In this light, the role of 

the solvent in dictating the reaction kinetics is not immediately clear.  

An alternate explanation is that the dynamics of the molecules in the immediate 

solvation shell around the solute impact the rate of barrier crossing.  The generalized 

Langevin equation provides a reasonable model for motion in the case of a reaction with 

a barrier, and describes the solvent effect as a time dependent frictional force.
47

  This 

force is represented as a time correlation function of solvent fluctuations exerted in the 

direction of the reaction coordinate.
47

 Though transition state theory predicts that only the 

energies of the reactants and transition state will matter to the final rate, it is important to 

note that, for our system, the product gives more information relevant to the reaction 

coordinate: the CO frequency in VC-O2 is uniquely attuned to the environment around 

the O2 ligand.
104, 194

 It has also been shown in accordance with Onsager’s linear 

regression hypothesis, that the molecular motions that comprise solvation dynamics (the 

movement of solvent molecules in response to a change in the solute) are strongly related 

to the solvent dynamics (the movement of solvent molecules around a solute).
39

  With 

this understanding, it seems reasonable to hypothesize that the dynamics that might be 

measured experimentally could at least partly capture the same dynamics that facilitate 

chemical reactivity, as long as the observable has the appropriate sensitivity.   

With this in mind, in Chapter 3 we used 2D-IR to characterize the solvent 

dynamics experienced by the carbonyl ligand on VC and VC-O2 in pure solvents that had 

different oxidative addition kinetics.
194

  While we were able to extract time scales and 
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amplitudes of some solvent shell rearrangements for the reactant and product species, 

extrapolating these results to explain the reactivity trends was speculative.   However, 

building on the approaches of others,
14-15, 18-19, 23, 29, 36, 225

 we found that binary solvent 

mixtures were extremely useful in identifying which solvent shell properties were 

correlated.
210

   

Binary solvents provide a common coordinate along which to map many 

observables, both static and dynamic.  In a mixture of two solvents, it is generally true 

that the composition of the first shell of solvent molecules around a solute is different 

than that of the bulk solvent.  This is due to the relative interaction strength of the each 

solvent with the solute and neighboring solvent molecules, and the dynamics of solvent 

exchange into and out of the solvent shell.
3, 18-19, 23, 36

 If an observable varies linearly with 

the mole fraction of the second solvent in a binary mixture, this indicates that the 

composition of the solvation shell in the regions that influence that variable match the 

bulk values.  For example, the vibrational lifetimes of the metal-bound carbonyl on VC-

O2 and the iodine adduct (VC-I2) in binary solvent mixtures of d6-benzene with 

chloroform (CHCl3) or benzyl alcohol (BA) showed a linear variation with mole fraction 

of either CHCl3 or BA.
210

 As a counter example, the center frequency of the carbonyl 

vibrational on VC-O2 varies in a highly nonlinear fashion in d6-benzene/BA mixtures, 

with a small mole fraction of BA causing most of the frequency shift.
194, 210

 This shows 

that there is preferential solvation of VC-O2 by BA in ways that perturb the frequency of 

the metal-bound CO, though not its vibrational lifetime. These two examples illustrate 

that for the same solute in the same binary solvent mixtures two different observables can 
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report the absence and presence of preferential solvation.  The solvatochromic frequency 

shift is achieved through electrophilic interactions with the O2 ligand, which has π bonds 

that interact with the back-bonding orbitals on the iridium,
104, 194, 226

 whereas vibrational 

relaxation is primarily solute-to-solvent energy transfer in the vicinity of the CO 

ligand.
210

  It also highlights the possibility of drawing connections between quantities that 

might otherwise be difficult to correlate, such as solvent dynamics and reaction kinetics, 

when distinct nonlinear patterns are observed across the binary solvent coordinate. 

In the following chapter, we have carried out a comprehensive binary solvent 

study of Vaska’s complex and its oxygen adduct.  The second order rate constants for O2 

addition were measured in binary solvent mixtures of d6-benzene with CHCl3 or BA to 

identify any preferential kinetic behaviors.  Then numerous FTIR and 2D-IR 

spectroscopic observables were analyzed across the same solvent mixtures to identify 

correlations between the steady-state and dynamic quantities with the reaction kinetics.   

 

6.3. Experimental Materials and Methods 

Bis(triphenylphosphine)iridium(I)carbonyl chloride, (Vaska’s complex, 99.99%, 

Sigma Aldrich, Strem Chemicals), chloroform (CHCl3, 99.8%, Sigma Aldrich), benzyl 

alcohol (BA, ≥99%, Sigma Aldrich; puriss. Sigma Aldrich), and perdeuterated (d6-

)benzene (99.5% D, Cambridge Isotope Laboratories, Inc) were used as received without 

further purification for laser studies.  (We found that the majority of commercially 

available ≥99% BA lots contained impurities that react with VC.  Those who reproduce 

this work are advised to use only puriss. BA or to purify the solvent before use.)  All 
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solutions were filtered prior to data collection.  For solutions of VC, the solvents were 

degassed by sparging with nitrogen prior to mixing and all subsequent steps of solution 

preparation were performed under nitrogen.  For solutions of VC-O2, mixing and 

dissolution were carried out under ambient conditions.  The solutions were capped and 

covered with parafilm and stored until completion of the oxygenation reaction (24-48 

hours).  All measured samples were ~4 mM in VC or VC-O2. 

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

Scientific) with at least 16 scans and a typical resolution of 1 cm
-1

.  Path lengths of both 

150 μm and 25 μm were used for FTIR measurements. 

Kinetics data were measured by UV-visible spectroscopy (Perkin-Elmer Lambda 

12).  Disappearance of the VC absorbance at 387 nm (ε = 4040 M
-1

cm
-1

)
227

 was 

monitored over up to 33 hours under pseudo-first order conditions (ambient O2, 0.1 and 

0.05 mM VC).  The solubilities of O2 in the pure benzene and CHCl3 were determined 

from their Henry’s Law constants (benzene = 9.24 10
-3

 M/atm,
228

 CHCl3 = 9.225 10
-3

 

M/atm,
229

).  The Henry’s Law constant for BA was not available, but we used the value 

for toluene as has been reported by others
230

 (toluene = 1.914 10
-3

 M/atm
228

).  The 

Henry’s Law constants for binary mixtures were determined as described by 

Krichevsky.
231-232

 An ambient O2 partial pressure of 0.21 atm was used as the 

concentration of O2 in each solution.  Under these conditions, the lowest concentration of 

O2 for any solution was 1.8 mM, which was at least an order of magnitude larger than the 

concentration of VC or VC-O2 to ensure pseudo first-order kinetics. The resulting decays 
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were fit well by a single exponential decay.  Second order rate constants were determined 

using the method described by Corbett.
233

 

The 2D-IR setup has been described in detail in Chapters 2 and 3.  As was also 

mentioned in Chapter 2, since the pump-probe projection theorem was used in the phase 

correction process,
111

 and since in our setup the probe beam passes through the sample 

while the local oscillator does not, the FTIR transmission spectrum was used as an 

absorption correction prior to phasing.  The FFCF was obtained using the centerline 

slope/FTIR fitting method described in the literature and in Chapter 2.
116-117

 

6.4. Results and Discussion 

The second order rate constants for oxidative addition of O2 to VC (refer back to 

Scheme 3.1) in binary solvent mixtures of d6-benzene with CHCl3 or BA are shown in 

Figure 6.1 (numerical values are provided in Table 6.1).  To our knowledge, this is the 

first work to examine this reaction in mixed solvents.  The rate constants in neat solvents 

follow the trends previously observed by Steiger and Chock,
42-43

 increasing with solvent 

polarity index (benzene < CHCl3 < BA)
176

 as 1.9, 2.4, and 12 M
-1

min
-1

.  It also follows 

the trend of anticorrelating with the solubility of Vaska’s complex, which is often seen 

when there is not a polar transition state.
1
  The rate constant in BA is considerably greater 

than in pure CHCl3 or d6-benzene.  Although the Henry’s law constant used here could 

affect this value, the toluene constant is generally considered a good surrogate for BA,
230

 

and even if the solubility of O2 in BA were twice that of toluene the calculated rate 

constant would still be a factor of three higher than that of CHCl3. Even at a mole fraction 

of only 0.05 BA, the k2 is already considerably faster than in pure CHCl3.  
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Figure 6.1. Second order rate constant for O2 addition to VC as a function of mole fraction of a) 

CHCl3 in d6-benzene and b) BA in d6-benzene.  Error bars represent the standard deviation of four 

trials at two concentrations of VC.  Black dashed lines are aids to the eye connecting the first and 

last points.  Red and blue lines are the best fit to the data calculated from Equation 6.1 or 6.2 for 

CHCl3 and BA mixtures, respectively.  
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Table 6.1. FTIR parameters and k2 values for VC and VC-O2 in BA and CHCl3 binary 

mixtures in d6-benzene.  

a: taken from Chapter 4 (Ref. 28) with permission.  

  

mole 

fraction 
k2 (M

-1
 min

-1
) 

νCO (cm
-1

)  FWHM (cm
-1

)  T1 (ps) 

VC VC-O2  VC VC-O2  VC VC-O2
a
 

CHCl3 in d6-benzene 

0 1.86 (0.09) 1965.1 2003.2  16.7 16.8  52 (2) 92 (3) 

0.1 1.9 (0.1) 1965.4 2005.7  17.9 17.5  51 (2) 94 (2) 

0.3 2.1 (0.1) 1965.7 2008.3  19.4 18.2  50 (2) 101 (3) 

0.5 2.2 (0.1) 1966.0 2010.5  20.8 18.9  50 (1) 102 (1) 

0.7 2.4 (0.2) 1965.8 2012.3  22.1 19.8  49 (2) 106 (2) 

0.9 
2.348 

(0.009) 
1965.6 2013.8 

 
23.4 20.7 

 
48 (2) 109 (3) 

1 2.43 (0.02) 1965.2 2014.3  24.1 21.5  49 (1) 108 (2) 

BA in d6-benzene 

0 1.86 (0.09) 1965.1 2003.2  16.7 16.8  52 (2) 92 (2) 

0.05 3.2 (0.6) 1965.6 2006.9  17.3 19.8  49 (2) 87 (2) 

0.1 3.6 (0.3) 1965.7 2008.4  17.7 20.2  45 (1) 88 (2) 

0.2 5.0 (0.5) 1966.4 2009.7  18.6 20.6  42 (1) 84 (2) 

0.3 5.6 (0.6) 1966.6 2010.5  18.8 20.5  41 (2) 78 (1) 

0.4 6.8 (0.5) 1966.8 2011.1  19.2 20.7  38 (1) 76 (1) 

0.5 7.6 (0.2) 1967.2 2011.6  19.9 20.6  36 (2) 73 (2) 

0.7 9.45 (0.08) 1967.6 2012.4  20.6 21.0  31 (1) 66 (2) 

0.9 11.2 (0.2)         

1 12.5 (0.8) 1968.2 2012.9  21.5 22.2  27 (3) 56 (2) 
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Table 6.2  Preference parameters obtained by fitting various experimental observables to 

Equation 6.1 or 6.2.  Each fit is deemed to have a preference or no preference based on 

the error. 

observable 
CHCl3 in d6-benzene  BA in d6-benzene 

VC VC-O2  VC VC-O2 

k2 
𝑓2/1= 2.0 (0.6) 

no preference 

 𝑓2/1
𝑏𝑒𝑙𝑜𝑤= 14 (9), 𝑋𝐶 = 0.19 (0.07), 

𝑓2/1
𝑎𝑏𝑜𝑣𝑒= 0.8 (0.1) 

preference 

νCO 
𝑓2/1= N/A 

anomalous 
a
 

𝑓2/1= 2.0 (0.1) 

preference 

 𝑓2/1= 2.1 (0.1) 

preference 

𝑓2/1= 9.0 (0.7) 

preference 

FWHM νCO 
𝑓2/1= 1.3 (0.1) 

no preference 

𝑓2/1= 0.9 (0.1) 

no preference 

 

𝑓2/1= 2.0 (0.1) 

preference 

𝑓2/1
𝑏𝑒𝑙𝑜𝑤= 76 (14), 

𝑋𝐶 = 0.71 (0.02), 

𝑓2/1
𝑎𝑏𝑜𝑣𝑒= 0.11 

(0.05),  

preference 

Γ 
𝑓2/1= 0.6 (0.5) 

no preference 

𝑓2/1= 0.5 (0.5) 

no preference 

 

𝑓2/1= 0.9 (0.3) 

no preference 

𝑓2/1
𝑏𝑒𝑙𝑜𝑤= 16 (4).  

𝑋𝐶 = 0.70 (0.04), 

𝑓2/1
𝑎𝑏𝑜𝑣𝑒= 0.05 

(0.04),  

preference 

Ω 
𝑓2/1= 1.0 (0.1) 

no preference 

𝑓2/1= 0.73 

(0.07) 

no preference 

 

𝑓2/1= 2.3 (0.4) 

no preference 

𝑓2/1
𝑏𝑒𝑙𝑜𝑤= 92 (21), 

𝑋𝐶 = 0.17 (0.05), 

𝑓2/1
𝑎𝑏𝑜𝑣𝑒= 0.69 

(0.02),  

preference 

a. νCO for VC in CHCl3 mixtures is nearly the same in pure d6-benzene and CHCl3, but increases 

in the intermediate mole fractions.  This shape cannot be modeled by Equation 6.1 or 6.2. 
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Examining the shapes of the kinetics data in mixed solvents, neither shows a fully 

linear trend with mole fraction.  This is highlighted by the black line connecting the first 

and last data points.  Positive deviation, or deviation above the black line, generally 

indicates that the higher endpoint solvent has a stronger effect on the observable, whereas 

for negative deviation the opposite is true.  Considering the error bars, CHCl3 mixtures 

only show significant deviations from linearity for 0.7 and 0.9 mole fraction (notably in 

opposite directions), whereas BA mixtures show a sharp increase in k2 with just a small 

increment in mole fraction but then continue to increase more linearly as the BA 

concentration is increased.  

It is useful to define a preference parameter following the approach of Roses and 

coworkers.
14

 In the simplest case, some measured observable, y, displays a preference for 

one solvent over the other that is constant over the entire range of solvent mole fractions, 

allowing the data to be modeled with a single preference parameter, 𝑓2/1,:
14, 234-235

  

 𝑦 = 𝑦1 +
𝑓2/1(𝑦2 − 𝑦1)𝑋2

(1 − 𝑋2) + 𝑓2/1𝑋2
 (6.1) 

where 𝑦1 and 𝑦2 are the values of the observable in pure solvents 1 and 2, respectively, 

and 𝑋2 is the mole fraction of solvent 2 in solvent 1 in the bulk solution.  For this study, 

we consider solvent 1 to be d6-benzene and solvent 2 is either CHCl3 or BA.  Since the 

solvation shell influences the stability of molecular configurations, it is possible that the 

preference parameter is not constant over the entire mole fraction range but undergoes a 

crossover between two molecular configurations, and after that structural change presents 

a different solvent preference.  It is also possible that any hydrogen-bonded species have 
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a more polar configuration than either solvent on its own,
234

 which can lead to a similar 

situation for observables connected to the polarity.  For this more complex case, we can 

define a crossover mole fraction, XC, and then modify Equation 6.1 using preference 

parameters below (𝑓2/1
𝑏𝑒𝑙𝑜𝑤) and above (𝑓2/1

𝑎𝑏𝑜𝑣𝑒) this point. 

 𝑦 = 𝑦1 +
𝑓2/1

𝑏𝑒𝑙𝑜𝑤𝑋𝐶(𝑦2 − 𝑦1)𝑋2

(1 − 𝑋2) + 𝑓2/1
𝑏𝑒𝑙𝑜𝑤𝑋2

+
𝑓2/1

𝑎𝑏𝑜𝑣𝑒(𝑦2 − 𝑦1 − 𝑋𝐶(𝑦2 − 𝑦1))𝑋2

(1 − 𝑋2) + 𝑓2/1
𝑎𝑏𝑜𝑣𝑒𝑋2

 (6.2) 

As expected, Equation 1 is recovered when the crossover mole fraction is set to unity.  

This equation can be used to quantify the preference of a given observable for solvent 2 

(CHCl3 or BA) versus solvent 1 (d6-benzene).  For the simple single preference case, the 

data can be fitted by floating only a single preference parameter, 𝑓2/1, while three 

adjustable parameters are needed when a crossover is included (𝑓2/1
𝑏𝑒𝑙𝑜𝑤, 𝑓2/1

𝑎𝑏𝑜𝑣𝑒, and 𝑋𝐶).  

Preference parameters for the rate constants, as well as those for other observables 

discussed later, are listed in Table 6.2. 

Returning to the kinetics data in Figure 6.1, the overlaid dashed lines show fits to 

Equation 2 for each solvent mixture.  The data in CHCl3 mixtures (Figure 6.1a) were 

modeled by a single 𝑓2/1 of ~2.  For such a value, the rate of addition of O2 to VC 

increases in going from pure d6-benzene to pure CHCl3, but something about the 

properties of the solvation shell enables this to occur about twice as fast as would be 

expected from the bulk solvent composition.  However, in light of the error bars on these 

data points it is difficult to positively declare that the rate constant increase is not linear in 

mole fraction.  Though the function with an 𝑓2/1 of 2 is the best fit, and although the 

majority of deviations from linearity occur above the line between the endpoints, within 
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the standard deviation the majority of the points do not deviate significantly from that 

line. 

The kinetics in d6-benzene/BA mixtures in Figure 6.1b are not modeled well by a 

single preference parameter.  If this were the case, the fast initial rise in k2 would have 

quickly saturated at its maximum value.  Instead, the initial increase is followed by a 

more gradual rise with added BA.  The addition of small amounts of BA increases k2 

with a preference for BA over d6-benzene by more than 13:1.  This shows that small 

quantities of BA preferentially modify the composition and/or dynamics of the solvation 

shell in ways that favor O2 addition to VC.  Beyond a crossover point of about 0.2 mole 

fraction BA, the solvation shell composition and/or dynamics continue to be modified in 

ways that have a smaller impact on the reactivity of the solute, exhibiting almost no 

solvent preference. 

The nonlinearity of the BA kinetics could be because of preferential solvation, 

where the composition of the solvent shell is different than that of the bulk solvent.  

Alternately, the composition of the solvation shell may match that of the bulk solution, 

but be heterogeneously distributed about the solute in ways that preferentially impact the 

reactivity (energetics) of VC to O2.  Another possibility, which is not exclusive of the 

previous two, is that the dynamic behavior of the solvent shell and/or solute contributes 

to the addition reaction, and that these time dependent fluctuations are modified in a 

nonlinear fashion by the added mole fraction of BA. 
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Figure 6.2.  FTIR peak centers for the carbonyl stretch, νCO, on a) VC and b) VC-O2 as a function 

of the mole fraction of CHCl3 (red circles) or BA (blue squares) added to d6-benzene. Black 

dashed lines are aids to the eye connecting the first and last points.  Red and blue lines are the 

best fit to the data calculated from Equation 6.1 for CHCl3 and BA mixtures, respectively. 

 

Figure 6.2 shows the trends for the FTIR peak centers for the carbonyl stretching 

frequencies, νCO, on VC (top) and VC-O2 (bottom) in mixed solvents.  The vibrational 

spectra have been previously reported for VC in pure solvents
104

 but not in binary solvent 

mixtures.  Numerical values of νCO are provided in Table 6.1. Beginning with VC in 

Figure 6.2a, we see that although this mode is less solvatochromic than when it is bound 

to VC-O2 (Fig. 6.2b), its frequency does shift nonlinearly with the mole fraction of the 

solvent system.  The most unusual behavior is observed for VC in CHCl3 mixtures, in 
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which the beginning and ending frequencies are nearly identical but in the intermediate 

mole fractions the center blue-shifts by about 1 cm
-1

.  This clear, though small, increase 

in frequency occurs only when both solvents are present.  It seems likely therefore that it 

is due to interactions between CHCl3 and d6-benzene occurring in the vicinity of the 

solute.  Such a change in observable that is outside of the range of the pure solvents 

cannot be modeled by Equation 1 or 2; the νCO for VC in BA mixtures, however, provides 

a case that can be analyzed.  We find that the positive deviation from linearity for the νCO 

indicates 𝑓2/1 of 2.1, preferring BA over d6-benzene for the characteristics of the 

solvation shell that influence the carbonyl frequency. 

Figure 6.2b shows that VC-O2 exhibits larger solvatochromic carbonyl frequency 

changes than VC due to changes in the iridium backbonding caused by electron density 

changes at the O2 ligand.
104

  The FTIR spectra for VC-O2 have been published and 

discussed in Chapters 3 and 4 for some neat solvents
104

 and binary solvent mixtures,
210

 

but were reanalyzed here with improved solvent subtraction.  The trends with mole 

fraction are readily fit by Equation 2 using 𝑓2/1 values of 2 and 9 for CHCl3 and BA, 

respectively.  The positive deviation from linearity is notably greater for BA.  The center 

frequency always has a greater influence from the more polar solvent (positive 

deviation), but to differing degrees depending on the adduct.
104
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Figure 6.3.  FTIR full widths at half maximum (FWHM) for the carbonyl vibration on a) VC and 

b) VC-O2 as a function of the mole fraction of CHCl3 (red circles) or BA (blue squares) added to 

d6-benzene. Black dashed lines are aids to the eye connecting the first and last points.  Solid (red 

and blue) lines are the best fit to the data calculated from Equation 6.1 or 6.2 for CHCl3 and BA 

mixtures, respectively. 

 

The FWHMs in Figure 6.3 show an increase in width with increasing mole 

fraction of either CHCl3 or BA.  This could be due to an increased number of 

environments around the carbonyl ligand with a more polar solvent, however it is 

impossible to distinguish inhomogeneous broadening from an increase in the width due to 

homogeneous broadening (faster dephasing or relaxation).  In CHCl3 mixtures, VC shows 

only a slight preference (𝑓2/1= 1.3) and VC-O2 is effectively linear.  Clearly whatever 
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produces the nonlinearity in the frequency does not have as strong an influence on the 

width for these mixtures. 

In BA mixtures, VC shows a similar preference to the center frequency (𝑓2/1= 2), 

but VC-O2 shows a strong bimodal preference as described above with 𝑓2/1
𝑏𝑒𝑙𝑜𝑤= 76 and 

𝑓2/1
𝑎𝑏𝑜𝑣𝑒 = 0.11 and a crossover of 0.7 mole fraction.  This is a considerably greater 

preference at low mole fractions than the frequency shows in Figure 6.2b.  The VC-O2 

carbonyl FWHM values in BA mixtures all have very similar widths, which is 

considerably wider than the value in pure d6-benzene but narrower than that in pure BA. 

This may possibly indicate a strong interaction with BA that is inhibited by even small 

amounts of benzene.  It is worth noting that the widths of both VC and VC-O2 are similar 

in value; VC-O2 is always slightly larger than VC in BA mixtures and the reverse is true 

in CHCl3 mixtures.  Neither VC nor VC-O2 show the dramatic width changes exhibited 

by VC-I2.
210

  Surprisingly, considering the more open square planar configuration, the VC 

FTIRs show less preferential solvation in both width and frequency than those of VC-O2.  

This is likely a reflection of the preferential solvation of the dioxygen ligand, 

communicated via changes in electron density of the iridium.   

These trends in the carbonyl FTIR parameters can be compared to those observed 

in the kinetics traces.  First, the νCO for VC in either solvent system in Figure 6.2a shows 

no qualitative resemblance of the k2 changes with solvent mole fraction, so we can 

conclude that the factors that increase the rate constants in Figure 6.1 are likely unrelated 

to those that impact the center frequency of the reactant species.  Next, we note that 

although the linewidth on VC is responsive to the change in solvent composition (Figure 
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6.3a), it exhibits no particular behavior that would correlate it with the kinetic trends.  On 

the other hand, the νCO for VC-O2 shows a mild preference for CHCl3 and a strong 

preference for BA (Figure 6.2b), which at least matches the kinetics fits qualitatively.  

The FWHM perhaps shows the stronger relationship (Figure 6.3b) with a mostly linear 

trend in CHCl3 mixtures and a fast rise at low mole fractions of BA with a crossover 

point at higher concentrations.  

Based on these correlations, one could hypothesize that the changes in the 

solvation shell of VC-O2 that perturb the νCO and FWHM when small amounts of BA are 

added to benzene are also important to facilitating the addition of O2.  As noted in the 

introduction, calculations by Yu and coworkers indicated that the VC-O2 structure is a 

better surrogate for the transition state structure and therefore might be influenced by the 

solvent composition in similar ways.
68

   

The vibrational lifetimes (T1) of the CO stretch were also found and are recorded 

in Table 6.1.  Those for VC-O2 have been published previously
210

 and discussed at length 

in Chapter 4, but the lifetimes for VC have not been measured in these mixtures before.  

In keeping with previous observations, all of the carbonyl lifetimes are significantly 

shorter for VC than those of VC-O2 or VC-I2 due to the lower frequency of the vibration.  

The range over which the lifetimes change in the same mixtures is also considerably 

smaller than either of the octahedral adducts.  Curiously, the lifetime decreases slightly in 

the CHCl3 mixtures, rather than increasing.  This may indicate a more intramolecular 

mechanism than was suggested for VC-O2 and VC-I2.  For the current study, we are most 

interested in dynamic parameters that vary nonlinearly with mole fraction so that distinct 
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correlations might be found with kinetic data. The trends in T1 for VC are similar to the 

adducts in that they change linearly with mole fraction and will not be discussed further 

here. 

 

 

Figure 6.4. 2D-IR spectra collected for VC at Tw = 0.3 (top row) and 30 ps (bottom row) for (a,b) 

neat CHCl3, (c,d) 0.5 mole fraction CHCl3 in d6-benzene, (e,f) neat d6-benzene, (g,h) 0.5 mole 

fraction BA in d6-benzene, and (i,j) neat BA. 

 

Figure 6.4 shows representative 2D-IR plots for VC at short (Tw = 0.3 ps, top 

row) and long (Tw = 30 ps, bottom row) waiting times.  In each 2D-IR spectrum, the 

positive peak (red) arises from the vibrational coherence between the ground and first 

excited state for the metal-bound carbonyl, and the negative peak (blue) arises from the 

coherence between the first and second excited states.  The horizontal axis is the 

excitation frequency and the vertical axis is the vibrational echo emission frequency.  

Starting with the neat d6-benzene spectra (center column, e and f), it is clear that 

increasing the Tw causes both peaks to evolve from diagonally elongated to symmetric 
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and round.  At Tw = 0.3 ps, the vibrational oscillators are correlated with their starting 

frequencies, but by Tw = 30 ps they have diffused spectrally and sampled nearly the entire 

FTIR linewidth.  These dynamics that are normally obscured by the inhomogeneous 

FTIR lineshape can be characterized by analyzing the centerline slope (CLS) from each 

2D-IR spectrum as a function of Tw, which has been shown in many cases to be 

proportional to the frequency-frequency correlation function (FFCF).
116-117

 

To the left from the center column in Figure 6.4, the 2D-IR spectra are shown for 

0.5 mole fraction and pure CHCl3.  To the right from the center are 0.5 mole fraction and 

pure BA.  The increase in FTIR linewidth in Figure 6.3a is manifested in the increase of 

the diagonal widths with addition of either CHCl3 or BA in Figure 6.4. Comparing the 

antidiagonal widths in Figure 6.4a to 6.4i shows that the dynamical contributions to the 

lineshape are different for these two solvents.  The narrowing along the antidiagonal 

direction for BA mixtures indicates that the homogeneous linewidth is growing narrower, 

a trend seen previously for VC-I2.
28

  The antidiagonal broadening for CHCl3 mixtures 

cannot immediately be attributed to a homogeneous linewidth change since the diagonal 

width is also increasing, however, this will be determined below in the quantitative 

analysis of the CLS plots.
116-117

 It is also apparent that spectral diffusion dynamics are 

different for these solvents since the long Tw data in Figures 6.4b and 6.4j show the 

CHCl3 spectrum to be symmetric and round while the BA spectrum is still diagonally 

elongated.  We can predict that the some of the spectral dynamics will exhibit preferential 

behavior since the 0.5 mole fractions of both solvents (Figures 6.4c, 6.4d, 6.4g, and 6.4h) 

look quite similar to the neat solvent spectra.  Hence, whatever dynamics result in 
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frequency fluctuations of the carbonyl ligand, they appear to have been mostly developed 

by this mole fraction. 

 

Figure 6.5. 2D-IR spectra collected for VC-O2 at Tw = 0.3 (top row) and 30 ps (bottom row) for 

(a,b) neat CHCl3, (c,d) 0.5 mole fraction CHCl3 in d6-benzene, (e,f) neat d6-benzene, (g,h) 0.5 

mole fraction BA in d6-benzene, and (i,j) neat BA.  Note the distinct differences in center 

wavelength. 

 

The same 2D-IR plots for the VC-O2 adduct are shown in Figure 6.5.  In both 

solvent mixtures, the same qualitative trends hold as were described for VC.  In total, for 

VC and VC-O2 in all solvent mixtures studied at all Tw values, more than 600 2D-IR 

spectra were collected and analyzed.  All spectra are shown in Figures 6.11-6.40.  The 

CLS treatment was applied to the 0-1 carbonyl transition in every spectrum to distill this 

enormous dataset into a tractable form.  
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Figure 6.6.  CLS decays for VC (top row) and VC-O2 (bottom row) as a function of Tw for binary 

solvent mixtures of CHCl3 (left column) and BA (right column).  Panels a and b show binary 

mixtures of 0 (black), 0.1 (red), 0.3 (blue), 0.5 (green), 0.7 (orange), 0.9 (lavender), and 1 

(purple) mole fractions CHCl3 in d6-benzene; panels c and d show 0 (black), 0.05 (brown), 0.1 

(red), 0.2 (pink), 0.3 (blue), 0.4 (lavender), 0.5 (green), 0.7 (orange), and 1 (purple) mole 

fractions BA in d6-benzene. Overlaid solid lines are the multiexponential fits to the data markers.  

Error bars on each point represent the standard deviation of two or three trials. 

 

Figure 6.6 shows the CLS decays as a function of Tw for each of the mixture 

series and adducts. A first observation is that the addition of CHCl3 (Figures 6.6a and 

6.6b) has a notably smaller effect on the dynamics than addition of BA.  In general, 

CHCl3 mixtures look more similar to pure d6-benzene than BA mixtures, with any 

deviations appearing at longer Tw values. Spectral diffusion in BA (Figures 6.6c and 

6.6d) is considerably slower than in d6-benzene or CHCl3.  Intriguingly, the overall 

spectral diffusion for VC-O2 in BA shows the same regime breakdown as was obvious in 

the FTIR FWHM; the endpoints are very distinct while the mixtures are very similar.  

Also the y-intercept of the CLS, which in some situations is related to the homogeneous 

linewidth, is higher for BA mixtures than for CHCl3.  It is also generally higher in VC 
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mixtures than in VC-O2, so the homogeneous linewidth could be larger for VC-O2.  

Looking at Figure 6.6 as a whole, aside from differences in the y-intercepts, the 

dynamical data extracted from the 2D-IR spectra look fairly similar for VC and VC-O2 in 

a given solvent system.  This supports the notion that the carbonyl vibrational mode 

mostly reports on the dynamics of the proximal solvation shell rather than the 

intramolecular dynamics of the molecule to which it is bound.  

The full FFCFs were found by fitting to the FTIR spectra as well as the CLS 

decay.
116-117

 With only a few exceptions, the data in Figure 6.6 and their corresponding 

FTIR spectra were well fit by a double exponential function (Equation 3), including a 

motionally narrowed term (for the homogeneous lineshape) and a static offset as shown 

below. 

 𝐹𝐹𝐶𝐹(𝑡) =
𝛿(𝑡)

𝑇2
+ 𝛥1

2𝑒−𝑡 𝜏1⁄ + 𝛥2
2𝑒−𝑡 𝜏2⁄ + 𝛥0

2 (6.3) 

A few of the datasets did not require a static offset to fit well and the neat BA 1966-

centered CLS decay did not need a first exponential term.  Since these measurements 

took place in the solution phase, it is unlikely that the static offset truly represents static 

inhomogeneity; it is more likely that there are motions which perturb the CO stretch that 

are slower than we can measure.  The 2D-IR peaks for VC in the 0.7 mole fraction and 

pure BA mixtures do not run straight along the diagonal (see for example Figure 6.4i), 

and as a result the CLS shows a kink around 1970 cm
-1

.  This is indicative of non-

Gaussian dynamics.
113

 Though the CLS method is not strictly accurate when non-

Gaussian dynamics are present,
116

 it has been shown to give a reasonable approximation 

of the dynamics.
113

 In these two cases, the CLS method was applied twice, once centered 
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around 1966 cm
-1

 and the other centered around 1973 cm
-1

.  The population at 1966 cm
-1

 

represents the majority of the FTIR linewidth and so the CLS values from this region 

were plotted in Figure 6.6c.  The end result of this analysis is a collection of amplitudes 

and time constants for spectral diffusion as well as the inhomogeneity and homogeneous 

linewidths of the carbonyl mode for both molecules in all solvent mixtures studied.  

These parameters are all tabulated in Tables 6.3 and 6.4; a few will be presented and 

discussed graphically below.  Returning to the purpose of this study, we seek to 

determine how the dynamic parameters vary with the mole fraction of the solvent to 

identify similarities and correlations in the solvent dynamics with the reaction kinetics 

introduced in Figure 6.1.  Since the strongest relationship of the FTIR parameters was 

with the FWHM, it seems reasonable to also carry out an inspection of the broadening 

sources, as was done previously for VC-I2.
28
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Table 6.3. FFCF parameters for VC in BA and CHCl3 binary mixtures in d6-benzene.  

mole 

frac. 
∆1 (rad/ps) 

τ1 

(ps) 
∆2 (rad/ps) 

τ2 

(ps) 
∆0 (rad/ps) Γ (cm

-1
) 

CHCl3 in d6-benzene 

0 
0.76  

(0.11/0.03) 

2.7 
(0.5) 

1.09 
(0.07/0.02) 

23.2 
(2.3) 

0.15 
(0.45/0.09) 

1.1 
(0.1/0.1) 

0.1 
0.93  

(0.10/0.03) 

3.1 
(0.3) 

1.07 
(0.08/0.02) 

22.6 
(2.0) 

0.22 
(0.37/0.05) 

1.31 
(0.1/0.09) 

0.3 
0.94  

(0.06/0.03) 

2.7 
(0.4) 

1.25 
(0.03/0.02) 

18.6 
(1.1) 

- 
1.2 

(0.1/0.1) 

0.5 
1.12  

(0.02/0.05) 

3.6 
(0.5) 

1.19 
(0.02/0.05) 

20.5 
(2.8) 

0.29 
(0.07/0.06) 

1.1 
(0.1/0.1) 

0.7 
1.10  

(0.02/0.10) 

2.3 
(0.6) 

1.34 
(0.01/0.08) 

11.2 
(1.8) 

0.39 
(0.05/0.05) 

1.5 
(0.1/0.1) 

0.9 
0.90  

(0.14/0.04) 

1.2 
(0.2) 

1.57 
(0.05/0.02) 

8.5 
(0.4) 

0.439 
(0.154/0.007) 

1.9 
(0.1/0.1) 

1 
0.82  

(0.90/0.20) 

1.5 
(1.0) 

1.73 
(0.02/0.09) 

8.1 
(1.1) 

0.35 
(0.07/0.06) 

1.7 
(0.1/0.1) 

BA in d6-benzene 

0 0.76 
(0.11/0.03) 

2.7 
(0.5) 

1.09 
(0.07/0.02) 

23.2 
(2.3) 

0.16 
(0.45/0.09) 

1.1 
(0.1/0.1) 

0.05 0.75 
(0.12/0.04) 

2.3 
(0.4) 

1.09 
(0.07/0.03) 

15.8 
(1.3) 

0.48 
(0.15/0.02) 

1.25 
(0.09/0.08) 

0.1 0.87 
(0.01/0.03) 

3.0 
(0.4) 

1.029 
(0.009/0.02) 

20.5 
(1.9) 

0.44 
(0.02/0.02) 

1.24 
(0.06/0.06) 

0.2 0.94 
(0.02/0.06) 

4.4 
(0.7) 

1.02 
(0.02/0.05) 

24.2 
(4.8) 

0.54 
(0.03/0.04) 

1.0 
(0.1/0.1) 

0.3 0.915 
(0.007/0.07) 

4.2 
(0.8) 

1.029 
(0.005/0.06) 

23.7 
(5.5) 

0.627 
(0.008/0.051) 

0.99 
(0.09/0.07) 

0.4 0.85 
(0.01/0.18) 

5.1 
(2.2) 

1.088 
(0.007/0.122) 

25 
(10) 

0.66 
(0.01/0.10) 

0.53 
(0.1/0.09) 

0.5 
0.56 

(0.03/0.06) 
1.9 

(0.6) 
1.296 

(0.009/0.020) 
15.3 
(0.9) 

0.77 
(0.01/0.02) 

0.78 
(0.1/0.09) 

        

0.7 
1966 0.86 

(0.03/0.07) 
7.0 

(1.6) 
1.31 

(0.02/0.04) 
42.5 
(4.2) 

- 
0.42 

(0.01/0.01) 
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1973 0.51 
(0.07/0.05) 

2.8 
(0.8) 

0.91 
(0.03/0.02) 

22.7 
(6.5) 

0.58 
(0.05/0.03) 

0.61 
(0.02/0.02) 

        

1 

1966 
- - 

1.5825 
(0.0001/0.01) 

30.0 
(5.1) 

0.5674 
(0.0004/0.205) 

0.20 
(0.06/0.06) 

1973 0.42 

(0.05/0.03) 

2.8 
(0.9) 

0.99 
(0.02/0.01) 

57.1 
(4.4) 

- 
0.47 

(0.01/0.01) 

Values in parentheses represent (positive error/negative error). Errors for τ values represent the 

standard error of the fit.  For ∆ values, the positive errors show the range of which that parameter 

could be increased while the other parameters floated to fit the FTIR line shape 98% as well as 

the best value (with all parameters floating). The negative errors represent the propagated error of 

the CLS fits. 

 

Table 6.4. FFCF parameters for VC-O2 BA and CHCl3 binary mixtures in d6-benzene. 

mole 

frac. 
∆1 (rad/ps) τ1 (ps) ∆2 (rad/ps) τ2 (ps) ∆0 (rad/ps) Γ (cm

-1
) 

CHCl3 in d6-benzene 

0 
1.058 

(0.004/0.02) 
3.5 

(0.4) 

0.828 

(0.004/0.02) 

82  

(12) 
- 

1.50 

(0.08/0.07) 

0.1 
1.044 

(0.005/0.02) 
3.6 

(0.2) 

0.818 

(0.005/0.02) 

50  

(12) 

0.448 

(0.009/0.1) 

1.45 

(0.1/0.09) 

0.3 
1.128 

(0.005/0.02) 

3.5 

(0.3) 

0.854 

(0.005/0.02) 

34.7 

(7.1) 

0.36 

(0.01/0.08) 

1.55 

(0.09/0.08) 

0.5 
1.152 

(0.005/0.03) 

3.6 

(0.4) 

0.892 

(0.005/0.03) 

34.5 

(9.2) 

0.40   

(0.01/0.1) 

1.45 

(0.09/0.08) 

0.7 
1.10 

(0.01/0.04) 

2.5 

(0.3) 

1.05 

(0.01/0.04) 

17.1 

(2.3) 

0.47 

(0.02/0.03) 

1.6 

(0.1/0.1) 

0.9 
0.97 

(0.04/0.1) 

2.2 

(0.6) 

1.28 

(0.02/0.07) 

9.6 

(1.3) 

0.41 

(0.06/0.04) 

1.7 

(0.1/0.1) 

1 
1.1  

(0.1/0.2) 

2.6 

(0.7)  

1.3  

(0.1/0.1) 

8.9 

(2.3) 

0.38 

(0.3/0.05) 

1.7 

(0.2/0.1) 

BA in d6-benzene 

0 1.058 

(0.004/0.02) 

3.5 

(0.4) 

0.828 

(0.004/0.02) 

82 

 (12) 
- 

1.50 

(0.08/0.07) 

0.05 1.02 

(0.01/0.01) 

3.3 

(0.2) 

0.94 

(0.01/0.01) 

48.0 

(5.6) 

0.79 

(0.01/0.03) 

1.1 

(0.1/0.1) 
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0.1 0.97 

(0.01/0.03) 

2.9 

(0.3) 

0.977 

(0.008/0.02) 

43.1 

(8.2) 

0.843 

(0.009/0.04) 

0.92 

(0.09/0.08) 

0.2 1.052 

(0.004/0.04) 

4.5 

(0.3) 

1.056 

(0.004/0.04) 

70  

(19) 

0.697 

(0.006/0.1) 

0.73 

(0.07/0.06) 

0.3 1.040 

(0.005/0.03) 

4.6 

(0.4) 

0.994 

(0.004/0.03) 

50  

(12) 

0.796 

(0.006/0.06) 

0.80 

(0.08/0.07) 

0.4 0.968 

(0.008/0.03) 

3.6 

(0.4) 

1.098 

(0.006/0.02) 

36.2 

(5.0) 

0.773 

(0.008/0.03) 

0.71 

(0.1/0.08) 

0.5 0.940 

(0.006/0.07) 

4.1 

(1.0) 

1.146 

(0.004/0.05) 

36.0 

(9.3) 

0.725 

(0.006/0.07) 

0.72 

(0.08/0.07) 

0.7 0.952 

(0.008/0.04) 

4.8 

(0.6) 

1.213 

(0.005/0.03) 

48.4 

(8.1) 

0.672 

(0.009/0.07) 

0.69 

(0.1/0.09) 

1 0.97 

(0.02/0.02) 

6.3 

(0.7) 

1.48 

(0.01/0.01) 

91.1 

(4.4) 
- 

0.26 

(0.2/0.08) 

Values in parentheses represent (positive error/negative error). Errors for τ values represent the 

standard error of the fit.  For ∆ values, the positive errors show the range of which that parameter 

could be increased while the other parameters floated to fit the FTIR line shape 98% as well as 

the best value (with all parameters floating). The negative errors represent the propagated error of 

the CLS fits. 

 

For fits involving multiple exponentials (i.e. Eq. 3), it can often be difficult to 

claim uniqueness for a fit; the dynamic parameters can themselves be correlated.  On 

some level, this is an expected result when there is a gradual change that occurs in a 

sample, such as diluting a pure solvent progressively with a second solvent.  The 

dynamics that are captured in the ∆ and 𝜏 values are an attempt to impose a biexponential 

categorization of dynamics onto what is realistically a continuum of time scales.  

Changing the sample in some way may cause all of the dynamics to become slower, 

which could shift the originally “slow” dynamics into the “static” category and shift the 

originally “faster” dynamics into the “slow” exponential.  Likewise, dynamics that were 

at first too slow to resolve may then populate the “fast” exponential.  It is not 

unreasonable to expect that a continuous variation of the mole fraction of a solvent would 
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cause the dynamics in one category to be counterbalanced by the appearance of 

amplitude in another category.  Many of the error values on the parameters in Tables 6.3 

and 6.4 reflect exactly this sort of uncertainty – they indicate how much one parameter 

can change, while letting all of the others compensate, and still obtain nearly the same 

goodness of fit.
28

  Figures 6.41-6.44 show plots (in the left hand column) for all of the fit 

parameters as a function of mole fraction.  In the right hand column, the differences 

between the data and the solid line connecting the first and last point is plotted.  This 

difference is also scaled by the range of the data, that the right hand columns may be 

compared across all four figures.  Examining Figure 6.41 as an example, specifically the 

right column plots for ∆1 and ∆2, it is immediately apparent that when one parameter 

decreases in a seemingly preferential way, the other increases to counter it.  It is difficult 

to determine whether this correlation of parameters is a limitation of the way that the data 

are fit, or whether this is real preferential variation.  There are many cases in these four 

figures in which the spikes and dips of preference in one parameter are balanced by a 

fluctuation in another parameter.   
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Figure 6.7. Homogeneous linewidth, Γ, for a) VC and b) VC-O2 as a function of the mole 

fraction of CHCl3 (red circles) or BA (blue squares) added to d6-benzene. Black dashed lines are 

aids to the eye connecting the first and last points.  Solid (red and blue) lines are the best fit to the 

data calculated from Equation 6.1 or 6.2 for CHCl3 and BA mixtures, respectively. 

 

In order to minimize the possibility of such errors influencing our correlation, we 

have chosen as our main parameters the homogeneous linewidth, 𝛤, and what we shall 

call the inhomogeneous amplitude, Ω, as defined in Equations 4 and 5.  
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𝑛=0
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Γ =

1

𝜋𝑇2
=

1

2𝜋𝑇1
+

1

𝜋𝑇2
∗ +

1

3𝜋𝑇𝑜𝑟
 (6.5) 

In these equations, 𝑇2
∗ is the pure dephasing time and 𝑇𝑜𝑟 is the orientational relaxation 

time.  Generally, 𝑇𝑜𝑟 is on the order of hundreds of picoseconds for molecules of this 

size
15, 219

 and so does not contribute significantly to 𝛤.   

Figure 6.7 shows the values for Γ calculated from the CLS analysis of the 2D-IR 

spectra for VC and VC-O2 in CHCl3 (red circles) and BA (blue squares) mixtures.  The 

general trends are very similar to those previously observed for VC-I2,
28

 where the 

homogeneous linewidth changes very little in CHCl3 (red circles) and decreases in BA 

(blue squares) mixtures.  In spite of the differences in y-intercepts for the CLS decays 

noted above, the homogeneous linewidths are not very different for the two solutes.  In 

the CHCl3 mixtures at low mole fraction, VC-O2 is broader, but the distinction disappears 

after 0.7 mf, when the linewidth of VC rises slightly faster.  The broadening noticed in 

the FTIR for VC with increasing amount of CHCl3 could be partly coming from this 

increase in the homogeneous linewidth; however, it does not show the same preference 

for CHCl3.  The notable outlier in this figure is the Γ for VC-O2 in BA mixtures (blue 

squares, Figure 6.7b).  The variation of the homogeneous linewidth for this adduct and 

this solvent mixture is clearly nonlinear, displaying a quick decrease with the addition of 

a small amount of BA to d6-benzene.  The fitting the parameter to Equation 2 reveals a 

preference for BA in the solvation shell of about 16:1, which is the same within error as 
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the preference observed for rate constant for O2 addition.  There is a clear correlation 

between the homogeneous linewidth of the product complex and the reaction rate. 

 

Figure 6.8. Inhomogeneous amplitude, Ω, for a) VC and b) VC-O2 as a function of the mole 

fraction of CHCl3 (red circles) or BA (blue squares) added to d6-benzene. Black dashed lines are 

aids to the eye connecting the first and last points.  Solid (red and blue) lines are the best fit to the 

data calculated from Equation 6.1 or 6.2 for CHCl3 and BA mixtures, respectively. 
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Figure 6.8 shows that a complementary trend exists between the homogeneous 

linewidth and the inhomogeneous amplitude.  The CHCl3 mixtures vary linearly with 

mole fraction added for VC; VC-O2 exhibits a possible slight preference for d6-benzene, 

but the deviation from linearity is slight.  The VC-O2 values for BA mixtures in Figure 

6.8b, however, show that Ω quickly increases with small additions of BA to d6-benzene.  

Comparing Figure 6.8 to Figure 6.3, which showed the νCO FWHM values, it is quite 

clear that the changes in the FTIR linewidth with mole fraction track remarkably well 

with the changes in the inhomogeneous amplitude in the FFCF.  This shows that linear 

and nonlinear behavior of the steady-state lineshape in different mole fractions of either 

solvent system is the result of increases in the inhomogeneity of chemical environments 

around the solute.   

To help further elucidate the possible sources of such preferences as are exhibited 

by the many static and dynamic parameters hitherto discussed, and particularly those in 

Figure 6.8, Figures 6.9 and 6.10 show some of the steady-state hydrogen bonding 

properties of these mixtures.  Figure 6.9 shows the center frequency (a) and FWHM (b) 

of the chloroform C-H stretching mode as a function of solvent composition.  Obviously 

there is not a value for either of these parameters in pure d6-benzene; the points marked 

with a dash here and in Figure 6.10 were found by fitting the three lowest mole fraction 

points and extrapolating to zero.   
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Figure 6.9. Frequency (a) and FWHM (b) of the C-H stretching mode of chloroform in 

chloroform/d6-benzene. Points are the data values; the dash at 0 mole fraction comes from the 

extrapolation of a fit to the data points at the three lowest mole fraction values.  Black dashed 

lines are aids to the eye connecting the first and last points.   The solid (red) line shows the best fit 

to Equation 6.1.   
 

As was previously mentioned in Chapter 1, the stretching frequency of a mode 

involved in hydrogen bonding undergoes a red shift.  This is clearly seen in Figure 6.9a.  

It is worth noting that this is one of the very few parameters that shows preference for d6-
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benzene rather than its more polar counterpart; this could possibly give some reasoning 

behind the preference shown in Ω by VC-O2.  The FWHM plot in Figure 6.9b gives some 

further insight into some of the subtler changes in Figure 6.9a; it shows a maximum 

around 0.7-0.8 mole fraction.  In Figure 6.9a, the points on the low mole fraction side of 

this maximum are very similar in frequency to one another, as are those on the high mole 

fraction side.  This implies a switch between two different regimes, occurring at around 

0.7-0.8 mole fraction.  It is possible that this may have some relationship to 𝛥0 (see 

Tables 6.3 and 6.4), the amplitude of the motions slower than those we can resolve, 

which shows a maximum around 0.7 for both solutes.  This could represent the effect of 

the chloroform molecules to which the solute C-O is sensitive switching between these 

different regimes.   

The FTIR of benzyl alcohol shows two peaks in the O-H stretching region: a 

sharp (free OH) peak around 3560 cm
-1

 and a broad (H-bonded OH) peak centered 

around 3325 cm
-1

.  Figure 6.10a shows the FWHM of the sharp peak as a function of 

mole fraction; Figure 6.10b shows the integrated area ratio of the sharp peak to the sum 

of the sharp and broad peaks, also as a function of mole fraction.  In neither of these plots 

do we see the nonlinearity moving to linearity shown in Figures 6.1, 6.7, and 6.8.  Both 

are reasonably well fit by a single preference parameter; the slight maximum of the 

FWHM present at 0.5 mole fraction is a hindrance to the goodness of the preference fit.  

These measures of hydrogen bonding may be those properties that influence the 

inhomogeneous amplitude and FWHM of VC in the BA mixtures, as well as the 

frequency of both solutes.   
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Figure 6.10. Hydrogen bonding parameters for benzyl alcohol in benzyl alcohol/d6-benzene. 

Window a) shows the FWHM of the free OH stretching mode.  Window b) shows the integrated 

area ratio of the free OH peak to the sum of the free and H-bonded peaks.  Points are the data 

values; the dash at 0 mole fraction comes from the extrapolation of a fit to the data points at the 

three lowest mole fraction values.  Black dashed lines are aids to the eye connecting the first and 

last points.   Solid (blue) lines show the best fit to Equation 6.1.   

 

The abrupt increase in k2 with small quantities of BA in Figure 6.1 is 

accompanied by a corresponding increase in the spectral inhomogeneity around the 

product species (VC-O2) in Figure 6.8.  At the same time, beneath the inhomogeneous 
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lineshape, Figure 6.7 shows that the fast pure dephasing events that produce the 

homogeneous lineshape slow down.  Returning to the view that VC-O2 reflects the 

transition state structure,
68

 the preferential behavior of the kinetics in BA/d6-benzene 

mixtures appear to be mirrored by a general increase in chemical heterogeneity in the 

solvation shell and a slowing of fast solvent dynamics.  It is curious that these very fast 

motions around the product should be correlated with the nonlinearity when those 

occurring around the reactant do not.  This is again a confirmation that the “product-like” 

transition state calculated by Yu and coworkers seems to be an accurate picture of the 

actual reaction mechanism.
68

  If these fast motions around the product carbonyl behave in 

the same fashion around the activated complex, then it may be that they somehow assist 

the pincer motion. 

 

6.5. Conclusions 

We performed an extensive spectroscopic and kinetic study on the oxidative 

addition of O2 to Vaska’s complex.  We measured the solvent dynamics around both 

product and reactant at equilibrium. This provides a departure from the majority of 2D-

IR/kinetics studies, as this reaction is not in the low-friction limit of solvent-solute 

interactions, and it thus provides an opportunity to examine a reaction that is squarely in 

the range where transition state theory works well. 

We found that the kinetics for mixtures of d6-benzene and chloroform showed a 

linear trend in mole fraction.  This makes it difficult to assign correlation to any particular 
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parameter, but it showed strong correlation with the VC and VC-O2 inhomogeneity 

amplitudes.   

For mixtures of benzyl alcohol and d6-benzene, the rate constant showed a mostly 

linear trend, with deviation at low mole fractions of benzyl alcohol.  The linearity of the 

process could be coming from the reactant, which is far more linear in both 

inhomogeneity amplitude and homogeneous linewidth.  This would be consistent with 

transition state theory’s contention that the reactant should have the largest influence on 

the rate; however, similarly to the CHCl3 mixtures, since both parameters correlate 

linearly with mole fraction, correlation between the parameters cannot be currently 

asserted with any certainty. 

The nonlinear deviation, however, corresponded to similar deviations for the VC-

O2 inhomogeneity amplitudes and the VC-O2 homogeneous linewidth.  This seems to 

indicate that the nonlinearity is somehow related to the dynamic inhomogeneity 

surrounding the product and also the slowing of fast solvent motions around the product.  

The greater variety of the solvation environments may give greater accessibility to 

favorable configurations, and a slowing of the fast pure dephasing motions may give such 

configurations greater time stability. 

Further studies along these lines could be carried out; the kinetics of the addition 

of I2 to VC are considerably faster than those of O2 as well as being irreversible.  Of 

course, the eventual goal would be to examine these dynamics in the context of a 

catalytic reaction, such as decarbonylation
80

 or hydrogen atom transfer.
79
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Figure 6.11.  Full 2D-IR dataset for VC in all d6-benzene. 
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Figure 6.12.  Full 2D-IR dataset for VC in 0.1 mole fraction CHCl3. 
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Figure 6.13.  Full 2D-IR dataset for VC in 0.3 mole fraction CHCl3. 
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Figure 6.14.  Full 2D-IR dataset for VC in 0.5 mole fraction CHCl3. 
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Figure 6.15.  Full 2D-IR dataset for VC in 0.7 mole fraction CHCl3. 
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Figure 6.16.  Full 2D-IR dataset for VC in 0.9 mole fraction CHCl3. 
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Figure 6.17.  Full 2D-IR dataset for VC in all CHCl3. 

 

  



   214 

 

 
Figure 6.18.  Full 2D-IR dataset for VC in 0.05 mole fraction BA. 
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Figure 6.19.  Full 2D-IR dataset for VC in 0.1 mole fraction BA. 
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Figure 6.20.  Full 2D-IR dataset for VC in 0.2 mole fraction BA. 
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Figure 6.21.  Full 2D-IR dataset for VC in 0.3 mole fraction BA.  
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Figure 6.22.  Full 2D-IR dataset for VC in 0.4 mole fraction BA. 
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Figure 6.23.  Full 2D-IR dataset for VC in 0.5 mole fraction BA. 
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Figure 6.24.  Full 2D-IR dataset for VC in 0.7 mole fraction BA. 
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Figure 6.25.  Full 2D-IR dataset for VC in all BA.  
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Figure 6.26.  Full 2D-IR dataset for VC-O2 in all d6-benzene. 
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Figure 6.27.  Full 2D-IR dataset for VC-O2 in 0.1 mole fraction CHCl3. 
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Figure 6.28.  Full 2D-IR dataset for VC-O2 in 0.3 mole fraction CHCl3. 
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Figure 6.29.  Full 2D-IR dataset for VC-O2 in 0.5 mole fraction CHCl3. 
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Figure 6.30.  Full 2D-IR dataset for VC-O2 in 0.7 mole fraction CHCl3. 
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Figure 6.31.  Full 2D-IR dataset for VC-O2 in 0.9 mole fraction CHCl3. 
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Figure 6.32.  Full 2D-IR dataset for VC-O2 in all CHCl3. 

. 
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Figure 6.33.  Full 2D-IR dataset for VC-O2 in 0.05 mole fraction BA. 
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Figure 6.34.  Full 2D-IR dataset for VC-O2 in 0.1 mole fraction BA. 
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Figure 6.35.  Full 2D-IR dataset for VC-O2 in 0.2 mole fraction BA. 
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Figure 6.36.  Full 2D-IR dataset for VC-O2 in 0.3 mole fraction BA. 
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Figure 6.37.  Full 2D-IR dataset for VC-O2 in 0.4 mole fraction BA. 
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Figure 6.38.  Full 2D-IR dataset for VC-O2 in 0.5 mole fraction BA. 
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Figure 6.39.  Full 2D-IR dataset for VC-O2 in 0.7 mole fraction BA. 
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Figure 6.40.  Full 2D-IR dataset for VC-O2 in all BA. 
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Figure 6.41.  (left column) Parameters obtained by fitting CLS decays to obtain the full FFCF for 

VC in binary mixtures of CHCl3 in d6-benzene.  (right column) The difference between the data 

in the left column and the straight line connecting the first and last point, normalized (for 

comparison) by the range of the data.  
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Figure 6.42.  (left column) Parameters obtained by fitting CLS decays to obtain the full FFCF for 

VC-O2 in binary mixtures of CHCl3 in d6-benzene.  (right column) The difference between the 

data in the left column and the straight line connecting the first and last point, normalized (for 

comparison) by the range of the data (max minus min).  
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Figure 6.43 (left column) Parameters obtained by fitting CLS decays to obtain the full FFCF for 

VC in binary mixtures of BA in d6-benzene.  (right column) The difference between the data in 

the left column and the straight line connecting the first and last point, normalized (for 

comparison) by the range of the data (max minus min).  



   240 

 

 
Figure 6.44.  (left column) Parameters obtained by fitting CLS decays to obtain the full FFCF for 

VC-O2 in binary mixtures of BA in d6-benzene.  (right column) The difference between the data 

in the left column and the straight line connecting the first and last point, normalized (for 

comparison) by the range of the data (max minus min).  
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