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ABSTRACT OF DISSERTATION

SOLVATION DYNAMICS IN BINARY MIXTURES 
The solvation dynamics o f two binary mixtures are examined. Fluorescence upconversion

spectroscopy is used to determine the solvation response function o f the mixtures with ~

250 femtosecond time resolution. The first mixture, dimethy!sulfoxide(DMSO)-water, is a

strongly interacting, hydrogen bonding mixture. It is shown that the DMSO-water mixtures

display dramatic changes in their solvation response functions as compared to the pure

solvents. These changes include both the inertial and diffusional response. The magnitude

o f the inertial response is seen to diminish when the solvents are mixed. The diffusional

response maximizes at 33% DMSO, which corresponds to a 2DMSO-1 water complex.

Quasi-elastic neutron scattering is also included for water in the above mixtures. The

second mixture is benzene-acetonitrile. This mixture is non-associating and involves both a

nonpolar and strongly polar solvent The solvation response function is seen to be sensitive

to the mixing o f the pure solvents, affecting both the inertial and diffusive portions o f the

solvation response function. The addition o f acetonitrile to benzene is seen to increase the

magnitude o f the inertial response o f the mixtures. At high benzene concentrations the

diffusive portion shows a slow component that is attributed to translational diffusion o f the

acetonitrile.

Bradley M. Luther 
Chemistry Department 
Colorado State University 
Fort CoUins, CO 80523 
Spring 2000
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Chapter One

Introduction to Solvation Dynamics

L Solvation and Chemical Reactions

The most important step in any reaction is to bring together reactants in a way that 

w ill lead to the formation o f products. Solvation is simply the process o f dissolving a 

compound known as the solute into another compound known as the solvent. The 

importance o f this simple process is ubiquitous in chemistry, as it is the most common way 

to bring reactants together. Without this important first step much o f chemistry as we know 

it would not exist.

One o f the most important ways in which solvents affect reactions is through their 

influence on the rates o f reactions. Solvents can influence reaction rates in two ways. The 

first is due to the effects that solvents have on the equilibrium properties o f the reaction. 

These include stabilization or destabilization o f the products, reactants, and activated 

complexes involved in the reaction, and most importantly the free energy o f activation o f 

the reaction. The second way solvents influence reactions is due to non-equilibrium or 

dynamical effects. Both o f these effects are seen in the Arrhenius expression for the rate o f 

a reaction,

k = Aexp[ -Ea / (RT)] 1.1
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where k is the rate constant o f the reaction, Ea is the activation energy, R is the gas 

constant, T is the temperature, and A is the dynamical frequency factor. The frequency 

factor gives a measure o f the rate at which steps important for the formation o f the activated 

complex occur. These steps can be as simple as the rate o f collisions for a simple bi- 

molecular reaction or very complicated for more involved reactions.

In the case o f electron transfer reactions, the pioneering work o f Marcus sets the 

stage [I]. Since the early work o f Marcus it has been well known that fluctuations o f the 

solvatation energy can provide the necessary energy for a reaction to reach its activated 

state, and this was shown in the Marcus relationship for the activation energy for an 

electron transfer reaction,

Ea = [(AG + X«)2]/(4X ,) 1.2

where Xs is the solvent reorganizational energy, Xj is the total reorganizational energy

(solvent and reactants), and AG is the driving force o f the reaction. From equation 1.2 it 

can be seen that the relative sizes o f AG and X̂  can influence the rate at which reactions

proceed. In general electron transfer reactions can be classified into three categories, 

normal, activationless, and inverted. Figure l . l  shows the relationship between the product 

and reactant wells as a function o f the reaction coordinate Q, which is a function o f all the 

nuclear coordinates o f the reactants, products and the solvent. It can be
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seen here that in the case o f the activationless regime there is strong coupling o f the reactant 

and product wells. In this regime the frequency factor plays an important role in the 

reaction kinetics and can be the rate determing step in some cases. In these cases the 

Arrhenius equation can be written with the frequency factor replaced by a solvation time as 

given by Zusman [2],

k = 1/t, exp( -Ea/RT) 1 3

where t. is the solvation time constant. Here the solvation time is a dynamical factor that 

involves the time scales for the solvent motions. The relationship o f this solvation time to 

the molecular motions o f the solvent can in turn be analyzed by the study o f polar solvation 

dynamics.

I I  Experimental Techniques and Analysis for Polar Solvation Dynamics

A. Introduction

In the study o f polar solvation dynamics the following question arises -  What 

happens when a solute molecule in equilibrium with the solvent molecules around it 

undergoes a change in its electronic configuration? There are a number o f ways that this 

can happen, for instance the creation o f a charge on a previously neutral solute, a change in 

the direction o f a dipole on the solute, or a change in the size or order o f the multipole. For 

simplicity we w ill consider this change to be the creation o f a charge on a previously neutral 

solute in a dipolar solvent. Following the creation o f the charge, the polar solvent

4
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molecules, which were randomly oriented around the neutral solvent, w ill try to reorient to 

the new charge. This reorientation results in a lowering o f the free energy o f the solute.

The time scales for the equilibration o f the new charge can be followed by the Solvent 

Response Function (SRF),

CKO = [F(t) -  F(«)j / [F(0) -  F(«) ] 1.4

where F(t) is the free energy o f solvation at time t. The above function is normalized to the 

total change in free energy the solute undergoes from the creation o f the charge at time zero 

to the solvent equilibration at time infinity. Ignoring solute motions, the first question we 

must ask is what type o f solvent motions produce the final polarized environment around 

the solute, and what are their time scales? The fastest relaxations w ill be the solvent’s 

electronic degrees o f freedom, which w ill be virtually instantaneous. These w ill be 

followed by nuclear distortions including vibrations and changes in the intermolecular 

bonds to the first layer o f solvent molecules around the solute. These distortions occur on 

the femtosecond timescale. The last phase w ill involve the orientational motions o f the 

solvent molecules, which w ill be the major contributor to the solvent relaxation. This w ill 

include the fast free streaming inertial motions, the more collective hindered librational 

motions, diffusional rotations, and finally diffusional translations. Orientational motions 

are the most important motions due to the fact that they w ill be effective in bringing the 

solvent dipoles into alignment with the solute’s electric field. The inertial and librational 

motions w ill occur in the first several hundred femtoseconds, while the diffusional motions 

can span from one to hundreds o f picoseconds depending on the nature o f the solvent. To
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see how different solvents respond and the timescales o f their responses we need a way o f 

probing the change in free energy o f the solute with time. In the following sections I w ill 

describe the experimental techniques and analysis used.

B. Experimental Methods

With the increased interest in solvation dynamics several methods have been 

developed to probe the SRF [3]. Many o f these techniques are fairly new and their 

relationship to solvation dynamics is continuing to be explored [4]. One o f the most direct 

ways o f following the SRF is to follow the time dependent fluorescence o f a probe 

molecule in solution. This allows us to see the changes in the free energy o f the probe as a 

change in frequency o f the fluorescence. Figure 1.2 illustrates how this is done. At time 

zero an ultrafast laser pulse excites the probe from its ground to its excited state. This 

results in a step function change in the electronic configuration o f the probe molecule 

during which the solvent is stationary. The solvent then begins to relax and stabilize this 

new charge distribution through reorientational motions resulting in a red shift in the 

fluorescence. The solvent response function can then be determined from the following 

relationship,

Cu(t)= [u (t)-u (« )]/[u (0 )-u (« )] 1.5

where u(t) is the average or first moment frequency o f the fluorescence at time t.

To determine u(t), it is necessary to know how the probe’s fluorescence spectrum 

evolves in time. This is not a trivia l undertaking given that the time resolution

6
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desired is in the femtosecond range. The development o f ultrafast lasers has therefore 

greatly increased our ability to follow these fast solvent relaxations. Two methods have 

been developed to follow the change in the fluorescence frequency in time. The first, 

spectral - reconstruction, involves calculating the time resolved spectrum from time 

resolved measurements o f individual wavelengths, and w ill be discussed in length in the 

Data Analysis section Q.E. The second, single wavelength technique involves determining 

a wavelength for the probe that is linearly related to the spectral density [5]. This method 

has several major disadvantages, the first being that the time resolution is limited to the 

instrument response function, the second being that the amount o f the spectral shift which is 

missed is unknown, and the third being the assumption that a single polarization coordinate 

can describe the interactions o f the solute with the solvent. We have therefore used the 

spectral reconstruction technique. At this point I w ill describe the equipment and data 

analysis used in the experiments presented in the following chapters before returning to 

polar solvation dynamics theory. These methods are typical o f those used to provide 

experimental data for the development o f current theories.

C. Fluorescence Upconversion Spectrometer

To determine the fluorescence transients we have used fluorescence upconversion 

spectroscopy. The basic premise behind using upconversion spectroscopy is to gate a long­

time process such as fluorescence with a short gate pulse. For our experiments this involves 

using a femtosecond gate pulse to interrogate the time dependence o f nanoseconds long 

fluorescence, figure 1.3. The femtosecond fluorescence upconversion spectrometer is 

shown in figure 1.4. This spectrometer is similar to the one

8
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developed by Fleming and coworkers [6], A Clark NJA-3 k it oscillator is pumped by all 

lines o f a Coherent Innova 310 Ar+ C W laser at 6.SW. The oscillator is passively 

modelocked producing 80 fs, S nJ pulses with a repetition rate o f 100 MHz. The pulses 

were centered between 804 to 810 nm for the experiments reported here. The output from 

the oscillator is collimated and then focused onto a 1 mm barium borate crystal (BBO, 

typel, Inrad). The BBO crystal produces second harmonic light ( ~ 405 nm) with 

approximately ten percent conversion efficiency which is separated from the fundamental 

light using a dielectric beamsplitter (CVI). The blue beam is then sent through an optical 

delay stage and half wave plate (Meadowlark Optics) before being focused on the sample 

with a ten-centimeter lens. The sample is circulated using a peristaltic pump (Masterflex, 

Model 7553-70) through a 1-ram path length quartz flow cell. Samples were cooled in a 

room temperature water bath to reduce heating incurred from sample circulation. The 

fluorescence is collected at 180 degrees and focused onto an ellipsoidal reflector (Melles 

Griot) into a 0.5 mm nonlinear BBO crystal (type 1, Casix). The fundamental residual 

beam is then passed through a half wave plate ( Meadowlark Optics) and focused onto the 

nonlinear crystal at small angle. The fundamental beam acts as a temporal gate allowing 

high time resolution o f the long (ns) fluorescence. The polarization o f the pump and probe 

beams were set to 54.7° (magic angle) to eliminate the effects o f the rotational relaxation o f 

the probe molecule on the fluorescence transients. The upconverted light was then 

collimated and residual fluorescence and pump beams removed through the use o f spatial 

filtering and dispersion through a prism before being focused into the monochrometer 

(HR320, ISA) equipped with a 2400 line/mm holographic grating blazed at 400 nm. The 

bandwidth o f the upconverted fluorescence is on the order o f 8nm. Instrument response
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functions for the experiments reported here ranged from 200 to 250 fs and fit well to 

gaussian profiles. The upconverted fluorescence was detected by a photomultiplier tube 

(R1527P, Hamamatsu). It was found that cooling o f the PMT had little  effect on the signal 

to noise so most experiments were run uncooled. The signal was amplified using a single 

video amplifier (CLC100, Comiinear Corporation) and then sent to a single photon counter 

(SR400, Stanford Research Systems). Data collection and delay stage movement were 

controlled by a personal computer using Labview software ( National Instruments). Runs 

were averaged for one second at each step. Runs were averaged until acceptable signal to 

noise was generated. The number o f runs depended on the sample concentration and 

wavelength o f interest and varied from two to twenty runs.

D. Time Zero Analysis

Knowledge o f u(0) is critical for calculating the correct SRF from equation 1.5. 

Early experiments lacked sufficient time resolution to resolve the important inertial 

components o f the SRF, and therefore gave results that were to some extent misleading.

The discovery o f inertial components by simulations and later experimental verification 

showed that up to 70% o f the relaxation can happen during the ultrafast inertial relaxation 

[7,8,9]. It is therefore necessary to have an idea o f how much o f the solvent response has 

been missed. This is important in the present work due to the time resolution o f our 

apparatus, which misses the first 250 femtoseconds or so. In acetonitrile especially this can 

result in missing a large part o f the relaxation. It was therefore necessary to approximate 

the time zero spectra using the method o f Fee and Maroncelli [10]. The basic principle is 

that different probe molecules experience different local solvation enviroments. I f  it  is
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assumed that each probe has the same absorption Iineshape function g(u), which is shifted 

by its particular interaction with the solvent 5, and that 5 has a distribution given by p(5), 

then the polar absorption spectrum is given by

where the term in the integral is the convolution o f g(v-5) with p(5). The polar fluorescence 

can similarly be described by the following expression

Where v« is the excitation frequency and the term in the integral is the convolution o f the 

solvent distribution transferred to the excited state g(Vex-5) p(6) with the fluorescence 

intensity function f(v-£) Here f(v-5) is the fluorescence Iineshape in the same 

fashion as g(v-6) above. Maroncelli etal. showed that the radiative rate constant knd(5) has 

negligible effects on time zero analysis and this term has been ignored in our analysis [11].

It is necessary to determine three functions to determine the time zero fluorescence, 

f(v-8), g(v-6), and p(5). Two o f the functions can approximated from the nonpolar 

absorption spectra Aop(u) and the nonpolar fluorescence spectra F ^o )

Ap(v)x v/g(v-6)p(5)d5 1.6

Fp (t=0,v Vex) « (v3Vex) /  g (v«-6) p(5) k«j(5) d6 1.7

g(u) *  u '1 A«p(u) 

f (u )x u * 3F„p(u)

1.8

1.9

13
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where the o* terms in the above equations are necessary to make g(u) and f(u) directly 

proportional to the Einstein B coefficients. The use o f the above functions assumes that the 

nonpolar spectra are purely homogeneously broadened and that this broadening is 

approximately the same in all solvents. While this may not be completely true it should be 

a valid approximation when calculating time zero spectra o f molecules where polar 

interactions dominate. The last function p(5) is approximated as a gaussian by the 

following,

where So is the average shift induced by the solvent and o is the variance o f the distribution. 

The fu ll width at half maximum is related to o by the following,

The next step is to determine p(5). This is done by fitting the polar absorption 

spectrum to the convolution o f g(5) and p(5) while varying the values o f So and o to give 

the best fit. This convolution is done in discrete time using the following,

p(5) = ( 2w t2)*,/2 exp[ -<5-8o)J/2 o *] 1.10

FWHM = (81n2)'1/2o. 1.11

Ap(u) = u Zp(fi)g(u-6) 1.12

14
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Where the summation over 6 goes from -<*> to +a>. The convolution summation has a simple 

graphical interpretation. p(5) and the "flipped and shifted" g(v-5) are plotted on the 5 axis, 

where v is fixed. Second, the two arrays are multiplied to obtain a plot o f the summand 

sequence indexed by 5. Summing the values o f this sequence with respect to § yields Ap (v), 

the polar absorption spectra. After determining the values o f 5o and a  which give the best 

fit for the convolution o f g(v-5)p(8) to the polar absorption spectrum, the g(v«r5) array is 

created by flipping g(v) and shifting the v axis by vex. This array is then multiplied by the 

p(S) array to give g(Vex-5)p(5). No convolution is implied in the notation o f g(vM -5)p(5). 

The discrete time convolution o f g(v„-5)p(5) with f(v-5) can then be done to give the time 

zero fluorescence.

E. Data Analysis: Spectral reconstruction

To obtain sufficient time resolution, runs were preformed using three different step 

sizes. Short runs were done with 17 fs steps for 2.S to 3 ps. These short runs were analyzed 

using a global analysis to deconvolve the instrument response function (IRF) from the 

transients. IRF’s were determined by upconverting the residual ~ 405nm pump with the 

fundamental gate pulse and fitting it to a gaussian line shape. Short runs were fit to three or 

four exponentials with the last one set to the probe’s fluorescence lifetime. The medium 

runs were done in 200 fs time steps for 25 to 30 ps, and long runs done in 2.5 ps steps for 

500 ps. The medium and long runs were fitted in Kaleidagraph ignoring the initial decay. 

Two to three exponents were required to fit the medium and long runs and offsets were also 

used. Examples o f short, medium, and long runs with fits are given in figure 1.5.
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In order to create a single transient for a particular wavelength the last point o f the 

longest time run is normalized to the value o f the static fluorescence at that wavelength. 

The next shortest run is then normalized to the long run and the process repeated until all 

runs are normalized. When this has been completed for each wavelength it is possible to 

transform the transients and generate a time-resolved spectra as shown in figure 1.6. The 

longest time spectrum w ill be equivalent to the static fluorescence spectrum.

Individual fluorescence spectra are fit to lognormal functions o f the type,

F = h [exp {-.6931472 [In ( l+(2y{u-u0}/a>) ) / y ] 2 >] 1.13

where h is the height, y is the skew, u<> is the frequency maximum, and oo is the width 

parameter. This allows the first moment (average) frequency to be determined easily using 

the following,

orm = u - (a>/2y)[exp { 3(y*) /  [4(0.693)]} -1 ] 1.14

r = <D[sinh(y)/y ] 1.15

where Ufa is the first moment frequency, and T is the FWHM . The first moment 

frequencies give a more reliable measure o f the changes in the u(t) and have been used in 

all the results given in the following chapters.

16
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Figure 1.5
Short, medium and long runs for Xd -  0.75 DMSO-water mixture. Data are shown as 
circles, fits as solid lines, and the instrument response function is shown for the short run. 
Ticks for the 3 ps run are 17fs.
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After the fin frequencies v(t) have been determined for each time the SRF can be 

determined using equation I.S. Time zero analysis gives v(0) and v(a>) is determined by the 

steady-state fluorescence.

F. Choice o f Fluorescence Probe

At this point it is important to note the relationship and possible problems o f 

equating CKt) and Cv(t). There are two major factors that can cause Cv(t) to differ from 

CKt). The first is that CKt) is sensitive to vibrational relaxation o f the probe molecule. For 

Cv(t) to accurately reflect CKt) the amount o f vibrational relaxation must be small 

compared to the polar solvent relaxation. Change in the electronic structure o f the probe 

with relaxation can also cause Cv(t) to differ from CKt). The probe Coumarin 153 (C l53, 

C540A) is a well-known and studied solvation dynamics probe [9]. It has the advantage of 

being a rigid dye molecule with a large change in dipole moment upon optical excitation 

(~6D in the ground state to ~15D in the excited state). Experiments in nonpolar solvents 

have shown that the degree o f vibrational relaxation is small [9]. The atomic charge 

distributions have also been studied in both the ground and excited state and show that the 

charge difference between the ground and excited state is similar to a dipole change o f 

approximately 8D [12]. C l 53 has also been shown to have relatively small specific 

interactions with most solvents. These factors make C l53 an ideal probe for solvation 

dynamics. Although CKt) and CKt) w ill not be identical differences should be small 

allowing direct comparisons to be made.

19
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m  Theoretical Models: Methods, Results, and Predictions

A. Simple Continuum Model Predictions

Based on the description given in section II. A. above one would expect solvation 

dynamics to involve a very complicated response strongly dependent on the molecular 

nature o f the solvent-solute and solvent-solvent interactions. The first level o f theoretical 

approximation ignores this molecularity. The solvent is described as a structureless 

continuum, which is completely described by its frequency dependent dielectric response 

function, e(<d). The dielectric response function describes how the polarization o f the 

solvent P (C/m2) responds to an electric field E. In the case o f a static electric field a 

simple equation relates the polarization caused by the electric field [13]

[e-l]E  = (47t/eo)P 116

where e  is the static dielectric constant and eo is the vacuum permittivity. I f  the electric 

field is varied at a frequency oo then the relationship becomes

[e(oj) -1 ] E(<o) = (4r /e o) P (<b) 1-17

Where the static field and polarization have been replaced with their frequency dependent 

versions. For frequencies less than a few megahertz e (<d )  ~ e  as the molecular dipoles are 

capable o f keeping up (reorienting) with the changing electric field. As the frequency 

increases into the gigahertz range, e(oo) begins to decrease as the molecular motions to
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begin to lag behind the rapidly changing field. Eventually only electronic motions are 

capable o f following the electric field and the optical refractive index, n2 is reached.

The frequency dependent dielectric response therefore measures the ability o f the 

solvent to react to a changing electric field and should be very useful in determining the rate 

o f solvent relaxation. There are several approximate functional forms for s((o). The Debye 

and Cole-Davidson are given below [13,14]:

Debye e(o ) = e(<x>) + [(e - e(®)) / (1+ itoxD)] 1.18

Cole-Davidson e(© ) = e ( ® )  + [(e  - e (® )) / (1+ fc»To)p] 1.19

It is seen from the above equations that e(a>) can be approximated as a function o f e ( qo) ,  e , 

and the appropriate dielectric relaxation time xoor Xo. The Cole-Davidson function includes 

an extra parameter (3 that has the effect o f scaling the relaxation times. It is important to 

note that the forms given above are typically used only into the gigahertz range.

I f  we use the simplest Debye form for e(o ) then the SRF can be given as

CKt)= expC-t/xL) 1.20

x l io n  -  [e(oo y  e]xD 1.21

Tl  d ip o l e  =  [(2e(oo) + n2) / (2e + n2)]tD 1.22

where xl is the longitudinal relaxation time, n is the optical refractive index, often assumed 

to be 1. Since [e(oo y  e] is less than one, tl is faster than the Debye dielectric relaxation 

timexo. van derZwan and Hynes derive the above equations in detail in [15]. In short it

21
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involves determining the time dependent reaction field acting on the excited state dipole. 

The reaction field is the field on the solute due to the solute induced solvent polarization. 

For the equilibrium continuum case the reaction field on a dipole in an Onsager cavity is

R = (2n/eoa3)[( e -1) / (2e- 1)] 1.23

a simple function o f the solute radius a, solute dipole moment it, and solvent dielectric 

constant e. In this equation eo is the permittivity o f free space. In the non-equilibrium case 

the frequency dependent reaction field is shown to be a function o f e(co). Solving for R(co) 

using the Debye formalism for e(a>) then leads to equation 1.20 with R(t) being the 

transform o f R(oa). Although the SCM is very basic it serves as a simple standard for 

comparison to experimental results. As can be seen from the form o f equation 1.20 the 

SCM predicts a single relaxation time in the case o f a single Debye solvent. It should be 

noted that more complex SRF’s can be obtained when multiple Debye or Cole-Davidson 

functional forms o f e ( cd)  is used.

A t this point it is worthwhile comparing early experimental results with the SCM. 

Early experiments found typical average relaxation times given by

<t> = J Cv(t) dT « I  ctiXi 1.24

where the integral goes from zero to infinity, and the sum is over the amplitudes cti and time 

constants Ti from multi-exponential fits ofC«(t), ranging from one to hundreds o f

22
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picoseconds. Maroncelli points out that for solvents ranging in static dielectric constants 

from 5 to 300,67% o f the 21 solvents studied have <x>’s within a factor o f two o f the 

predicted continuum theory values [16]. This is certainly a good sign that use o f e(co) is a 

valid step in understanding SRF’s. Although these results are inspiring they are far from 

perfect. Experimental results for <t> were found to be consistently slower than <t>'s 

calculated from the SCM. The experimental results were also non-exponential compared 

with the SCM’s single exponential form.

The hunt was then on to try to explain the source o f the differences between 

experiment and SCM. Onsager brought the first suspect forward [17]. Onsager pointed out 

that the continuum results for the SRF were only valid for the e((a,k=0) lim it, where e(co,k) 

is the wave vector dependent dielectric response function. In the long range, k=0 lim it, the 

solute probes large distances compared to the solvent intermolecular distances. This allows 

small motions o f the individual molecules to give fast relaxations on the time scale o f t l.  In 

the short range, high k lim it, near the solute, the solvent molecules are relaxing at a rate that 

is closer to the single molecule reorientation rate To. Therefore the predictions o f the SCM 

are expected to be too fast based on its neglect o f the k dependence o f e(oj), as pointed out 

in several theoretical investigations that resulted [18,19,20]. These results lead to a wide 

range o f attempts to try to mend the SCM. Efforts were made to account for e ( cd, k) by the 

use o f shells surrounding the solute with different dielectric response functions [21], or 

functions with smoothly varying dielectric response functions [21]. Theories were also 

developed which allowed more sophisticated versions o f e<o>) to be used [14,65]. These 

models address the fact that dielectric relaxation is often not Debye-like. These changes 

were capable o f producing non-exponential decays, which gave slower relaxations than the

23
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SCM. Unfortunately they were fairly obscure in their predictive capabilities due to the lack 

o f “real”  or molecular parameters. O f the models above perhaps Castner’s et a l. [14] or 

Fried et a l. [65] are most intriguing in its simple replacement o f the Debye e(o) with the 

Davidson-Cole e(a>), which is inherently better at reproducing multiple, scaled relaxations. 

At this point it was necessary to depart from continuum theory and explore models which 

deal with the molecuiarity o f the solvent in a more direct way.

B. Molecular models

One o f the simplest models to incorporate molecuiarity into the solvent was the 

dynamical Mean Spherical Approximation (dMSA) developed by Wolynes [22]. Its 

development is in the same spirit as the SCM. The Mean Spherical Approximation (MSA) 

approach was previously developed as a way o f determining the solvation energy o f an ion 

[23]. The molecuiarity o f the MSA model comes from using dipolar hard spheres for the 

solvent molecules as well as using a charged hard sphere solute. The radii o f the spheres 

are chosen to match the molecular radii o f the real solvent and solute molecules. MSA 

results give the solvation energy o f an ion with unit charge as

R(oc) = [1 /  (2{ rc + A (a)})]( (1 -  [1 /  e (a )]) 1.25

where rc is the solute radius, A(a) is a correction factor, and e(a) is the dielectric constant.

In the above equation, a  is a function o f the solvent’s density, dielectric constant, and 

radius. The effective radius, rc + A(a), includes the correction factor, which is a function o f

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the solvent radius and dielectric constant. The correction factor takes into account the 

incomplete screening o f the ion’s interaction with the nearest layer o f solvent molecules. It 

should be noted that this is the MSA equivalent o f the continuum reaction field described 

above. Wolynes, in a manner analogous to the development o f the simple continuum 

model, replaced the static dielectric constant with the frequency dependent dielectric 

response e(ea) to obtain the frequency dependent reaction field R(a>). The transform o f 

R (g>) to R(t) then gives the dMSA SRF. Rips et a l. [25] extended this work to dipolar 

solutes. Maroncelli and Fleming [24] analyzed the predictions o f dMSA using the 

formalism o f Rips et a l. [25], and compared the results to their experimental data. This 

involves calculating the dMSA SRF

S(t) = [E(t) -  E(®)] / [E(0> -  E(oo)] 1.26

which was determined via its Laplace transform

S(p) = [x(P> - X(0)] /  p[x(®> - X(0)] 1 27

X(P)= [ 1 • l/e(p) ] / 2R [ 1 + A(p) ] 1.28

A(p) = (3r/R) [ 1081/3 e(p),/6 -  2 ]*‘ 1.29

The complex admittance x(p) is a function o f the dielectric response s(p) and the correction 

term A(p), where R is the solute radius and r is the solvent radius. It can be seen from 

equation 1.29 that the correction factor is frequency dependent and now reflects dynamic 

screening effects associated with the polarization o f the solvent.
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Several interesting results were found for the dMSA SRF’s. First unlike SCM, 

dMSA SRF’s are highly non-exponential even though single Debye dielectric functions 

e(qj) are used. A distribution o f relaxation times prevail ranging from Td to xL giving 

average SRF’s which are longer in general than continuum predictions. The dMSA SRF’s 

are also found to be sensitive to the solute to solvent size ratio, with small ratios giving 

slower relaxation and large ratios giving relaxations closer to tl. It is clear that at the 

relatively low level in which dMSA incorporates molecuiarity, it reproduces some o f the 

essential features o f experimental SRF’s, such as multiple relaxation times, and SRF’s 

bounded by tl and td. Qualitative agreement with the Onsager picture o f k dependent 

dielectric relaxation is also found. At the same time, it is similar to continuum theory in 

that it is depends on dielectric data and is not based on any first principle kinetic theory.

Calef and Wolynes pioneered another approach that predates dMSA [26]. In this 

work Calef and Wolynes developed the Smoluchowski-Vlasov theory of charge solvation. 

The Smoluchowski-Vlasov equation relates the diffusive aspects o f the solvent relaxation to 

the time dependent relaxation (Sp(r,fl)/5t) o f a deviation o f the charge distribution from its 

equilibrium value: p(r,Q) - p*q(r,fi). The non-equilibrium polarization can then be written 

as a function o f 5p(r,fl), and the solvation energy determined. The time dependent charge 

distribution can be expressed as a function o f the translational and rotational diffusion 

coefficients. This requires needs the ion-dipoie, and dipole-dipole correlation functions, 

which were approximated by Calef and Wolynes. The dipole-dipole cooreiation function 

was approximated using MSA. Results presented by Calef and Wolynes ignored 

translational diffusion, and gave SRF’s that were non-exponential and relaxation times that 

were in-between To and tl. Chandra and Bagchi took Calef and Wolynes development
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further by including translational diffusion [27]. Inclusion o f translational solvent modes 

increases the rate o f relaxation by providing new relaxation channels, especially at high Ic. 

Raineri et aL showed that several similar developments along these lines could be 

represented by

R((o) = (Q 2/ijtG>) Jdk (eiXk,©)'1 - e(® )'1} {sin(ka)/(ka)}2 1.30

Where R(o>) is the frequency dependent free energy response o f a harmonically varying 

charge Q in a spherical solute o f radius a [28]. As usual, R(t) can be obtained by transform 

ofR(ca). The second term in the integral determines the length over which the solute senses 

the solvent response and is the only contribution made by the solute. The first term, 

e l O c, © ) ' 1, contains all the dynamical information about the solvent. This term is a function 

o f the rotational and translational diffusion constants o f the pure solvent (related to p(r,fl)), 

and is not experimentally accessible due to its k dependence. Several approximations were 

developed [29,30], and results based on MSA solvent correlation functions are reviewed by 

Maroncelli [16].

The results based on the above models explicitly show the effects of the solute to 

solvent size ratio and k dependence o f the solvent response function [16]. The solute* 

solvent size ratio affects the amplitudes o f the k dependent relaxations. When the solute is 

large compared to the solvent only low k relaxations have appreciable amplitude. In the 

lim it o f an infinitely large solute the continuum results are obtained. For small solute to 

solvent ratios, the amplitudes at intermolecular distances begin to dominate, and higher k 

relaxations become increasingly important The relative magnitudes o f the k dependent
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relaxation times tl are also calculated and it is seen that as k increases to intermolecular 

distance tl decreases. This is again in agreement with Onsager’s prediction. The SRF can 

thus be seen to depend on 1) the k dependence o f tl and 2) the weighting o f these relaxation 

times based on the solute to solvent size ratio. It should be mentioned that Chandra and 

Bagchi showed that the effect o f translational motion, also known as polarization diffusion, 

is to speed up tl. They showed that in some cases translational diffusion can actually 

reverse the Onsager inverted snowball effect. It was proposed that the importance o f 

translations could be gauged by the factor

p = DT/(2D Rcr2) 1.31

which is the ratio o f the translational diffusion to rotational diffusion divided by two times 

the solvent diameter squared. The usefulness o f this ratio as well as the importance of 

translational diffusion has since been questioned [31]. While the translational effects 

predicted by Chandra and Bagchi are valid, their importance was perhaps overemphasized 

in the early literature.

Improvements to the above models have come in the way o f improving upon the 

solvent-solute pair correlations. Here the work o f Raineri and Friedman significantly 

improves the molecular nature o f solvent and solute through the use o f their interaction site 

model (ISM) [32]. ISM replaces the point dipolar hard spheres used above with multi-site 

solvents that do a much better job o f representing real molecules. Surrogate forms for the 

solute-solvent site-site direct correlation functions have also been developed in the ISM 

[33]. These improvements have led to better quantitative agreement with experiments, but
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do not differ qualitatively with the results given above. To get an even better understanding 

o f solvation dynamics we now turn to the much more powerful computer simulations.

C. Computer Simulations

Computer simulations offer the most detailed insight into the nature o f solvation 

dynamics. Ultimately we want to be able to determine what types o f motions are 

responsible for the relaxation o f the solvent to its new charge distribution. For example, we 

would like to know how effective inertial, librational, and diffusive motions are. We would 

also like to know whether rotations or translations are more important and the effect o f 

solute parameters such as size and charge distribution. For the solvent, information on the 

number o f solvent molecules participating w ill also be o f interest. Several simulation 

methods can be used to obtain SRF’s. 1 w ill describe three o f these techniques, non- 

equilibrium (NE) simulations, equilibrium linear response (LR) simulations, and the short 

time instantaneous normal mode (INM) analysis.

O f the above methods non-equilibrium simulations are the easiest to understand. 

Here the solute is surrounded by a number o f solvent molecules, usually -200 to -500 

solvent molecules suffice. The molecules are represented by differing levels o f 

approximation from hard spheres with point dipoles, to site-site Lennard-Jones plus 

Coulomb interactions. The solute is first equilibrated with the solvent and then a step 

function charge jump occurs. The electrostatic interaction energy, E, between the solute 

and solvent is then followed as the solvent relaxes to its new equilibrium value. Several 

runs are averaged to give <E(t)> and the difference between <E(t)> for solutes in the
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ground and excited states represents a free energy difference <AE(t)> The SRF can then be 

written as

C(t)AE = [<AE(t)> - <AE(®)> ] /  [ <AE(0)> - <AE(®)> ] 1.32

where <AE(®)> is the final equilibrium value o f <AE(t)>. This SRF can be directly 

compared with experimental fluorescence SRF’s. Although solvation energies and shifts 

differ from experimental values, the effects on the SRF should be small as long as there 

isn’t a specific solute-solvent interaction that has a strong effect on the SRF. I f  the solvent 

model does a poor job o f reproducing dynamic functions, such as the dielectric response, 

greater disagreement with experiment w ill be expected [12].

A second method, which is easier in terms o f computer time, but in some cases less 

accurate, is the equilibrium linear response method. Linear response is the application o f 

Kubo’s method [34], and assumes that the response o f the system to a non-equilibrium 

solvation energy is linear in the charge o f the solute. This means that the response o f the 

solvent is assumed to be twice as large, but the same in time, when the size o f the solute 

charge is doubled. This approximation is valid in the case o f small charge jumps, and 

becomes less reliable with the increasing size o f the charge jump. The key to LR is the 

connection o f the SRF to the time correlation function o f the solvent in equilibrium with the 

ground state solute. The ground state solute sees a solvent environment that is constantly 

fluctuating about its average equilibrium energy. The relaxation o f these naturally 

occurring fluctuations is the same as the relaxation o f the optically driven fluctuation (for 

small optical transitions). LR describes the solute charge jump as a perturbation to the
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ground state system. This perturbation can be related to the fluorescence decay experiments 

as follows:

H '(t) = (W ) + AEi0,v«.)e(t) = (AE)0(t) 1.33

where H '(t) is the perturbation to the ground state Hamiltonian, /xo° is the gas phase optical 

transition energy, is the solvent-solute interaction energy, and 6(t) is a step function

[35]. The evolution o f the system after the charge jump is then, to first order 

approximation, defined in terms o f the solvent time correlation function in the absence o f 

the perturbation. For example if  the solute underwent a change in dipole moment, A|i, then 

the first order change in < AE > with time would be given by

< AE(t)>' = /0(t')An<I>(t-t') dt' 1.34

<D(t-t') = l/kT<AE(0)Afi(t)) > 0 1.35

0(t) is defined above, the over dot represents the time derivative, and the italic superscripts 

denote order. The first order change is now given in terms o f the non-perturbed system’s 

time correlation function. The normalized SRF given by linear response is

C(t)L*  = <8AE(0)5AE(t>>/<(8AE)3> 1.36

where 6AE is fluctuation in the energy gap between the ground and excited state AE - 

<AE>, and <5AE(0) 8AE(t)> is the solvation time correlation function [24]. It should be
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noted that <5AE(0)6AE(t)> is assumed to be the same in the ground and excited state for 

linear response. This assumption is usually false for experimental systems where the 

excited state solvent is generally more ordered due to the larger charge moment o f the 

solute (i.e. it has a larger force constant). Carter and Hynes [35] show that the use o f the 

<5AE(0)8AE(t)> in equilibrium with the excited solute leads to more reliable SRF’s at long 

times. At short times the ground state <8AE(0)8AE(t)> is just as effective. To determine 

the SRF in LR: 1) the solvent is allowed to reach equilibrium with the solute, 2) the solute- 

solvent interaction energy is measured at some given time resolution in the excited or 

ground state, 3) the solvent time correlation function is determined from the time 

dependence o f the fluctuations o f AE, 4) the SRF is calculated according to eqn. 1.36.

Another important development is defining the SRF in terms o f the solvent velocity 

autocorrelation function G(t) [36,37,43]

C(t) = 1- <(5AEf>-l J (t-t) G(t) dx 1.37

G(t) = <A£(0) A£(t)> 1.38

where AE(t) denotes the time derivative o f AE. This representation has the advantage that 

A£ can be separated into its rotational and translational components, subsequently allowing 

G(t) to be separated into rotational and translational components.

The last method o f interest is the Instantaneous Normal Mode analysis (INM) 

[36,37,38,40]. INM considers the solvent as a collection o f coupled harmonic oscillators 

fortunes that are short, -100 to SOOfs,. The goal is to determine the solvent modes and
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their frequencies. This allows the determination o f the frequencies and types o f solvent 

motions that are most effective in relaxing the solute-solvent interaction energy.

For the short times considered by INM, the solvent configuration at time t = 0, Ro, 

and time t, R«, should be close to each other, where t time and R  is position. This allows the 

potential energy o f the system to be expanded in powers o f Rt -  Ro

V(R,) = V(Ro) + £  V'(Ro - R.) + ’/* I  '(Ro - Rt) V”(Ro - Rt) + ... 1.39

where V' and V " are the first and second derivatives o f the potential. V ' is the instantaneous 

force felt by the molecules, while V " is the dynamical matrix at time zero [36]. INM 

truncates V(R<) at second order allowing the dynamical matrix to be diagonalized and the 

independent modes that propagate the system to be determined (i.e. the eigenvectors). The 

frequencies o f the normal modes can also be determined (i.e. the eigenvalues). Since the 

potential energy o f the liquid can be expressed as a set o f uncoupled harmonic oscillators 

the time dependent positions and velocities can be expressed as functions o f the time zero 

positions and velocities, and the time correlation functions can be solved. The effectiveness 

o f various modes can be determined by their ability to alter the solute-solvent interaction 

energy. For a particular mode a  with INM coordinate q * an efficiency rating can be 

determined

Ca = (SAE) /  (5qa) . 1.40
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The square o f the efficiency rating can then be used to weight the modes and a solvation 

spectrum ptoiv(ca) results. At short times the SRF can be approximated in terms o f phoiv(<D) 

as

C(t) = exp(- Vi a>10iv2t2)

COiolv = [k e T /^ A E ) 2̂  Jpioiv(co)dffl.

1.41

1.42

At longer times the SRF can be determined from the velocity autocorrelation functions G(t) 

(eqn. 1.37), which again can be expressed in term of pkoiv(a>)

Application o f these INM techniques leads to SRF’s that are good for several hundred 

femtoseconds. The use o f velocity autocorrelation functions gives this method the ability to 

separate translational and rotational components. It also allows the examination o f the 

importance o f solvation shells.

D. Simulation Results

The use o f simulations has resulted in some fairly drastic improvements in the 

understanding o f solvation dynamics. These range from the discovery o f the inertial portion 

o f the SRF to a better understanding solute effects on solvation. They have also served as a 

test for the previously discussed theories, often pointing to where they were lacking and 

leading to their improvement. The more important developments are discussed below.

G (t) =  kBT  /  p„iv((o) cos cat dca 1.43
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As mentioned above the inertial portion o f the solvent response function was 

initia lly missed in experiments due to the low time resolution o f the experiments. 

Simulations led to the discovery o f this important solvent relaxation [7]. Early simulations 

on water and acetonitrile predicted that up to 70% o f the relaxation actually occurred by this 

mechanism [7,40]. The large inertial response in these solvents is due to their small 

moments o f inertia (see below). The nature o f the inertial response was explored via 

simulation. Initial studies were done by o f Maroncelli [40] and Perera and Berkowitz [41]. 

Maroncelli showed that freezing all but one solvent molecule could reproduce the inertial 

portion o f the LR calculated SRF, while Perera and Berkowitz showed that turning o ff the 

solvent-solvent interactions had the same result. These studies revealed the free streaming 

nature o f the inertial response. Essentially the molecules are moving as if  they were free 

molecules independent o f the other molecules. Simulations also revealed the gaussian 

nature o f this inertial decay. In the INM treatment (as well as others) the SRF can be 

expanded in a power series o f the velocity correlation function G(t)

where Go is a pairwise sum over solute-solvent interactions. Here each solvent contributes 

to Go independent o f the other solvent molecules, revealing the independent nature o f the 

inertial response. The gaussian nature o f the inertial relaxation is evident from the first term 

in the series and can be represented as

C(t) = I-OcbT /^S A E ^X  '/* ̂ Go + 1/24 t4G2+ ...) 1.44

C(t)wu4 = exp( - % ® ,¥ ) 1.45
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ffl,2 = Go/^SAE)^ *  ( 4«pn2 /  3I«(r) f(e,n) 1.46

where g>« is the solvation frequency, p is the number density, pis the dipole moment, Idris 

the effective moment o f inertia, and f(e,n) is a dielectric factor close to unity. The 

approximation is for the case o f an ion solute in a dipolar solvent [42] and is included to 

show the importance o f the dipole density and the moment o f inertia.

Simulations have also elucidated the relative importance o f rotations and 

translations. This was first accomplished in INM by separating the solvation spectrum p>0|V 

into its rotational and translational components. This comes from the relationship between 

Puiv and G(t) given above in equation 1.43 [36]. For other simulations separation o f G(t) 

into its components is done according to the method o f Steele [43]. Results for separation 

ofG (t) into rotational and translational components are well presented by Ladanyi and 

Stratt [37,38] and Ladanyi [44] (INM analysis and NE results). These studies showed that 

for acetonitrile and CO2, jw  is dominated by rotational modes even when the density o f 

states favors translational modes. This is basically due to the symmetry o f the interactions. 

For dipoles, rotation is an effective relaxation mechanism. On the other hand, translation o f 

the positive and negative poles by a small amount cancels. Therefore for interactions o f 

dipoles and quadmpoles, which have multipolar interaction patterns, rotations should 

dominate the relaxation.

The dominance o f rotations has been used by Maroncelli et a l. [42] to approximate 

the SRF in terms o f the single molecule dipole autocorrelation function. This treatment 

leads to an interesting insight into the importance o f the static effects o f solvation. In this 

treatment, translational effects were ignored, and the solvent was approximated by dipolar
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hard spheres. The single particle dipole autocorrelation function and SRF approximation 

are given by

Cn(t) = < nn(t) >/ p2 1.47

1.48

where a  is a factor that relates the single dipole autocorrelation function to the SRF. LR 

defines this factor as [42,4S]

where <(5AE)2>, is the single molecule value o f <(5AE)2>, p is the solvent density, p is the 

dipole moment, f(e,n) is a dielectric function usually close to unity, and the approximation 

is for a ion in a dipolar solvent [42]. From the above equations it can be seen that the factor 

a  is proportional to the dipole density and that it relates the amount o f angular motion 

needed to relax a typical solvation fluctuation. As the dipole density increases the amount 

o f motion necessary to relax the fluctuation decreases. This reflects the nature o f the static 

correlations o f the solvent. Highly polar solvents w ill have large correlations between 

individual solvent molecules that w ill counteract their reorientation to the solute. In the 

absence o f solvent-solvent interactions, the solvent molecule w ill go through large angular 

displacements to stabilize the solute. On the other hand if  the solvent-solvent correlations 

are strong, reorientation to the solute w ill be less favorable due to the breaking o f the 

solvent-solvent interactions. Therefore for solvents with high dipole densities, the net

a = { <(8AE)2>, / <(5AE)2> } = ( 4npp2 /  3kBT ) f(e,n) 1.49
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displacements w ill be smaller, or in other words small angular motions w ill be more 

effective in relaxing the system. This effect is very apparent for acetonitrile where the 

dipole density is high (only small motions are needed). As noted by Ladanyi and 

Maroncelli [45] this simple model fails in its lack o f intermolecular velocity correlations, 

that are absent in C^t), and become important after short times. Nevertheless it is fairly 

powerful for such a simple model.

Two other important revelations given by simulations are the collectivity o f the 

solvation and the importance o f the first solvation shell. When AE is expressed as a 

pairwise-additive sum o f solute-solvent interactions, the collectivity o f the response can be 

gauged by looking at the interactions o f the solute with single solvent molecules compared 

with the solute’s interaction with a pair o f solvent molecules. This leads to C(t) = C»(t) + 

Cip(t), where ss represents single solvent interactions and sp solvent pair interactions. For 

polar molecules the cancellation o f the negative C^(t) with the positive Cn(t) causes the 

relaxation o f C(t) to be rapid. The degree o f cancellation is a sign o f the collectivity o f the 

response and is largest for strongly polar solvents. The cancellation o f CH(t) and CT(t) is 

lowest at early times. This is, to some extent, not surprising since the inertial response 

should be single particle in nature, with the collectivity o f the solvent growing in with time 

(eqn 1.44). These results agree with the discussion above, where increased solvent 

correlations lead to large a  factors quenching the relaxation, but here intermolecular 

velocity correlations are not ignored.

Simulations have shown that ~ 50% or more o f the solvation is done, by the 

typically 10 to 30 molecules, in the first shell. This is not surprising since it is in agreement 

with continuum predictions. The importance o f the first shell dynamics, on the other hand,

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



are more important These effects can be projected out in the INM case in the same way as 

the rotations and translations. For other simulations some radial distance is chosen based 

on the location o f the first peak in the radial distribution function o f the solvent. The main 

finding here is that the initial librational like part o f the SRF in water and acetonitrile comes 

primarily from the first shell [16]. Interestingly INM analysis also shows that the first 

solvent shell response is slower than the total response [37], in agreement with the models 

described previously.

Finally it should be mentioned that simulations have also investigated the 

importance o f solute size and charge distribution (moment). Increasing the size o f the 

solvent is generally shown to increase the rate o f solvation. This is in agreement with other 

models described above. The order o f the perturbation to the solute charge distribution has 

two effects. The first is a decrease in the effective range o f solvation. The second is the 

increase in the importance o f translational modes. Modeling on the probe used in these 

studies, C l S3, shows the change in the charge distribution to well approximated by a ~8D 

dipole change.

E. Relationship between Solvation Dynamics and Longitudinal Dielectric Relaxation

For the continuum predictions given above the SRF was related to the longitudinal 

dielectric relaxation. This relationship is based on the fact that when the charge distribution 

o f the solute is changed, a displacement field is created D(r,t), which in turn induces a 

polarization field P(r,t). The solvation energy can be given as [65]

E(t) = fd rP (r,t> D (r,t). 1.50
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In the above continuum solvents we considered the creation o f a ion, which only has a 

longitudinal field, and obtained the SRF for a Debye solvent as a single exponential with a 

time constant equal to the longitudinal relaxation time. For solutes with higher order poles 

there w ill also be contributions from the transverse field, but even here the longitudinal 

response w ill be more closely related to the SRF [16]. In general the longitudinal dielectric 

relaxation in the absence o f a solute can be associated with a relaxation in the electric field 

after a jump in D [67]. What concerns us at this point is why the longitudinal relaxation is 

faster than the Debye relaxation.

For a polar single component solvent there are both short and long-range 

interactions. The long-range correlation gL can be expressed as follows [68]:

gL = [ 6 / ( 2 e + l ) J ]tP (M g ^ 3/ICBteo] 1.51

g* =  1 + 3 < E  cos0ij> 1.52
i

where e is the static dielectric, constant p is the number density, p is the dipole moment, g‘ 

is the Kirkwood g factor, 0 ij is the dot product o f the polar angles o f molecules 1 and j with 

the external frame, and eo is the permittivity o f free space. The long-range correlations can 

be shown to have the same radial and angular form as a dipole-dipole interaction, and goes 

as 1/r3 [68]. I f  we consider a tagged dipole, Hi ,and look at other dipoles a large distance, r 

.away, we w ill see that dipoles along the axis o f pi w ill be more likely to be found aligned 

with Hi- I f  we look perpendicular to Hi we w ill find dipoles aligned anti-parallel to Hi with
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a probability that is half that along the parallel axis. This long-range effect is dependent on 

e  and w ill large for large e.

To see how long range interactions effect the longitudinal and transverse dielectric 

relaxations, we consider the wave vector dependent dipole density

M(k) = I  ^exp[ik-rj] 1.53

First consider k to be along the z-axis, and we are interested in a tagged dipole pi. I f  we 

look at the pair interactions o f pt with a spherical shell o f dipoles at a distance r away, then 

the sum o f the interactions over the shell w ill be zero. As mentioned above dipoles that are 

along the pi axis w ill tend to be in alignment with pi, while those along the axes 

perpendicular to the p i axis w ill tend to be anti-parallel. When considering the dipole 

density, we w ill be interested in M(k), which w ill include the k dependent exponential 

factor. This factor w ill oscillate along the z-axis, causing contributions from different shells 

along the z-axis to cancel. Figure 1.7a shows that when pi is aligned with k along the z- 

axis, the oscillation o f the k dependent exponential factor cancels the positive contributions 

from the dipoles along z. This leaves the predominately negative pair contributions, 

making the overall pair contribution negative. Figure 1.7b show that when we place k 

along the x-axis the exponential k factor cancels the negative contributions along the x-axis, 

resulting in a overall positive pair contribution. We are interested in the longitudinal 

dielectric relaxation that is determined by
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Figure 1.7
a) (top) k aligned with dipole (z-axis), results in cancellation along the z (positive) axis.
b) (bottom) k (x-axis) not aligned with dipole (z-axis), results in cancellation along the x 
(negative) axis.
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<J>L(k,t) = (1/<  I M*(k,0) 12>) (< Mz(k,0)- Mz(-k,t) > 1.54

Since Mz(k,t) is small due to the effectiveness o f cancellation from anti-parallel dipoles 

(negative pair terms), small changes in dipole orientations have a large impact. In other 

words, Mz(k,t) is easier to change than the single molecule dipole vector. The more 

effective the pair cancellation the faster the response w ill be. For a dipolar solvent the well 

known relation

T l  = t d  [e(a°)/e] 1.55

reminds us that the long-range pair correlations are proportional to s. It is important to 

remember, as pointed out by Kivelson and Friedman [67], that tl and Td originate from the 

same molecular dynamics, and that tl and td do not involve fast and slow reorientations 

respectively. These results show that the longitudinal relaxation is sensitive to long range 

correlations which effectively speed up, or quench the relaxation. This is similar to the 

discussion above for the translation factor a, and the pair cancellation o f the SRF. We w ill 

therefore find the longitudinal dielectric relaxation to be a useful aid.

F. Nonpolar Solvation
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So far the above discussion has focused on polar solvation dynamics. In one o f the 

experiments pursued benzene was used as a co-solvent. It is therefore necessary to discuss 

the implications o f nonpolar solvation. The big difference here is the lack o f a 

permanent dipole moment. Therefore theories that include the dipole moment o f the 

solvent are not useful here. In these cases the higher order multipoles w ill become 

important. The ability o f nonpolar solvents to relax C l S3 has been observed experimentally 

[46]. In the case o f benzene a large quadrupole is responsible for such relaxations.

Nonpolar solvation has been studied through simulations with the results showing that it is 

very similar to polar solvation in many aspects. The fact that polar-iike bi-phasic responses 

and fairly large time dependent fluorescence shifts are produced in nonpolar solvents was 

shown by Gardecki et a l. [46]. Later simulation investigations into the nature o f nonpolar 

solvent response by Reynolds et a l. [47] confirmed the importance o f the quadrupole 

interactions. Theories that involve interaction site models can deal with nonpolar solvation 

easily [48]. Simulations have also been preformed on the solvation dynamics o f the 

quadrupolar solvent CO2 [44,38]. These simulations were quite complete showing the 

relaxation method is similar to polar relaxation, having an inertial and diffusive component. 

The dominance o f rotations is still observed, but to a lesser degree. The collectivity o f the 

response, as determined by cancellation o f the C^(t) with C»(t), is smaller and the response 

is closer to single particle relaxation than in polar solvents. The contribution o f the first 

solvent shell is proportionally higher than in polar solvents, which is not surprising due to 

the shorter-range nature o f the quadrupole interaction.
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IV  Solvation Dynamics in Binary Solvent Mixtures

The solvation explored here is solvation in binary solvent mixtures. The use o f 

binary solvent mixtures to customize solvent properties is common in many chemical 

reactions and in chromatography. Upon mixing we can expect the addition o f new solvent- 

solvent and solute-solvent interactions to complicate matters. Often times this is exactly 

what is desired, that is the creation o f new solvent properties that were not present in the 

pure solvents. These effects can include, bringing together reactants that would otherwise 

not be mutually soluble, stabilizing solutes in a mixture that would not be stable in either o f 

the pure solvents, customizing the rates o f solvent relaxations.

The mixing o f two solvents can lead to an array o f effects that may or may not be 

related to the mole fractions o f the individual solvents. When some property E o f the 

binary system can be described as

S = xi (S i) + (1- X1XS2), 1 56

where xi is the mole fraction o f species one, and Si is the value o f S for the pure solvent i, it 

is said to be a linear property o f the system. Properties that may or may not be linear 

include density, dielectric constant, solute dipole stabilization, solute solubility, and 

viscosity. The dynamic properties o f the binary system w ill certainly be more complicated 

than in either o f the pure solvents. For example, there w ill be a combination o f time 

constants for diffusion and reorientation that w ill vary from the values o f the individual 

constituents to values that are very different due to interspecies interactions. These 

interspecies interactions can result in strong deviations from the ideal behavior mentioned
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above. When a solute is involved, as in fluorescence experiments, the interaction o f the 

solvents with solute can also be described as linear or nonlinear.

Deviation o f steady-state fluorescence from linearity is often used as a sign o f 

preferential solvation (PS) [49,51]. A dye molecule is said to be preferentially solvated by 

solvent 1 if  the ratio o f solvent 1 to solvent 2 molecules in the first solvent shell is larger 

than the bulk ratio. PS is a complicated function o f solute-soivent and solvent-solvent 

interactions. One way that PS can occur is when one o f the solvent species has a specific 

interaction with the solute. This interaction can be a strong electrostatic interaction such as 

a hydrogen or dipole-ion bond. Recent theoretical treatment o f ionic solvation has shown 

that a difference in dipole strength, or solvent size can result in PS, with large dipoles and 

small molecules being preferred [51]. Knowledge o f PS and its effects is therefore 

desirable. This has lead to the investigation o f the effects o f preferential solvation on 

chemical reactions [52], and research into spectroscopic determination o f PS.

Spectroscopic determination o f PS can be determined from the deviation o f the fluorescence 

maximum from predictions based on the interaction energy o f the dye and the solvent. This 

is most easily accomplished by treating the solvent as a continuum, using the Onsager 

function for the reaction field R [53,54]. In the continuum lim it the change in the solute’s 

dipole energy is given by

AE= -2m-2/ a3 R 

R = [(e -lV (e H )]

1.57

1.58
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where a is the solute radius. It should be noted that the bulk e itself is not necessarily a 

linear function o f the system, and that the reaction field is highly nonlinear with e (figure

1.8). Neglect o f 6 effects has led to the incorrect determination o f PS in the literature [S3]. 

Any case in which PS is determined without knowledge o f how e varies with mole fraction 

is suspect. For that matter even the continuum model is somewhat lacking since its 

predictions for the reaction field neglects the molecularity o f the solvent, but it should serve 

as a good first order approximation.

Compared to pure solvents, investigation into solvation dynamics in binary mixtures 

has been sparse to date, despite their popularity and importance. The systems studied have 

included nonpolar-polar mixtures [55,56], as well as polar-polar mixtures [57,58,59], and 

with a few exceptions have been studied with poor time resolution. The main findings o f 

these works show that there can be a long time response o f the system related to the slow 

translational diffusion (dielectric enrichment) o f the more polar solvent towards the solute 

(excited state PS). Day and Patey show that for systems with fairly large differences in 

dipole moment the SRF’s can be very similar to the pure solvent results [60]. When the 

difference in dipole moments become large enough, however, they do see slow relaxation 

due to solvent shell redistribution, with a strong dependence on mole fraction. Similar 

simulation results have been seen by Skaf for the slow preferential solvation o f a negative 

ion by water in DMSO-water mixtures [62]. Interestingly this slow response was not 

observed for the cation in the same solvent mixtures, showing the complexity o f PS.

Cichos et a l. have also reported a slow response in methanol-hexane mixtures both by 

experiment [56] and simulation [63]. Two other interesting systems that have been studied 

are acetonitrile(ACN)-propylenecarbonate(PC) and methanol-water. In the simulation
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Figure 1.8
Continuum Reaction Field for dipolar solvent as a function o f the static dielectric constant. 
See text for further details.
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studies on methanol-water mixtures the effects o f hydrogen bonding and solute size were 

examined [64]. It was shown that hydrogen bonding to the ion-pair solute was more 

important in the small solute, and that hydrogen bond breaking resulted in a fast relaxation 

for the charge reversal o f the solute. A slow response was also observed as the reformation 

o f the hydrogen bond, which is due to slower diffusion like processes. For the hydrophobic 

large solute solvation dynamics were seen to be consistent with the longitudinal dielectric 

relaxation o f MeOH-water mixtures determined in a separate simulation [66]. The large 

solute was also seen to prefer solvation by the methyl group resulting in drastic changes in 

the SRF at high water concentrations, where this was no longer possible. The ACN-PC 

solvent system was chosen as a system for which the polarities o f the solvents were very 

similar but the relaxation times differ by an order o f magnitude [58]. This system was 

proposed as a system that could be used to differentiate between static and dynamic effects 

o f solvation on electron transfer reaction.

V. Goals

In the following chapters, we w ill be interested in how mixing solvents affects 

solvation dynamics. Based on the above discussions, the effects can be divided into the 

inertial and diffusive regimes. For the inertial regime, differences in the moments o f 

inertia w ill, o f course, be important. The diffusive regime should be strongly correlated with 

solvent rotational and translational time scales determined by dielectric relaxation. 

Preferential solvation should be expected in cases where there is a strong difference in 

solvent polarities, resulting in long time translational diffusion.
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We have chosen two systems to explore. The first is dimethylsulfoxide (DMSO)- 

water mixtures. This system is highly associated and non-ideal, displaying laige deviations 

from ideality for many properties such as dielectric response, viscosity, free energy o f 

mixing, rotational diffusion, and translational diffusion. It is an interesting system in that 

DMSO is a hydrogen bond acceptor, but not a donor, where as water is both a donor and 

acceptor. The formations o f stoichiometric complexes, which may affect solvent relaxation, 

are also o f interest Many o f the mixture’s properties peak at the 33% DMSO concentration 

and are bi-valued. This w ill allow us to examine the effects o f properties with the same 

value but differing mole fractions. Finally it is a well-studied system both experimentally 

and by simulation allowing analysis o f the results in light o f previous investigations.

The second system is benzene-acetonitrile. This is a non-associating system that 

should behave much more ideally. It is interesting in that acetonitrile has a large dipole 

moment and small moment o f inertia, whereas benzene is a nonpolar slower solvent. This 

is the first report o f a quadrupolar-polar mixture and the combination o f these two very 

different solvents should result in some interesting results. While experimental data on 

these mixtures is less available the individual solvents are both well studied as 

representatives o f their respective classes o f solvents.
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Chapter Two 

Dimethylsulfoxide (DMSO) -  Water

Part One 

The DMSO-Water System

I Introduction

DMSO and water are both ubiquitous solvents in chemistry. Water is, o f course, the 

universal solvent, known for its ability to host the numerous biological reactions necessary 

for life, as well as a wide variety of other important reactions. It is a highly polar molecule 

with its electronegative oxygen atom holding the extra electron density. Its tetrahedral 

structure, with two hydrogens and two lone pairs, is ideal for hydrogen bonding, with each 

molecule making four hydrogen bonds in the solid state. Water’s polarity and high degree 

o f association are key factors when considering its solvation abilities. We therefore should 

predict it to be effective in dissolving other polar species, while also being effective in 

rejecting species that cannot provide strong solute-solvent interactions. DMSO on the other 

hand could be considered as one o f the organic universal solvents. DMSO is, like water, a 

highly polar molecule, however, unlike water, DMSO is an unassociated solvent. Due to its 

two lone pairs on its oxygen atom, it is a hydrogen bond acceptor, but not a donor. The two
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methyl groups on the other hand present a much more nonpolar attribute to the molecule. 

This combination o f polar and nonpolar characteristics makes DMSO an incredible solvent. 

It has also been used for the delivery o f drugs as well as a drug itself. When these two 

solvents are mixed several interesting properties emerge.

I I  Equilibrium Structure of DMSO-Water Mixtures

When DMSO and water are mixed the strongest interactions involve the 

redistribution o f H-bonds. As mentioned above, DMSO is a H-bond acceptor. Based on 

simple Lewis dot structures, it can be seen that DMSO is capable o f accepting two to three 

H-bonds, while water can both accept and donate two hydrogen bonds. The resulting 

equilibrium structures o f these mixtures have been investigated both experimentally and by 

simulation.

From Figure 2.1 it can be seen that the free energy, enthalpy, and entropy o f mixing 

are highly non-ideal, with the maxima and minima at 33% DMSO (mole fraction Xd =

0.33) [1,2,3]. At this mole fraction, the mixing is highly exothermic. The viscosity is also 

shown and displays similar trends, while the static dielectric constant behaves more ideally. 

The above non-idealities have led to the investigation o f the DMSO-water structure via X- 

ray and neutron scattering [4]. These studies show that the addition o f a small amount o f 

DMSO leads to sharpening o f the radial distribution function o f water. This increased order 

was speculated to be due to either the hydrophobic effect or strong hydrogen bonding to the 

DMSO oxygen. These studies also showed evidence o f the formation o f IDMSO-2H2O 

complexes in which two water molecules are H-boned to the DMSO oxygen.
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The experimental results were reproduced by several simulation studies. From the 

simulations, it was determined that the IDMSO-2 H2O complexes existed over the entire 

range o f compositions studied [5,6,7]. The hydrophobic effect was investigated at X d -  

0.33 and found not to be important [8]. This, however, may be due the highly structured 

nature o f the 1DMSO-2HjO complex, which has a stoichiometeric ratio o f DMSO to water 

H-bonds. Hydrophobic effects at lower concentrations were not studied. A separate study 

revealed that with increasing DMSO concentration, the amplitudes, but not the positions o f 

the gHH radial distribution function change [5]. These results showed waters first solvation 

shell becomes more structured with increasing DMSO, while at the same time the number 

o f water-water H-bonds decrease. This was explained due to the fact that the DMSO H- 

bond is stronger than the water-water H-bond, and the increase in the water-water attractive 

potential due to the presence o f the methyl groups.

The static dielectric constant is seen to decrease with DMSO concentration. The 

importance o f H-bonding on e was shown by the mean field results o f Luzar [9], who 

showed that the static dielectric constant could be well reproduced using only short-range 

specific interactions. Extensive modeling has also been done by Skaf who notes that the 

Kirkwood g factor decreases ~ 40% with increasing DMSO concentration despite an 

increase in dipole strength [10]. This suggests that dipole-dipole correlations are larger in 

the high water mole fractions, and decrease with the addition o f DMSO. The hl I0(r) 

dipolar symmetry projections are also given by Skaf. For pure DMSO it is seen that an 

ami-parallel alignment is favored as shown by a negative dip in h,l0(r)- Water on the other 

hand has a large positive going peak due to its strongly directional H-bonds. These results 

are in line w ith the highly structured H-bonding in water and the non-associating structure
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o f DMSO. Interestingly, the mixtures show a positive going peak not present in either pure 

solvent. This peak is attributed to the DMSO-water complex seen in the above studies and 

is maximum at Xd= 0.3S. Recent simulations by Skaf have also shown the existence of 

2DMSO-IH2O complexes [12]. These complexes are proposed to exist throughout the 

entire composition range, and their importance is expected to be seen for DMSO mole 

fractions over 50%.

From the above studies we can see that the DMSO-H2O system is strongly 

interacting, with strong H-bonds being formed between DMSO and water resulting in 

2DMSO-IH2O and 1DMS0-2H20 complexes. The next section looks at the effects o f 

these complexes on the dynamics o f the mixtures.

I l l  Dynamic DMSO-Water Experiments and Simulations

Several dynamic experiments have also been performed on DMSO-H2O mixtures. 

These include dielectric relaxation [11], NMR [13,14,15], and quasi-elastic neutron 

scattering [4]. As with the steady-state experiments above simulations give further insight 

into the experimental results obtained. The experiment most directly related to solvation 

dynamics is dielectric relaxation. Kaatze et a l. give results for the complex dielectric 

spectrum from 1MHz to 40GHz throughout the entire composition range [11]. From these 

results the frequency dependent dielectric constant, e(o>), is fit to a Cole-Davidson plot, and 

the resulting principal dielectric relaxation times Tt are shown in figure 2.2. From figure 2.2 

it can be seen that the t» goes through a maximum which is consistent with the 1DMSO- 

2H20  complex. The relaxation times in the frequency range explored are related to 

difiusional processes and
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omit inertial and iibrational effects. These relaxation times therefore show a very 

pronounced slowing o f the divisional relaxation, with the addition o f DMSO to water 

having a larger effect than the addition o f water to DMSO. At Xd = 0.10 the relaxation 

time is about 3.5 times slower than pure water. It should be noted that Kaatze et a l. 

attempted to fit the data to a sum o f two Debye terms, but the results were not realistic.

The values o f the Cole-Davidson P values from equation 1.19, are plotted in figure 

2.3. It can be seen that the values are relatively small. The 3 values scale the principal 

relaxation times, and (3 increases as the distribution o f relaxation times increase. I f  we 

follow the plot, we see that the addition o f DMSO to water results in an increase in the P 

value. This increase results from the perturbation o f water by DMSO, and from the 

additional contribution o f DMSO to the dielectric spectrum. The P value reaches a 

maximum at Xd = 0.10 and then decreases to a local minimum at Xd = 0.33. The small 

value o f P at Xd = 0.33 implies that the mixture is highly homogeneous at this mole 

fraction. The p value then rises to a local maximum at Xd = 0.80 and then falls to the pure 

DMSO value. It is interesting to evaluate these results in relation to the DMSO-H2O 

complexes [16]. Upon addition o f either component to the other pure species, the 

appropriate complex forms. This accounts for the rise in P, as the pure component and 

complex now exist together. On the water rich side the continued addition o f DMSO past 

Xd = 0.10 results in the lowering o f P as the mixture becomes closer and closer to the very 

homogeneous IDMSO-2 H2O. On the DMSO rich side, the transformation o f the 2DMSO- 

IH 2O complex to the IDMSO-2H2O complex is seen to set in at Xd -  0.80. The continued 

addition o f water then results once again in the gradual approach to the low Xd = 0.33 p 

value.
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Kaatze et a l. also note that addition o f water to DMSO results in one o f the highest 

molal shifts (dt/dm) o f the principal dielectric relaxation time ever found, and that its value 

is similar to those seen for large organic ions. Finally they make an interesting statement 

about the idea o f a rigid 2DMS0-1H20  complex. Although the low value o f P implies a 

very homogeneous mixture it does not necessarily imply a rotating entity. This can be 

rationalized in view o f the principal dielectric relaxation time o f acetone-water mixtures, 

which would imply a 1 acetone- 4 H20  complex or an even worse 1 to 9 complexes for 

acetonitrile-water mixtures based on the above argument.

Several studies have been done on DMSO-water mixtures using NMR. Similar 

trends for H-H relaxation, O-H rotational correlation time, and translational diffusion 

constants have been observed, which all show a slowing o f the mixture. A ll o f the above 

times are slowest for the lDMSO-2water mixture. The effect o f DMSO on the diffusion o f 

water seems to be more severe than the effect o f water on the diffusion o f DMSO.

The DMSO-water system has been investigated by quasi-elastic neutron scattering 

(QENS) at only one mole fraction, Xd = 0.07 [4]. The main findings being that the 

translational diffusion coefficient for water decreases from 2.7 cm2/s for pure water to 1.1 

cm2/s for Xd -  0.07. The rotational time was also seen to increase form the pure value o f 

1.7 psto 1.9 ps.

Skaf has presented intensive investigation o f the DMS0-H20  mixtures via 

simulation [10]. These simulations have presented values for the dielectric relaxation time, 

longitudinal dielectric relaxation time, O-H reoreintation time, S-0 dipole reorientation 

time, translational diffusion constants for water and DMSO, and librational relaxation
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times. The simulation results are for the most part in good agreement with the experimental 

values given above. It is seen that the simulations slightly overestimate the water-DMSO 

interaction and the DMSO self-diffusion coefficient.

Added insight can be obtained from the simulation results. The comparison o f the 

single particle dipole time correlation function with the collective self-species dipole time 

correlation function shows the degree o f cross correlation within a given species. For water 

the degree o f self-association is large at all mole fractions, while DMSO self-association is 

small at all mole fractions. This suggests that water molecules tend to interact strongly 

upon mixing, a result that is not surprising. The DMSO relaxation on the other hand is 

closer to the single particle relaxation. The dielectric relaxation time constant, t, is given 

by the integration o f dipole density time correlation function, d>(t). Simulations allow <P(t) 

to be broken down into self and inter-species contributions. At high DMSO mole fractions, 

the DMSO contribution dominates, and at high water concentrations, the water contribution 

dominates. The important difference is that the water contribution at high water 

concentrations is much slower than pure water, while the DMSO contribution is much less 

affected at high DMSO concentrations. Near equimolar concentrations the inter-species 

term dominates, and reaches its maximum at X d=0.33 . In all cases, the inter-species 

contribution is always slowest.

The longitudinal dielectric relaxation, which is more sensitive to fast dynamics, is 

considered to be more relevant to solvation dynamics. For high water mole fractions, the 

fast librational relaxation, characteristic o f pure water, is seen. The magnitude o f this 

librational component rapidly decreases with the addition o f DMSO. For all mixtures the 

diffusional relaxation is longer than in either o f the pure solvents. When the longitudinal
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dielectric relaxation is analyzed in terms o f its contributions from water, DMSO, and cross 

terms it is seen that the cross terms are large and negative. This is common and has also 

been reported for methanol-water mixtures [22]. The negative cross terms accelerate the 

relaxation by canceling with the positive long-time contributions from water and DMSO. 

Simulation results show that this cancellation is most effective for high DMSO 

concentrations, resulting in relaxation very similar to the pure solvent.

Calculation o f the far infrared spectra for the mixtures is also o f interest [10], The 

calculated far infrared spectrum o f DMSO is featureless and centered at 50 cm*1. The 

addition o f water has very small effects on this band, indicating that the DMSO librations 

are relatively unaffected by water. The calculated librational band for water is also 

featureless and peaks at about 680 cm'1. The addition o f DMSO to water has two effects. 

The first is the band peak shifts to its maximum value o f 800 cm*1 for Xd = 0.33 mixture. 

This shows that the fast reorientation o f water is most hindered at Xo -  0.33. The second 

effect is the splitting o f the band, which becomes more prevalent as the DMSO 

concentration increases. This feature is attributed to the creation o f the 2DMS0-1H20 

complex, which results in a trapped water molecule having reduced interactions between its 

oxygen atom and the surroundings. This results in more facile spinning o f the oxygen atom 

in the direction perpendicular to the molecular plane, giving rise to the lower energy 630 

cm*1 band.
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Part Two

Quasi-elastic Neutron Scattering (QENS) Experiments 

I  Introduction

Neutron scattering is a powerful tool for the examination o f static and dynamic 

properties o f solutions [37,38]. Neutron scattering techniques take advantage o f the 

neutron’s wave-particle nature and its electric neutrality. These two qualities allow the 

neutron to probe materials in the same manner as X-ray diffraction, but with greater 

penetration due to the lower interaction of neutrons with electrons. When a neutron beam 

is incident on a sample two types o f scattering can occur, figure 2.4. The first type is elastic 

scattering, in which there is no transfer of energy between the neutron and the sample. This 

type o f scattering is useful in determining structural features o f solids and liquids. The 

second type o f scattering involves the gain or loss o f energy through interaction with the 

sample. This is referred to as inelastic scattering. Transfer o f energy is followed by the 

scattering vector Q shown in figure 2.4. In this figure k is the wave vector given by the 

relationship

k k /2 it -  mv 2.1
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vector.
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where h is Planck’s constant, m is the neutron mass, and v is velocity. From figure 2.4 it 

can be seen that Q depends on the incident and final wave vectors. Energy transfer from the 

sample to the incident neutron can be analyzed in terms o f the motions o f the sample, as 

discussed below.

D. Results and Analysis

A. Materials

Deuterated samples were purchased from Cambridge Isotope. Water was purified 

using a M illi-Q  filtration system. DMSO (ACS) grade was dried over molecular sieves and 

filtered through 2 pm nylon filters. Samples were prepared by weight. Samples were run in 

Aluminum cells holding ~ 1 ml o f sample. Vanadium was used to determine the instrument 

response.

B. QENS Spectrometer

The data were collected using the QENS spectrometer at Argonne National 

Laboratory’s Intense Pulsed Neutron Source [36]. High energy neutrons from a pulsed 

spallation source are slowed using a solid methane moderator. This beam is chopped 

resulting in a “white”  beam o f neutrons with a pulse length o f approximately 75 

microseconds. This beam is incident on the sample with useful energies ranging from 

approximately 1.5 to 200 meV. For quasielastic experiments incident energies from about 

1.5 to 8 meV corresponding to energy transfers o f-1.5 to 5 meV were analyzed. Data were
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collected at 21 Q’s ranging from 0.38 to 2.63 A '1, as defined by the scattering angle and 

neutron velocity (see figure 2.4, and following paragraph).

QENS works by analyzing the final neutron energies. This is done by Bragg 

diffraction of the scattered beam. A variety o f Bragg angles select final energies ranging 

from 2.95 to 3.49 meV depending on the exact Bragg angle that each detector makes 

relative to its respective analyzer crystal bank. The energy transfer is determined from the 

total time-of-flight (moderator-sample-analyzer-detector). This is the quantity recorded 

when the neutron hits the detector. The Bragg angles are fixed and only the incident beam 

energies are swept, corresponding to different times-of-flight. The energy transfer is the 

difference between incident and final energies.

C. Scattering Model

Following Teixeira et aL, the inelastic contribution to the scattering function is 

written as a convolution o f rotational and translational motions [34]. These motions are 

assumed to be decoupled in order to make the model tractable. This assumption is 

questionable for water samples, but has been used extensively for the analysis o f a variety 

o f water environments [34,35]. The scattering function is therefore given as

R(Q,to)=j0J(Qa)6(tB) + (l/7 i)2:(2 l+ l)j/2(Qa) {< /+ l)D r / {[/(/+ l)D r]2-Kd2} } 2.5

S(Q,co) *  [exp( -Q2<u2>/3)] T(Q,a>)e R(Q,e>) 

T(Q,<b) = rt(Q) / [ x(Tt2(Q) + a2) ] 

r,(Q) = L h ?  t {6to[1+(L2Q2 / 6)]}

2.2

2.3

2.4

Dt — L2 /  (6to) 2.6
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xr= l/(6Dr) 2.7

Where the exponential gives the probability that the neutron is scattered, <u*> is the 

Debye-Waller factor, T is the Lorentzian translational diffusion term, R is the rotational 

diffusion term, T  is the FWHM for jump diffusion over mean jump distance L, To is the 

average residence time between jumps, Dt is the translational diffusion constant, a is the 

radius o f gyration (taken as 0.98 angstroms), j ,  are spherical Bessel functions, Dr is the

rotational diffusion constant, and xr is the rotational time constant.

D. Mixture Results

Results for H-bond lifetimes (residence time), translational diffusion constants, and 

rotational time constants are given in table 2.1.

Table 2.1 Translational diffusion constants, H-bond lifetimes, and rotational time constants 
for water in DMSO-water mixtures as determined by QENS.

XDMSO Dt
(10*5 cm2/sec)

tH-bond

(P S )

xr
(P S )

0.0 2.5 ±0.07 1.57 ±0.12 1.07 ±0.08
0.11 1.2 ±0.04 3.1 ±0.3 1.17 ±0.06
0.25 0.93 ±0.06 7.1 ±0.8 1.46 ±0.1
0.33 0.65 ±0.05 7.2 ±1.1 1.50± 0.1
0.50 0.64 ±0.06 9.2 ±1.3 1.22 ±0.05

m  Discussion

Analysis o f S(Q,o)) results in the determination o f the hydrogen bond lifetime, the 

translational diffusion constant, and the rotational diffusion constant all shown in table 2.1.
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The hydrogen bond lifetime has been determined via simulation for pure water and for the 

Xd =  0.33 mixture [5]. The simulation results give water-water H-bond lifetimes o f 1.2, 

and 3.3 ps respectively. The water-DMSO lifetime is given as 4.8 ps at Xd -  0.33. The 

pure water lifetime is in good agreement with QENS result o f 1.57 ps. For mixtures the 

QENS results are averaged over water-water and water-DMSO H-bonds. The QENS 

results are about a factor o f two larger than the simulation lifetimes at X d = 0.33, and show 

a steady increase in H-bond lifetime with DMSO concentration. This result is consistent 

with the water-DMSO hydrogen bond being stronger than the water-water H-bond.

NMR and simulation have determined the translational diffusion constants for 

DMSO-water mixtures. The NMR results [13] along with our QENS results are shown in 

figure 2.5. It can be seen that our results are in good agreement with NMR and simulation 

results, showing that the strong interactions are effective in slowing down the mixtures 

considerably.

The results for the rotational time constant for water are shown in figure 2.6. These 

results are consistent with strong H-bonding. t r has a maximum at Xd =0.33 which is 

consistent with the lDMSO-2water complex. These results are also consistent with trends 

determined by simulation [10] and NMR [15] for the O-H vector single particle relaxation 

times, and with NMR proton relaxation times [13]. The values determined by NMR are 

highly sensitive to the model parameters, which has lead to values that range from 0.1 ps 

for proton relaxation [13] to values from 1.9 psforthe O-H vector o f pure water[l 5]. The 

value for the O-H vector single particle relaxation constant for mixtures have been reported 

with values ranging from 8 ps [15] to ~17 ps [33] at Xd ® 0.33, depending on the choice o f 

constants in the models. A ll the above measurements (including ours) suffer from the
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Figure 2.5
Translational Diffusion constants for DMSO-water mixtures. Results from simulation, 
QENS, and NMR are given. See text for references.
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assumption that the water rotation is isotropic. The formation o f complexes with long 

lifetimes may make this assumption invalid. The main difficulty with the NMR analysis is 

the determination o f the intra and intermolecular contributions. As mentioned above the 

assumption o f uncoupled rotation and translation are also inherent in the models, which w ill 

cause further problems [34,41,42]. We have chosen our analysis to be comparable with 

other neutron scattering experiments on water. These experiments have been directed at 

such things as the behavior o f water at different temperatures [34] and in restricted 

environments [35]. Our results are interesting in the strong effects on both translation and 

rotation o f water at room temperature. Limitations o f the model make quantitative analysis 

difficult, but the effects o f H-bonding o f the mixtures on water can be clearly seen.
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Part Three 

Fluorescence Upconversion

1 Solvation Dynamics in the Pure Solvents

The solvation dynamics o f water have been well studied by both experiment and 

simulation. Water, as mentioned in the introduction, was one o f the earliest solvents 

modeled and was important for the discovery o f inertial relaxation [17]. Due to its small 

size and mass, water has very small moments o f inertia, which results in large inertial 

relaxation o f the SRF. Due to its hydrogen bonding, water also displays a large librational 

relaxation due to the frustrated rotations o f the hydroxy group under the influence o f the H- 

bond restoring force. These librations show up in the far-infrared spectrum as a broad peak 

centered at 680 cm*1. Simulations and experiments show that these two relaxation 

mechanisms result in water having an ultrafast relaxation [17,18,19,21]. SRF’s determined 

by experiment place 50% or more o f water’s relaxation occurring within the first 55 fs [19]. 

Unfortunately these experiments, even with very good time resolution, do not resolve the 

ultrafast water response. Simulations predict even more, 70% to 90%, o f the relaxation to 

occur in an even shorter time scale (as low as 25 fs!)[l7,20]. Recent experiments using 

photon echo spectroscopy also agree with these even faster numbers and show that they are 

primarily due to solvation [21]. These predictions depend on the nature o f the solute, as can 

be seen in several simulations [17,20]. This is primarily due to the extent o f solute-solvent
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hydrogen bonding that occurs. These hydrogen bonds can be rapidly destroyed, slowly 

replaced, or damped by solute-solvent interaction leading to a increase or decrease in the 

relaxation. Solute size is also seen to affect the extent o f hydrogen bonding to the solute, 

with hydrogen bonds decreasing with increasing solute size [22,23]. After this fast 

relaxation, a diffusional relaxation occurs which has a time constant o f about SOOfs. In 

summary, water has one o f the fastest SRF’s possible due to small moments o f inertia, high 

degree o f librational relaxation, and high polarity. Since our probe, C l S3, is not soluble in 

water, a related Coumarin ,C343, is used in the above experiments. However, the results 

should be comparable.

Both experiment and simulation have also studied the solvation dynamics o f DMSO. 

Compared with water two things stand out: 1) DMSO’s inertial response is slower, and 2) 

DMSO lacks librational relaxation. Both experiments and calculations put DMSO’s inertial 

time constant at about 200 fs [24]. This slow time compared to water is expected due to the 

rather large increase in mass (18g/mol compared to 78g/mol). The abscence o f a librational 

response is also expected due to the non-associative nature o f DMSO. The SRF for DMSO 

is slower on all time scales with Homg et al. reporting two additional diffusional 

components with time constants o f 2 ps and 11 ps [24]. The 11 ps component has a rather 

small amplitude and the average relaxation time is given as 2 ps. The SRF o f DMSO is 

typical o f a non-associating polar liquid.

I I  Simulations of Ionic Solvation Dynamics in DMSO-Water Mixtures

Simulations on ionic solvation o f DMSO-water mixtures have been published by 

Day and Patey [25] and by Laria and Skaf [26]. Day and Patey look only at the equimoiar
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mixture where as Laria and Skaf have run X d = 0.0,0.2S, 0.50,0.7S, and 1.0. I w ill 

therefore refer to the more complete simulations by Laria and Skaf. In this study the initia l 

state was equilibrated to a neutral Cl atom, and at time zero a step function charge was 

created. Solvation dynamics were investigated for both cationic and anionic solutes. For 

pure water it is seen that the cation has a larger librational response accounting for 80% o f 

the relaxation and lasting 300 fs. The anion librational response accounts for S5% o f the 

relaxation and lasts for 100 fs. The smaller librational response for the anion is due to the 

stronger H-bonding to the solute, which results in a stronger damping. For pure DMSO the 

anion relaxation is slightly faster than the cation and both SRF’s lack any significant 

librations. The DMSO response is also slower as mentioned above.

For the solvent mixtures the results are very different. The anion response displays 

the usual fast response followed by a slower response that increases with the DMSO 

concentration. Separation o f the SRF into DMSO and water contributions shows that the 

water response becomes increasingly slower with the addition o f DMSO. The DMSO 

response shows a fast over relaxation resulting in a negative SRF. These results arise from 

the DMSO being in itia lly attracted to the new charge, having its methyl groups actually 

drawn closer to the negative ion. This is followed by the slow replacement o f the DMSO 

by the translational diffusion of water to the anion. Therefore, the high DMSO 

concentrations have the slowest response due to the long time necessary for water 

translation. These results agree with other simulation results mentioned in the introduction 

[27]. The long diffusional relaxation makes estimating the average SRF almost impossible 

based on dielectric data or other dynamic experiments, and shows the importance o f 

preferential solvation in these simulations.
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For the cation, the SRF’s are very different. A ll cationic SRF’s are similar to the 

pure DMSO response. The water response is follows dielectric relaxation trends for the 

cation, as can be seen from the separation o f the SRF’s into their water and DMSO 

contributions. The water contribution has a librational response that is slowest for the X d =  

0.25 and X d = 0.50, and a diffusional relaxation that follows the trends for dielectric 

relaxation given above. It is interesting that the Xd -  0.75 water response is slowest for the 

anion, but fastest for the cation. The amount o f fast response is also smallest for the anion 

and largest for the cation. The DMSO response stays very close to that o f pure DMSO, 

with the exception o f X d = 0.25. For X d -  0.25, an over relaxation is once again observed 

that is really due to the final equilibrium state favoring a higher proportion o f water, rather 

than an over relaxation per se.

The dynamics for both the cation and anion are highly influenced by the equilibrium 

configurations o f the initial and final states. From table 2.2, it can be seen that the average 

relaxations do not follow any trend established above in the experimental review. It should 

be noted at this point that the solute used in the following experiment (C153) is much 

larger, and multipolar in both the ground and excited state compared with the Cl atom used 

in the simulations.

Table 2.2 Simulation results (Laria and Skaf [26]) for <t> DMSO-water

XDMSO <x>C r(ps) < T >  Cl (p s )

1.0 0.50 0.33
0.75 0.56 3.3
0.50 0.35 3.1
0.25 0.75 1.2

0 0.11 0.17
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m  Results and Analysis

A. Materials

DMSO (ACS grade) was purchased from Aldrich and dried overnight on molecular 

sieves. DMSO was then filtered through 2 pm nylon filter, before mixing. Water was 

purified with a M ili-Q  filtration system (18 Mfi/cm). Solutions were mixed using 

volumetric pipets, or the appropriate quantities determined by weight. Coumarin CS40A 

(C1 S3) was purchased from Exciton and used without further purification. C1 S3 was 

added to the solution to give an optical density o f approximately one or less in a 2mm cell. 

This yielded an O.D. o f less than O.S in the 1 mm flow cell. The dye solutions were then 

filtered through a 2 pm nylon filter. The low DMSO mole fraction samples were allowed to 

sit overnight to ensure that the dye was equilibrated.

B Steady-State Spectra

Absorption spectra were taken on HP 84S2A diode array spectrophotometer and Cary 

2400 spectrophotometer. The spectrophotometers gave results that were indistinguishable 

and the Cary results were used for the time zero analysis. Fluorescence spectra were 

collected on AVIV ATF105 spectrofluorometer. The steady-state spectra shown in figure 

2.7 were fit to lognormal fits described in the Introduction. First moment (fin, average) 

values (see chapter I) for the peaks were determined and are given in table 2.3.

C Time Zero Analysis

The parameters for time zero analysis are given in table 2.4. Time zero analysis is 

described in the Introduction. The parameters § and o indicate the shift and variance o f the 

gaussian function, p(8,o), which, when convoluted with the nonpolar absorption spectrum
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Figure 2.7
a) Steady-state absorption spectra for DMSO-water mixtures.
b) Steady-state fluorescence spectra for DMSO-water mixtures.
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Table 2 J  Steady-state spectra results DMSO-water, see Chp. 1 Introduction for lognormal 
fitting definitions.

X DMSO Fluorescence
fm

(cm1)

Fluorescence
FWHM
(cm'1)

Absorption
fm

(cm1)

Absorption
FWHM
(cm1)

1.0 18983 2685 23498 4142
0.75 18824 2659 23426 4145
0.67 18768 2708 23415 4237
0.50 18628 2641 23267 4124
0.33 18477 2626 23121 4201
0.25 18417 2567 23031 4251
0.20 18360 2597 23024 4360
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Table 2.4 Time-zero results DMSO-water. See Chp. 1 Introduction for time-zero analysis 
technique.

XDMSO Time-zero fm
(cm '1) So

(dm1)
a

(dm1)

Time Zero FWHM 
(cm1)

t o 20548 205 77 3510
0.75 20502 211 78 3520
0.67 20446 210 78 3S24
0.50 20337 232 78 3532
0.33 20203 245 79 3540
0.25 20176 254 85 3605
0.20 20157 258 88 3636
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give the polar absorption spectrum. The values o f the fin  time-zero frequencies, 5 and o are 

given in table 2.4.

D. Fluorescence Upconversion

Time dependent Stokes shifts were determined using the fluorescence upconversion 

technique and time zero analysis described in the Introduction. Instrument response 

functions for this set o f experiments ranged from 200 to 250 fs. Fluorescence decays were 

measured in 17fs steps for 3 ps, 200 fs steps for 25 ps, and 2.5ps steps for 500 ps. The 

reconstructed time resolved spectra were fitted to lognormals and the first moment 

frequencies used for determining C(t) as described in the Introduction. C(t)’s were easily 

fitted to both three exponential and to stretched exponential fits, no difference in goodness 

o f fit was disceraable

IV Discussion

As can be seen from figure 2.8, the DMSO-water mixtures present SRF’s that are 

quite complicated. The SRF’s give average relaxation times that are non-monotonic, and 

well fitted by three exponentials. The result for pure DMSO is in good agreement with that 

reported by Maroncelli [24]. Water is conspicuous in its absence due to C153’s insolubility 

in this solvent. The following discussion w ill be presented in four parts: A) Ultra-fast 

relaxation, B) Diffusional relaxation, C) Static spectra, preferential solvation, and C l53’s 

charge distributions, D) Summary and Conclusions
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Figure 2.8
C(t) for DMSO-water mixture plotted on semi-log scale. DMSO mole fraction is given in 
the legend.
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A Ultra-fast Relaxation

Based on the solvation dynamics o f the pure solvents we expect a very large inertial 

relaxation for mixtures containing water and DMSO. As mentioned in the introduction to 

this chapter, pure water has very small moments o f inertia resulting in an incredibly fast 

inertial t i/e that is just 15 6. The much more massive DMSO on the other hand has a 

inertial Ti/ethat is calculated to be more than ten times greater, -  170ps. Both these 

responses are faster than the time resolution o f our experiment (IRF ~ 250 fs), therefore the 

inertial and librational time periods are not resolved. I w ill refer to both o f these responses 

as the (missed) hist response.

This fast response is the harder to decipher, but an idea of the magnitude missed 

response is can be determined from the use o f time zero analysis. Time zero analysis is 

described in the Introduction. The relevant values from the time zero analysis are shown in 

table 2.4. The amount o f the response missed varies largely with mole fraction, being 

largest for X d -  0.2 and smallest for X d = 0.33. The response that occurs in the first 250 fs 

has varying contributions from both inertial single particle motions and collective 

librational motions. For high water concentrations the inertial response w ill decay rather 

quickly and large percentage o f the missed response w ill be collective. For DMSO the 

majority o f the missed response is inertial. With this in mind I w ill try to make some 

educated guesses as to what is happening in the missed portion o f the SRF based on the 

inertial solvation frequencies and the amplitude o f the missed response. This w ill involve 

the use o f a combination o f results from linear response and continuum theory, to determine 

what the inertial solvation frequency would be in a binary, linearly responding, continuum 

fluid. Although this w ill give us some idea o f the inertial frequency, it w ill not te ll us at
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what point the relaxation becomes collective. The collective behavior demonstrates 

drastically different mole fraction dependencies that are very slow due to the strong 

intermolecular interactions.

From figure 2.8 it can be seen that the fast response is non-monotonic in mole 

fraction, reaching its slowest value at Xd = 0.33. Here the fast response is slower than in 

either o f the pure solvents. The in itia l response is fastest for the Xd = 0.20, which is 

substantially faster than any o f the other mixtures. Other mixtures show initial responses 

that are slightly faster than DMSO for the first several hundred femtoseconds. A ll the 

mixtures show curve crossings with DMSO with the exception o f X d  -  0.33. These curve 

crossings occur between 300 -  400 fs in most mixtures, while Xd = 0.75 crosses at ~ lps, 

and X d -  0.20 crosses at ~ 2ps due to its comparatively large fast response. The values for 

the tri-exponential fits are given in table 2.5. The value o f the first exponential Xi for 

DMSO is consistent with previously reported values, and with the inertial time period o f-  

200 fs predicted by simple inertial and dipole density considerations [24]. For the mixtures, 

t i peaks at Xd = 0.33 with a rather large value o f -  500 fs, and is between 77 fs and 200 fs 

for the remaining mixtures. These values for i i  should not be over emphasized for two 

reasons: 1) they are not resolved experimentally, and 2) they are closely associated with the 

intermediate Xi values therefore, small changes to Xi can be offset by changes to x i without 

diminishing the quality o f the fit. Nonetheless, large differences, such as those between X d 

-  0.20 and Xd -  0.33 are easily identified. The values o f Xo are given in table 2.6. The xo 

values go through a maximum at X d = 0.33. It is obvious from figure 2.8 that these 

mixtures do not follow a simple mole fraction dependence for the fast response, and that the 

fast water relaxation is unexpectedly low for the water rich side.
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Table 2.5 C(t) fit parameters for DMSO-water mixtures. Amplitudes (a) and times (x) for 
three exponential fits o f the SRF’s are given.

X  DMSO al x l (fs) a2 x2(fs) a3 x3(fc)
0.20 0.55 77 0.24 2666 0.21 31026
0.25 0.32 113 0.44 2887 0.24 27949
0.33 0.38 462 0.44 5215 0.18 67599
0.50 0.39 139 0.43 3708 0.18 44393
0.67 0.26 92 0.55 2629 0.19 32816
0.75 0.42 162 0.46 3062 0.12 46904
1.0 0.37 204 0.51 2200 0.12 15459

Table 2.6 Relaxation times for DMSO-water mixtures. Characteristic solvation times and 
dynamic Stokes shifts are given.

XDMSO Xo
(fs)

Tl/e
(fs)

<x>
(fs)

stretched
ta u (fs )

stretched 
alpha (fs)

Av
(c m 1)

0.20 139 950 7170 923 0.27 1814
0.25 333 3050 7976 2878 0.41 1777
0.33 1093 3825 14191 4317 0.46 1747
0.50 345 2625 9538 2521 0.37 1730
0.67 330 2730 7688 2821 0.46 1700
0.75 360 1700 6760 1613 0.41 1697
1.00 493 1500 3130 1498 0.53 1588
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One o f the first things we want to know is the period over which inertial relaxation 

is important. This allows us to predict the amount o f collective behavior included in the 

missed response. W ithin the inertial period we expect that the molecules behave 

individually and that the velocity time correlation function G(t) is well approximated by the 

single particle Gi(t). Following INM analysis, G(t) can be expanded in a power series o f 

time, giving the following for the SRF

C(t)= l-O /^ A E ^ ) J(t-t)G(T)5T 2.8

C(t) = 1- (1/ <5AE2> ) ( '/2 fco  + 1/24 t4G2 + -•) 2.9

C(t)merti»i *  exp { -(t?/2) co,2 } with to,2 = {Go/ <8AE2>} 2.10

where Go is a pairwise sum over solute-single solvent contributions to <A£2>, and CCt)^,^ 

ignores contributions beyond t2. In the equation 2.10 we can see that, in linear response, to,2 

(as well as C(t)) contains a static, <5AE2>, contribution, and a dynamic, G (t), contribution. 

The static contribution is the square o f the average fluctuation in the solvation energy. This 

term is proportional to the solute-solvent interaction energy, and is also affected by solvent- 

solvent correlations. The solvent-solvent correlations serve to damp the fluctuations. The 

static contribution reveals that smaller motions are needed to relax strongly interacting 

solvents due to smaller net changes to the system upon perturbation. The dynamic term is 

related how fast the individual solvent motions are, and below we w ill relate it to the 

moment o f inertia o f the solvent for the free streaming portion o f the SRF.
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Binary mixtures contain two solvents. This w ill make G(t) a function containing 

cross terms, but the fact that Go is a sum only over single solvent molecules w ill be helpful. 

This lets us express the solvation frequency in terms o f the individual components. Using 

continuum approximations and ignoring translations as described in ref [28]

Go =  Go dm so +■ Go water 2.11

C(t) = exp{('/2 12) (1/ <5AE2> ) { G o dm so + G0 water ) } 2.12

= exp{(*/212) (1/ <6AE2> ) (<A + <A£w2>)} 2.13

= exp{(>/2 12) [1/ (kBT K l-l/e )] [( pD2<w lD2> / 31 to4) + ( pw2<w l w*>/ 31 riw4) ]}2.14 

= exp{('/2 12) [1/ (kBT )(l-l/e )] [ (4xp/3){ ( XDnD2<w lD2>) + ( Xwnw2<w lw2> )}} 2.15 

<wi2>= 2kBT / I«vg 2.16

where s is the static dielectric constant, p is the number density, Xa is the mole fraction, 

is the dipole moment, I«vs is the average moment o f inertia perpendicular to the dipole, and 

<w la2> is the average squared rotational frequency in a direction perpendicular to the 

dipole. These equations show that the dynamic response is now dependent on the quite 

different inertial responses o f water and DMSO. The static response on the other hand is 

just a continuum function o f the static dielectric constant. Calculation results for DMSO- 

water mixtures using equation 2.15 are shown in figure 2.9. Here it can be seen that water’s 

small moment o f inertia dominates, resulting in a rapid monotonic decrease in the Ti/« with 

the addition o f water to DMSO. These results indicate that for most of these systems, the 

missed response includes collective behavior for up to 200fs. For real systems the non- 

linearity and
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Figure 2.9
Continuum predictions for the ti/e times for inertial relaxation, given by ti/e = 1 4((as)'1. The 
high non-ideality is due to waters fast response and high number density. Line is to guide 
the eye. See text for method.
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molecular nature o f the solvent w ill cause deviations in the solvation frequency and its 

effectiveness in relaxing the system.

Based on the predicted inertial frequencies given above and the experimental inertial 

amplitudes, it appears that the efficiency o f the inertial motion in relaxing the SRF depends 

on mole fraction. This may be a solute specific effect, an effect o f the solvent mixture 

itself or a combination o f the two. I f  we think o f this in terms o f the solute dependent 

initial and final equilibrium states, when there is a large change in the solvent configuration, 

inertial motions w ill relax a smaller portion of the response. I f  we think o f the solvent 

mixture itself then inter-species interactions w ill be involved that w ill be evident in the 

longitudinal dipole density relaxation o f the mixtures. We w ill look at the longitudinal 

dielectric relaxation next.

Insight into the SRF’s can be gained from the longitudinal dielectric relaxation 

given by simulation. In simulations o f methanol-water mixtures Skaf and Ladanyi [22] note 

that for their large solute, the SRF parallels results found for the longitudinal dipole density 

time correlation function d>i.(t). They suggest that this result indicates that the large solute 

does not disturb the solvent structure significantly. Consequently the SRF reflects 

collective dipolar fluctuations, that are strongly dependent on the solvent H-bonding 

interactions. Comparison o f the simulation results for the SRF’s and d>L(t)’s for the large 

solute water-methanol mixtures shows that the inertial responses o f the SRF are well 

predicted by the inertial responses o f < I> L (t). The amplitude o f the librationai response is 

also strongly correlated, but seems to be consistently larger for d>iXt) For the four hundred 

femtoseconds shown, the crossing o f the pure methanol < l> L (t) response with mixture < t> L (t) 

responses are at the same as the pure methanol SRF crossings with the mixture SRF’s.
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Based on the good agreement above, and given the large size o f C l S3 we might expect 

similar results for the DMSO-water SRF’s.

Recently Skaf has reported 4>iXt)’s for a variety o f mole fractions ranging from X d 

= 0.13 to Xd = 1.0 [10], Skaf s results show that there are significant changes in the inertial 

response when as increases X d from X d = 0.13 to X d = 10. In less than 200 fs the decays 

are easily distinguished based on degree o f relaxation: X d = 0.35 < 0.50 < 0.13 < 0.81 <

1.00, with DMSO relaxed ~ 80% and Xd = 0.3S relaxed ~ 55%. As expected the DMSO 

response is purely inertial in this time period, whereas the Xd -  0.13 response includes a 

high degree o f collectivity. Skaf did not simulate pure water, but it is given by Impey et a l 

[39]. Their results show that the inertial response is responsible for ~ 80% o f the relaxation 

o f 4>l  for pure water. The rest o f the relaxation is complete in ~ 800 fs. Relaxation 

components past ~ 200 ps reflect diffusive motion for all mixtures. The inertial responses 

o f both components are seen to increase monotonically with their respective concentrations.

These results can be clarified by inspecting the intra-species 4 > d d (t), 4 > w w (t) and inter­

species 4 > d w (t) contributions to < t> L (t) given by Skaf. It is well known that the < t> L (t) decays 

faster than <t>(t) due to the decreased importance o f rotational diffusion [32]. This is due to 

the fact that the single molecule contributions are positive while the pair contributions are 

negative. This results in the pair contributions canceling the diffusive portion o f < t> L (t), 

which leads to faster relaxation dominated by inertial and librational motions. For example, 

it has been shown that for methanol-water mixtures, the formation o f water pockets at high 

methanol concentrations reduces the size o f the negative methanol water cross term, and 

therefore reduces the inertial effectiveness. Examination o f Skaf s DMSO-water results 

shows that cross term cancellation is important. The fastest relaxation occurs at X d = 0.81
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where the cancellation o f <Dww(t) and d>dd(t) by dW t) is very close to complete, resulting in 

inertial dominance o f the relaxation. It should be noted that the addition o f 19% water to 

DMSO results in a relaxation that is only slightly slower than pure DMSO, with the d>ww(t) 

relaxation being negligible. On the other hand addition o f 13% DMSO to water results in 

much less effective cancellation, and the contribution to the relaxation from DMSO is not 

trivial. At Xd = 0.35 the cancellation o f <t>ww(t) and 4><jd(t) with $dw(t) is least effective, 

resulting in the least effective simulated inertial relaxation.

The <t>dw(t) terms result from the averaging over all DMSO-water pairs. When there 

is a high degree o f long-range, anti-parallel alignment, <t>dw(t) w ill be large and negative 

[29,30]. Skaf s results show that G>dw(t) is negative for all mixtures and is large for all 

mixtures except Xd = 0.81. This can be explained in terms o f the complexes being formed. 

For the mole fractions that are rich in water, the lDMSO-2water complex results in large 

negative values o f <t>«h»(t). This is consistent with simulation and neutron scattering results 

that show DMSO is incorporated into the tetrahedral structure o f water. For the DMSO rich 

side, d>dw(t) is a factor o f three smaller than for the water rich side. This can be accounted 

for by the formation o f the 2DMSO-lwater complex that brings two DMSO’s into anti­

parallel alignment about a single water. This structure places the water dipole out o f 

alignment with DMSO dipoles, which may result in the lower value o f <!>**,.

For mole fractions X d £  0.50 4>dw(t) is large, negative, and grows a small amount as 

the water concentration increases. It is also apparent that the amount that 4>dw(t) in these 

mixtures is almost identical. As mentioned above the degree o f cancellation follows the 

following trend: X d =  0.33 < 0 .5 0  <0 .13 . This trend is consistent with the decrease in the 

single particle relaxation rates due to complex formation which are slowest at X d = 0.33.
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Therefore the increased divisional tail appears due to the incomplete cancellation o f pure 

and cross contributions due to the slowing o f the pure component responses compared to 

the cross contribution. For high DMSO concentrations, <t>a««(t) is small, as mentioned 

above, and to because the DMSO structure is little  affected by the addition o f water, <t»cu(t) 

and the total SRF are very similar to pure DMSO.

These results are in good agreement with the experimental SRF’s except that the 

effectiveness o f the inertial response is greater for the simulated <t>L(t)’s than it appears for 

the experimental SRF’s. For example, the inertial relaxation accounts for over 80% for 

<&L(t) for DMSO, whereas the inertial relaxation for the experimentally determined DMSO 

SRF is closer to 40%. Maroncelli reports a slightly higher experimental value o f SO% with 

a slightly longer time constant for DMSO. These results imply that, as with methanol-water 

mixtures, < t> L (t) is effective in predicting the nature o f the solvent relaxation for large 

solutes, but overestimates the degree o f inertial response for C l S3. The decreased inertial 

response compared to simulations may be a general trend due to the specific nature o f 

C1S3, and the accuracy o f the model [31]. Maroncelli and Kumar have shown that 

simulation results for C l S3 in methanol overestimate the fast relaxation due to the 

inadequacies o f the solvent potential, which is too fast for both the SRF and dielectric 

relaxation. They also show that ignoring solvent polarizability can result in simulation 

results that are too fast. This would explain the smaller fast responses seen here for the 

experimental SRF’s, but there may be other factors contributing. For instance, the 

experimental response for Xd -  0.33 appears extremely slow even with considerations 

above taken into account.
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To get a better understanding o f the efficiency o f the inertial response we now turn 

to non-equilibrium simulation results. As mentioned above the efficiency o f the inertial 

response depends on both static and dynamic factors. There is only a certain amount o f 

rotation that can occur during the inertial period. The time in which this rotation occurs 

w ill be accounted for by the dynamic factor. The percent o f the total relaxation this 

accounts for, on the other hand, is determined by the static considerations. This was well 

illustrated by Maroncelli et a l. [28], who showed the effect o f increasing the charge on 

dipolar dumbbell solvents. These solvents were identical except for the magnitude o f the 

charges on the atomic sites, which varied from 0. le  to O.Se. Since all the solvents had 

identical mass they all underwent -10 degree inertial rotations, but the amount o f relaxation 

that resulted increased dramatically with increasing charge. This reflects the fact that the 

solvents with large dipoles require smaller total rotations to relax the solvent. These results 

are described well by linear response, but there may be additional effects that lie outside o f 

linear response. Laria and Skaf s simulation results for ionic solvation dynamics in DMSO- 

water mixtures show that the degree o f inertial relaxation depends strongly on the charge o f 

the ion solute [26]. In these simulations a neutral Cl, in equilibrium with the solvent, is 

given a step function charge jump. The SRF is then followed using the non-equilibrium 

simulation technique. For pure DMSO -  90% o f the anion response is inertial versus -  

60% for the cation. These simulations also allow separation o f the water and DMSO 

contributions. When looking at the water response for Xd -  0.75 it is seen that the water’s 

inertial response accounts for -  50% o f water’s SRF for the cation versus -  12% for the 

anion. The reason for these discrepancies are the differences in the final equilibrium 

configurations for the cation and anion (they both start from the same configuration). I f  we
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consider the pure DMSO case, the ~ 90% inertial relaxation has to be viewed in the light 

that both the neutral and anion Cl prefer to be solvated by the methyl group. This w ill 

result in small motions being very effective in relaxing the system. The cationic case w ill 

require larger rotational motions since it prefers the DMSO oxygen. In the case o f the Xd =

0.75 mixture the relaxation o f water is also very different for the two ions. For the anion 

large translations are needed by water to reach equilibrium making the inertial response less 

effective. In view o f these results the discrepancies in the inertial amplitudes between the 

SRF’s and the simulated <t>L(t)’s are probably not only mixture specific, but also due to 

“non-linear” changes in the solvent distribution. This can be due to large differences in the 

equilibrium initial and final states, that are not well represented by the natural, solute 

independent, fluctuations o f linear response. Separation o f these two effects is not possible, 

but in the case o f Xd = 0.33 the rather large deviation may indicate that the reordering the 

solvent structure is greatest here. This may be due to the higher order o f the IDMSO-2 H2O 

mixture surrounding the ground state o f the dye, and suggest that the excited state o f C153 

is capable o f competing with the solvent-solvent interactions. Discrepancies for mixtures 

that are less ordered would therefore be smaller. The solvent reorganization w ill also be 

affected by the large changes in the charges on C l53. This w ill be especially important for 

DMSO-water mixtures since DMSO is more effective in solvating cations while water is 

more effective in solvating anions. Skaf s results show that the difference in solvation 

energies can be as large as a factor o f two for the two pure solvents.

In summary, the experimentally measured SRF’s are not resolved for the first ~ 250 

fs. Time zero analysis allows the determination o f how much o f the response was missed, 

which gives us an indication o f how effective the early response is in relaxing the system.
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We see that the amount o f the missed relaxation is maximum for the X d  = 0.20, is smallest 

for X d = 0.33, and intermediate for the remaining mixtures. The result for X d = 0.20 is not 

surprising due to the fast relaxation o f pure water. In contrast, the result for Xd = 0.33 is 

surprising since the solution is 67% water. The simple continuum prediction for the 

solvation frequency at X d -  0.33 shows that it should still be close to that o f pure water.

This points to a reduction in the effectiveness o f the inertial response or equivalently an 

increase in the importance o f diffusion. This can be explained in terms o f solvent specific 

and solute specific contributions. For the solvent effects we turn to the longitudinal 

dielectric relaxation data o f Skaf. Separation o f d>L(t) into pure and cross terms reveals that 

cancellation is affected by the type o f complex formed, and the changes in the pure 

component relaxations. This is important for water rich mixtures, where cancellation 

effects are minimum for the lDMSO-2water mixture. The result is decreased inertial 

amplitude and increased diffusional relaxation. For high DMSO concentrations, the SRF is 

similar to pure DMSO because water is ineffective in changing DMSO’s structure. The 

inertial amplitudes are consistently larger for dh.(t)’s compared to the SRF’s. This behavior 

has been seen for other solvents and is probably due to the model. Nonetheless the 

simulations show that pure solvent effects are responsible for the decreased inertial 

amplitude in the mixtures and the trends agree with trends in the SRF’s. However the 

decreased inertial effectiveness appears to be more pronounced for the Xd = 0.33, which 

may be due to specific interactions o f the solvent with C1S3. This may be due to the 

greater organization o f the ground state dye solvation shell, which would undergo the 

highest degree o f change upon excitation. This effect is increased in importance due to the 

binary nature o f the solvent, which results in  one solvent being more capable o f solvating a
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particular solute site. Upon excitation this may require large changes in the solvent 

distribution and orientations, which down plays inertial motion.

B. Diffusional Relaxation

The diffusional relaxation for the mixtures also shows non-monotonic behavior with 

mole fraction. Rotational and translational diffusion is responsible for the response that 

follows the inertial and librational relaxation. Experimental dielectric relaxation 

experiments are well suited for studying this part o f the solvent response. We w ill therefore 

compare our results with the dielectric relaxation data o f Kaatze et a l. [11]. As discussed 

above relaxation o f the SRF is collective. This w ill result in <6AE5(0)6AE(t)> containing 

both pure and cross terms. For the inertial period these cross terms could be ignored, but 

here they w ill be important. As seen above, slowing o f the pure solvent diffusion can result 

in increased diffusional contributions.

The principal dielectric relaxation time constants given by Kaatze are shown in figure 2.2 

along with continuum predictions for the longitudinal relaxation time for a dipole. Here the 

role o f complex formation is seen, with x, reaching a maximum around Xd = 0.33. The 

results shown are for the mixtures, but, as seen in part two o f this chapter, the diffusional 

relaxations for the individual components follow the same trend. The role o f strong H- 

bonding between DMSO and water are seen. From figure 2.2, we can see that the 

diffusional time constant is expected to be greatest for X d -  0.33 and should decrease as 

follows: Xd = 0.33 > 0.50 > 0.25 > 0.67 *  0.20 > 0.75. Examination o f table 2.6 shows 

that the stretched exponential time constants and the Xi/« values are in poor agreement with 

these values, while the <x> values follow the above trend exactly. The lack o f agreement
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for Ti/e is not surprising due to the large non-diffiisional contribution at early times. Figure 

2.10 shows that the T2 and T3 time constants from the three exponential SRF fits follow 

trends in t l  and td respectively. The average relaxation times are dominated by the long 

diffusional relaxation resulting in times that are much larger than in either o f the pure 

solvents. In figure 2.11, <x> is plotted versus td/5, and the dependence o f <x> on xd can be 

seen explicitly. As with the fast responses discussed above, the behavior at Xd = 0.33 

stands out. The plot o f <x> versus mole fraction DMSO shows a strong spike at Xd -  0.33, 

suggesting it is strongly affected by diffusional processes. This is consistent with a large 

degree o f reorganization o f the solvent, indicating that the rotations and translations 

required to relax the X d -  0.33 mixture are larger than the other mixtures.

C. Steady-State Spectra, Preferential Solvation, and C l S3 Charge Distribution

From the steady-state spectra shown in figures 2.7, it can be seen that the addition of 

water to DMSO results in a monotonic red shift in the fluorescence and absorption spectra. 

This can be attributed to the increased polarity o f the solvent since water has a static 

dielectric constant that is ~1.7 times greater than DMSO’s.

Figure 2.12 shows the positive deviation from ideality for the graph o f the 

fluorescence fin frequency versus F(e). This deviation appears to be more sharply curved at 

high water concentrations and deviates towards higher energy. The fluorescence 

frequencies increase with DMSO concentration indicating that the non-ideality arises from 

preferential solvation o f the C l S3 excited state by DMSO. This is to some extent not 

surprising given that C l 53 is not soluble in water. Skaf and Ladanyi have observed similar 

results for methanol water mixtures, where their large solute was preferentially solvated by
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Figure 2.10
Time constants from exponential fits o f C(t) versus mole fraction DMSO. Dielectric values 
are the same as figure 2.2.
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the methyl group. The hydrophobic nature o f their solute above was due to its large size, 

which prohibited the hydrogen bonding to the solute. Solvation o f C1 S3 by the DMSO 

methyl groups would allow the DMSO oxygens to form hydrogen bonds with water in a 

way similar to that suggested for methanol. Therefore preferential solvation in these 

mixtures is likely due to the maximization o f H-bonds. In the case o f pure water, this 

results in the insolubility o f C l S3. Since C1 S3 is likely solvated preferentially in both the 

ground and excited state it is hard to say how large an effect this w ill have on the SRF’s. It 

is likely that the excited state w ill result in an environment that is more friendly to water 

than the ground state, but the same may hold for DMSO.

Laria and Skaf s results show that full positive and negative charges should be 

solvated by DMSO and water, respectively. As shown in figure 2.13, atomic sites in C l S3 

undergo substantial changes upon excitation [40], The nitrogen atom 1 in particular 

undergoes a large charge reversal, while atoms 12,14 and 17 receive a greatly enlarged 

electron density. These types o f changes may result in large reorganization o f the solvent 

shells. The carbonyl oxygen 18 has the largest negative charge, making it the most suitable 

for H-bonding to water, but undergoes very little  change.

D Summary and Conclusions

From the discussion above it is seen that the SRF’s are affected by a combination o f 

both solvent and solute specific factors that apply to both the inertial and diffusional 

responses. Separation o f these two factors is not possible. The DMSO-water interactions 

have several effects that depend on the solvent alone, and complexation o f the solvent
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the charge difference between SO and SI as a dipole. Atoms 1,12,14, and 17 undergo the 
largest changes. Atom 18 has the largest negative charge and is most likely to hydrogen 
bond, but only undergoes a small change in charge. Atom numbering follows that o f 
Chicos et a/.[40]
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mixture is seen to have large effects on the SRF’s. One o f these effects is to slow down the 

diffusional motions o f DMSO and water due to strong H-bonding. Binary solvents result in 

cross terms for <th.(t), which w ill cancel to differing degrees with the pure solvent 

responses. For water rich mixtures, where the lDMSO-2water complex predominates, 

slowing o f the pure solvent relaxation results in poor cancellation with the cross term, 

which does not change much at these compositions. This increases the amount o f diffusion 

necessary to relax the system and therefore decreases the effectiveness o f the inertial 

relaxation. For DMSO rich mixtures, where the 2DMSO-1 water complexes are favored, 

the cross terms are smaller and the water response is negligible. Therefore these mixtures 

have SRF’s that are close to the pure DMSO response. These results confirm that 4>i(t) is 

effective at predicting SRF’s for large solutes with small charge densities.

These results may be further complicated by the initial and final equilibrium states 

o f the solvent in the presence o f C l S3. These states may be beyond fluctuations attainable 

by the solvent itself. C1S3 is likely preferentially solvated by DMSO in both the ground 

and excited state, but to what extent is unknown. Solvent reorganization w ill be increased 

by the large changes in site charges mentioned above, and the preference o f DMSO and 

water for cations and anions respectively. Further investigation o f the equilibrium 

configurations via simulation is warranted.

The experimental results found here are not directly comparable with the simulation 

results done on these mixtures. This is primarily due to the large effects that the small ions 

have on the equilibrium states o f the mixtures. It is reassuring to see that for our results the 

dielectric data and <x>’s are in agreement. The lack o f agreement for simulations is due to
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the large preferential solvation o f the anion by water, and is not reproduced here for our 

hydrophobic solute.

These results show that binary mixtures are capable o f producing environments and 

dynamics that are well outside those o f the individual components alone. Here these results 

are a function o f strong interspecies interactions and are not necessarily intuitive. The 

availability o f simulation data is incredibly helpful in analysis o f these systems, and I would 

like to thank Prof. Skaf for preprints o f his work on these systems.
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Chapter Three 

Benzene-Acetonitrile

I  The Benzene-Acetonitrile system

A Introduction

Benzene and Acetonitrile are two common yet very different solvents. The major 

difference between these solvents is their polarities. Acetonitrile is considered to be the 

prototypical non-associating highly polar solvent. Its small size and large dipole moment 

(~4D) give acetonitrile a rather large dipole density. Benzene, on the other hand, is much 

larger and lacks a permanent dipole. Benzene is a highly conjugated molecule and therefore 

has its own place as the prototypical aromatic solvent. The mixing o f these solvents should 

therefore be intriguing, allowing us to move from the nonpolar to polar extremes o f 

solvation dynamics.

B. Equilibrium Structure o f Benzene-Acetonitrile Mixtures

The equilibrium structure o f benzene-acetonitrile mixtures w ill be strongly 

influenced by the large dipole moment of acetonitrile. In the pure solvent acetonitrile 

adopts an anti-parallel dipole alignment. For the solid, this has been proposed to result in

chains o f aligned dipoles surrounded by anti-parallel chains [1]. For the liquid there is less

no
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effective alignment but the trend for anti-parallel dipoles s till dominates [2,11]. In contrast, 

benzene has its strongest interactions through its permanent quadrupole moment. This has 

led to a variety o f proposed benzene dimers, including T-shaped, stacked, displaced 

stacked, and V shaped [3]. When the two solvents are mixed we expect that acetonitrile 

w ill tend to interact with itself more strongly than with benzene.

A number o f studies have investigated the benzene-acetonitrile interactions [4-13], 

Thermodynamic studies have revealed some interesting behavior. The excess enthalpy o f 

mixing is positive for all mole fractions [4]. This indicates that the strong dipole 

interactions between acetonitriles are replaced by the weaker interactions with benzene.

The small size o f the excess enthalpies suggests that the interspecies interactions are not 

negligible, and offer a negative contribution. Examination o f the excess volume [S], and 

the effective Debye temperature [6] offer further insight into the benzene-acetonitrile 

interactions. The excess volume is positive for acetonitrile rich mixtures and negative for 

benzene rich mixtures. For low Xb (acetonitrile rich mixtures), acetonitrile self-association 

is high, resulting in positive excess molar volumes upon the addition o f benzene. In these 

cases, benzene cannot dissociate the acetonitrile clusters. For high Xb, acetonitrile clusters 

are broken and the acetonitrile monomers form an attractive rearrangement with benzene 

resulting in a negative excess molar volume. The excess effective Debye temperatures, 

which are functions o f the ultrasonic velocity, density, and heat capacity o f the mixtures, 

show similar results. Positive excess Debye temperatures are indicative o f increased short- 

range order and lower compressibility. For acetonitrile rich mixtures the excess Debye 

temperatures are negative, while for benzene rich mixtures they are positive. This once
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again suggests that compact rearrangements are formed between benzene and acetonitrile 

monomers at high benzene concentrations.

The nature o f the benzene-acetonitrile interaction has been explored by NMR and 

infrared spectroscopies [7-10]. The NMR results are based on the shifts induced by the 

acetonitrile-benzene complexes. Benzene molecules are capable o f producing ring currents 

that result in large high field shifts above, and below the benzene plane [7], The large high 

field shift for the methyl protons o f acetonitrile suggest that they reside over the benzene 

ring. This interaction may be thought o f as a weak H-bond between the benzene pi 

electrons and the acetonitrile methyl groups. Schnieder [7] suggest that the cyanide group 

sits o ff the ring due to electron repulsion, and that it induces a dipole in benzene as shown 

in figure 3.1. Yadava et a l. find the induced dipole moment to be 0.22 D for benzene- 

acetonitrile mixtures, in agreement with this prediction [8]. Mosier-Boss et a l. find sim ilar 

results form carbon 13 NMR, but suggest that the cyanide group sits over the benzene plane 

[9], these experiments were directed toward determining the equilibrium constants for the 

formation o f acetonitrile dimers, and the arrangement in figure 3.1 seems more likely. 

Nonetheless Mosier-Boss et a l. were able to show that the equilibrium constant for the 

formation o f acetonitrile dimer is more than an order-of -magnitude smaller in benzene than 

in CCU based on the carbon 13 shifts versus mole fraction. Jackowski has done further 

studies on the benzene-acetonitrile interactions via NMR and ab in itio  calculations [10].

The ab in itio  calculation results show several benzene-acetonitrile dimers. Most o f the 

dimers agree with the structure proposed by Schnieder, that is weak H-bonds between 

benzene and acetonitrile. There is one exception in which the nitrogen acts as an electron
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Figure 3.1
Benzene- Acetonitrile dimer suggested by Schnieder [7].
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donor to benzene. Jackowski proposes that structures consisting o f three benzenes 

surrounding the methyl group and one benzene interacting with the acetonitrile nitrogen 

w ill exist for benzene rich solutions.

Further evidence for benzene-acetonitrile H-bond interactions is found via infrared 

spectroscopy [13]. H-bonding leads to an increase in the C-H band intensities. Stolov et a l. 

show that the intensity o f the C-H band is large for pure acetonitrile suggesting that 

acetonitrile is capable o f forming H-bonds with itself [13]. The intensity is seen be about 

half as large for acetonitrile-benzene mixtures, while benzene intensities are about twice 

that o f CCI4. Far infrared studies o f acetonitrile in CCU reveal the strong clustering o f 

acetonitrile [12]. Peaks at 65, 75, and 90 cm'1 are assigned to the acetonitrile monomer, 

dimer, and clusters. From examination o f the band shape upon dilution with CCU it is seen 

that the clusters persist to mole fraction = 0.20 acetonitrile. Below mole fraction = 0.20, the 

clusters begin to break up. Similar behavior would be expected for benzene, with benzene 

being slightly more effective in breaking clusters.

The above studies suggest that acetonitrile-acetonitrile interactions w ill dominate in 

the mixtures. The benzene-acetonitrile interactions w ill be important for dilute mixtures o f 

acetonitrile where the acetonitrile monomer w ill be prevalent. Acetonitrile is effective in 

inducing dipoles in benzene, and in increasing the order in benzene rich solutions.

C. Dynamic Benzene*Acetonitrile Experiments

Dynamic information on benzene-acetonitrile mixtures is less available. The most 

interesting experiment, dielectric relaxation, w ill also be less informative due to the 

nonpolar nature o f benzene. However the available studies on the mixtures and related
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systems are sufficient to predict the effects o f mixing on acetonitrile and benzene. For 

benzene, are most interested in the rotation o f the ring perpendicular to the C6 axis. This 

motion is effective for solvation, whereas the spinning around the axis is relatively 

ineffective. For pure benzene, rotation is anisotropic with the perpendicular rotation being 

much slower than ring spinning. This is not surprising since the spinning does not require 

displacement o f the neighboring molecules. The perpendicular rotation on the other hand 

involves more steric hindrance. We w ill therefore be interested in how the addition o f 

acetonitrile affects the perpendicular rotation o f benzene. This has not been studied directly 

for benzene-acetonitrile mixtures, but has been studied for other benzene mixtures. From 

the simulation and NMR results o f Laaksonen et a l. it is seen that the perpendicular rotation 

o f benzene in water is greatly hindered [14]. This is explained in terms o f water’s high 

degree o f association and the ability o f water’s hydrogens to come into close proximity with 

benzene’s pi cloud. Based on the excess functions described above the addition of 

acetonitrile to benzene results in structures that are less compressible and have a higher 

degree o f organization than pure benzene. The formation o f benzene-acetonitrile 

complexes should therefore result in slower perpendicular rotations for benzene.

For acetonitrile dielectric relaxation and NMR studies are insightful. Dielectric 

relaxation times t« for acetonitrile in benzene and CCI4 solutions are reported by 

Subramanian et a l. [15]. For both benzene and CCU solutions r, increases from the neat 

acetonitrile value o f ~ 4 ps to a maximum around Xb = 0.20, followed by a rapid decrease o f 

t« with further dilution. The relaxation times are slightly slower in CCU solutions than in 

benzene solutions. For benzene solutions t.  reaches a maximum o f ~ 6 ps at Xb -  0.20,
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Dielectric relaxation times for acetonitrile in benzene, extrapolated from ref IS.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



before rapidly decreasing to ~ 2 ps by Xb = 0.10,see figure 3.2. Subramanian et a l. suggest 

that the maximum at Xb = 0.20 may be attributed to the formation o f a stable complex 

mixture, but at the same time points out that the rapid increase in x, is consistent with the 

breaking o f acetonitrile clusters. The above trend for t ( is also seen in NMR single particle 

relaxation times in CCU solutions. Tiffon et a l. show that, at specific mole fractions, a plot 

o f Ti versus t/T  is linear as the temperature is changed, where ti is the viscosity [16]. 

However the same plot at constant temperature and varying mole fraction is non-linear, 

deviating at low acetonitrile concentrations to faster relaxations. Both the dielectric 

relaxation and NMR relaxation times agree with the far-infrared studies mentioned above, 

which reveal ACN clusters persisting to Xb = 0.20.

From the above studies the following conclusions can be drawn. Benzene rotations 

perpendicular to the ring plane should slow with the addition o f acetonitrile due to a more 

compact and ordered arrangement. For acetonitrile, clusters w ill persist, except at high 

benzene concentrations. Breaking o f clusters w ill result in a substantial increase for 

acetonitrile dielectric relaxation.

D. Solvation Dynamics in the Pure Solvents

Solvation dynamics o f pure acetonitrile and pure benzene have been studied both 

experimentally and by simulations. Acetonitrile has been given special attention and is one 

o f the most studied solvents to date. Benzene has received less attention, but has served as 

a prototype for the more recent investigations o f nonpolar solvation.

Horng e ta l. have reported experimental results for the solvation dynamics o f C l S3 in 

acetonitrile [17]. The relaxation has a large inertial component which accounts fo r- 70%
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of the SRF in ~ 90 fs. The fast 90 fs time constant is due to acetonitrile’s small moment o f 

inertia. The inertial response is followed by a 630 fs component that accounts for the 

remaining ~ 30% o f the relaxation. Several simulations have investigated acetonitrile’s 

solvation dynamics. These simulations have been effective in determining the importance 

of inertial versus diffusional relaxation, rotational versus translational motions, single 

molecule versus pair contributions, and inner shell versus outer shell contributions [18-20],

The efficiency o f acetonitrile’s inertial response has been explained in terms o f its 

high a factor [18]. The a  factor is described in section m.D. This factor is proportional to 

the dipole density, and is related to the solvent’s ability to quench fluctuations in the 

solvation energy, therefore decreasing the amount o f motion necessary to relax the solvent. 

Alternatively, the inertial effectiveness can be viewed in terms o f large negative pair 

contributions to the SRF. The negative pair contributions cancel the long time diffusional 

portion o f the single molecule contributions to the SRF. These cancellations result from the 

long-range correlations o f dipole pairs and show up for both the SRF and the longitudinal 

relaxation o f the solvent. Acetonitrile’s inertial effectiveness can therefore be thought o f in 

terms o f its high dipole density, or in terms o f its long-range order, which are o f course 

related.

Another interesting result from INM [20] and equilibrium [19] studies is the 

importance o f rotations for solvation dynamics. Rotations are seen to dominate the 

solvation spectrum and account for 76.2% o f the ultrafast relaxation even though 60% o f 

the degrees o f freedom are translational. Similarly the first shell and outer+ cross 

contributions can be evaluated. Here it is seen that the first solvent shell is responsible for
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the fast inertial relaxation, while the outer + cross contributions are negative and cancel the 

long time contribution from the first shell.

The experimental SRF for benzene has also been reported by Gardecki et a l. [21]. 

The SRF was fit to three exponentials. The first is a 234 fs response that accounts for ~

36% of the relaxation. This is followed by a ~ 2 ps response that accounts for an additional 

60%. The small remainder relaxes with a ~ 25 ps time constant. From the above fit 

information it can be seen that benzene behaves very much like polar solvents, exhibiting 

inertial and diffusional behavior.

Reynolds et a l. have investigated the nature o f solvation dynamics for nonpolar 

solvents, such as benzene [22]. O f interest is the ability o f nonpolar solvents to effectively 

solvate C l S3 despite the lack o f permanent dipoles. To this end Reynolds et a l. examined 

the interactions o f the C l S3 charge distribution with the charge distribution o f several 

nonpolar solvents. Their findings indicate that the ability o f nonpolar solvents to solvate 

C l S3 comes from the polar bonds and non-zero charge distributions o f the solvents.

Benzene for example has a calculated dipole moment o f 0.72D along the C-H bond, and a 

charge o f + 0.14e on the hydrogen. Reynolds et a l. show that the excited state solvation 

shifts are well accounted for by the interaction o f the permanent charge distribution o f the 

solvent molecules with ClS3’s charge difference. Furthermore, the shifts can be well 

approximated by placing a multipole at the center o f mass o f the solvent while maintaining 

the full atomic representation. It is therefore not surprising that benzene displays the 

normal bimodal relaxation typical o f solvation dynamics.

Also o f interest are the longitudinal dielectric relaxation studies o f Pemg and 

Ladanyi [23]. The authors report the k  dependent dielectric relaxation o f several solvents
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including both acetonitrile and benzene. For the low k values, the effects o f pair 

cancellation are seen to be strong for the polar acetonitrile solvent, in agreement with the 

above discussion. Benzene shows much less pair cancellation resulting in a smaller inertial 

component and increased diffusional relaxation. The pair cancellation for benzene is non­

zero, however, and is seen to be more effective than for the other nonpolar solvent 

examined, CO2. These results agree with the discussions in Chapter One. Here the alpha 

factor that relates the single particle relaxation to the SRF should be small, or in other 

words the quenching o f the solvent fluctuations w ill be small.

Finally, as mentioned above, we should expect rotations perpendicular to the 

benzene plane to be effective for solvation dynamics. This is due to the symmetry o f the 

solute-solvent interaction. Spinning o f the ring w ill have little  effect on the solute-solvent 

interaction compared to rotating benzene in a manner that would change the solute-H 

distance.

II Results and Analysis

A. Materials

Benzene and acetonitrile (ACS grade) were purchased from Aldrich and dried 

overnight on molecular sieves. The solvents were then filtered through 2 |im nylon filters. 

Solutions were mixed using volumetric pipets or the appropriate quantities determined by 

weight. Coumarin CS40A (C l53) was purchased from Exciton and used without further 

purification. C153 was added to solution to give an optical density o f approximately one in 

a 2mm cell. This results in optical densities o f 0.5 or less in the 1 mm flow cell. The dye
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solutions were then filtered through a 2 pm nylon filter. It was found that a freeze-pump- - 

thaw cycle increased run to run stability for high benzene concentrations.

B. Steady-State Spectra

Absorption spectra were taken using HP 8452A diode array spectrophotometer and 

Cary 2400 spectrophotometer. The spectrophotometers gave results that were 

indistinguishable and the Cary results were used for the time zero analysis. Absorption and 

fluorescence spectra are shown in figure 3.3, and tabulated in table 3.2. Fluorescence 

spectra were collected on a home built fluorescence spectrofluorometer [31] and an AVIV 

ATF105 spectrofluorometer. Results varied with the spectrofluorometer used and the 

results that were closest to those given by Maroncelli [24] were used. The spectra were fit 

to lognormals and the first moment frequencies determined.

C. Time Zero Analysis

The parameters for time zero analysis are given in table 3.1. The parameters 5 and 

a  indicate the shift and variance o f the gaussian function p(6,a) which when convoluted 

with the nonpolar absorption spectrum give the polar absorption spectrum. The time zero 

first moment fluorescence frequencies also listed in table 3.1. The time zero spectra were 

determined using the method described in detail in the Introduction.

D. Fluorescence Upconversion

Time dependent Stokes shifts were determined using the fluorescence upconversion 

technique. Instrument response functions for this set o f experiments ranged from 200 to
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250 fs. Runs were done in 17fs steps for 2.5 ps and 200 fs steps for 35 ps. The 

reconstructed time resolved spectra were fitted to lognormal functions and the first moment 

frequencies used for determining SRF’s. SRF’s were easily fitted to both three exponential 

and to stretched exponential fits, no preference was discemable.

Table 3.1 Time-zero results for benzene-acetonitrile mixtures.

X Benzene Time zero fin 
(cm*1)

5
(dm1) (dm*')

FWHM
(cm1)

1.0 21400 93 46 3074
0.95 21260 109 51 3265
0.80 21056 132 58 3327
0.50 20931 147 69 3284

Table 3.2 Steady-state spectra results benzene-acetonitrile mixtures

X benzene Fluorescence
fm

(cm*1)

Fluorescence
FWHM
(cm1)

Absorption
fm

(cm*1)

Absorption
FWHM
(cm*1)

1.0 20582 3433 24374 4278
0.95 20245 3434 24223 4397
0.80 19786 3395 24002 4498
0.50 19426 3346 23887 4682
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figure 3.3b
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Figure 3.3 Steady-state spectra for benzene-acetonitrile mixtures
a) Absorption frequencies for benzene-acetonitrile mixtures.
b) Fluorescence frequencies benzene-acetonitrile mixtures.
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m  Discussion

The SRF’s for benzene-acetonitrile mixtures are shown in figure 3.4. For 

comparison, the relaxation for pure acetonitrile is reproduced using the values given by 

Gardecki et a l. [24]. The relaxation o f pure benzene is in good agreement with literature 

values [21]. The exponential fit parameters for the SRF’s are given in table 3.3. Two 

features are noteworthy. First, the ultrafast response increases with the addition o f 

acetonitrile to benzene. Second the SRF’s for Xb -  0.9S and 0.80 cross with the SRF for 

pure benzene. The values for To, ti/e, t* ,** , and <x> are also given. The 1/e times are all 

within 5% o f the stretched exponential times, and all SRF’s are well represented by 

stretched exponentials. A perusal o f table 3.4 shows that To and Ti/e both decrease 

monotonically with acetonitrile, with a rather large decrease upon the addition o f just 5% 

acetonitrile. The average relaxation time, < t> , shows non-monotonic behavior, increasing 

with the addition o f 5% acetonitrile and then decreasing with further addition o f 

acetonitrile.

A. Steady-State Spectra and Preferential Solvation

Based on the behavior shown above, one o f the first logical questions to ask is 

whether or not preferential solvation o f C153 occurs. C1S3 is equally soluble in both 

benzene and acetonitrile, therefore there should be no bias based on solubility. However, 

C153 has a large dipole in both the ground and excited state and it would therefore not be
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C(t) for Benzene-Acetonitrite Mixtures
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Figure 3.4
C(t)’s for benzene-acetonitrile mixtures. Note semi-log scale, top panel reflects 90 percent 
o f C(t), bottom panel includes additional long time relaxation. Legend gives mole percent 
benzene.
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Table 3.3 C(t) fit parameters benzene-acetonitrile mixtures. Amplitudes (a) and time 
constants (x) for three exponential fits o f the SRF’s are given. Pure acetonitrile two 
exponential fit is from Gardecki et a l [24].

X benzene al x l (fs) a2 t2 (fs) a3 t3 (fs)
1.0 0.42 180 0.52 1748 0.06 5168

0.95 0.52 100 0.44 1969 0.04 15018
0.80 0.52 90 0.41 1614 0.07 11035
0.50 0.53 90 0.42 1443 0.05 9584
0.0 0.69 89 0.31 630

Table 3.4 Relaxation times for benzene-acetonitrile mixtures. Characteristic solvation 
times and dynamic Stokes shifts are given.

X benzene To(fs) Tt/e (fs) <T> (fs) stretched t
(6)

stretched a Av
(cm 1)

1.0000 381 1253 900 900 0.57 785
0.95000 185 1485 540 549 0.42 987
0.80000 165 1437 475 492 0.41 1236
0.50000 162 923 400 386 0.44 1467
0.0000 120 260 150 164 0.61 2010
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surprising if  C1S3 favored acetonitrile. Preferential solvation o f the C153 excited state has 

been seen both experimentally for polar-nonpolar mixtures, and also by simulation for 

binary mixtures with differing dipole strengths [25,26,27]. Preferential solvation o f the 

excited state o f C153 would result in a slow diffusional relaxation as seen in other binary 

mixtures. With the tendency for acetonitrile to cluster, and the nonpolar nature o f benzene, 

it may be possible for C l 53 to be integrated into a cluster o f acetonitrile molecules resulting 

in the dramatic decrease in solvation times.

Preferential solvation has been investigated in the literature through non-ideality o f 

the fluorescence spectra [28,29]. The steady-state absorption and fluorescence spectra of 

C l53 in benzene-acetonitrile mixtures are shown in figure 3.3. It is apparent that a rapid 

red shift occurs in both the absorption and fluorescence o f C l 53 with the addition o f a small 

amount o f acetonitrile to benzene. The fluorescence frequencies are plotted versus mole 

fraction in figure 3.5. It can be seen that strong deviation from ideality occurs in these 

mixtures, suggesting that acetonitrile may solvate C l53 preferentially. This is somewhat 

misleading though, as the fluorescence fm frequency is more correctly related to the 

stabilization o f the excited state dipole. This has been pointed out by Zarawsky and 

Scarlata [30] who shows that preferential solvation has been incorrectly predicted based on 

non-ideality o f the fluorescence spectra, and suggest the use o f the continuum reaction field 

based on the static dielectric constant. Swinney et a l. [31] have evaluated the fluorescence 

o f two proton transfer dyes in acetonitrile-benzene mixtures and determined that there is no 

preferential solvation based on the linear behavior o f the fluorescence maximum versus the
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Figure 3.S
Fluorescence frequency (cm*1) versus mole fraction benzene. Note the non-ideal behavior.
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reaction field factor,

F(e) = (e- l)/(2e+ 1). 3.1

Homg et a l. [17] find that the fluorescence shifts for C l S3 are linear with the reaction field

F(e, n) = [(6 - iy (2 e + 1)] + [(n2 -  l)/(n 2 + 2)] 3.2

of Ooshika and Me Rae [32,33] for a large number o f solvents. In equation 3.2 n is the 

refractive index o f the solvent. Figure 3.6 shows the plot the fluorescence maximum versus 

F(e). This plot has only small deviations from a straight line similar to the results of 

Swinney et a l. Figure 3.7 shows the plot o f the fluorescence maximum versus F(e, n). This 

plot deviates more dramatically than the plot versus F(e). The deviations in this plot from 

ideality follow the same trends as the excess molar volume and may be related to increased 

and decreased solvent density. Figure 3.8 shows how F(e,ii) varies as a function o f e. This 

plot shows the non-ideality ofF(e,q) with e.

Due to the nonpolar nature o f benzene the use o f continuum reaction fields may be 

suspect. In fact simulation results show that preferential solvation by acetonitrile indeed 

occurs at high benzene concentrations [35]. First moment frequencies and FWHM’s for 

absorption and emission are tabulated in table 3.2. It is worth noting that the FWHM’s 

show large increases with the addition o f acetonitrile at low mole fractions o f acetonitrile.
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Fluorescence frequency versus the continuum reaction field F(e).
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Figure 3.7
Fluorescence frequency versus the continuum reaction field F(e,n).
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The FWHM’s are smaller in the fluorescence spectra due to the influence o f the 

considerably larger dipole moment o f the excited state C l 53.

B. Ultrafast Relaxation

As discussed in the chapter 2 the instrument response function is ~ 250 fs.

Acetonitrile’s solvation frequency ii/e is ~ 90 fs, therefore the inertial relaxation is missed. 

The use o f time zero analysis allows the SRF to be correctly normalized and aids in 

predicting the effectiveness o f the inertial relaxation. The results o f the time zero analysis 

are given in table 3.1. For the Xb- 0.50 and Xb -  0.80, the inertial time constants for the 

SRF’s exponential fits were set to 90 fs. Due to the fast inertial response o f acetonitrile and 

the inadequate time resolution, the data can be fit well with time constants as low as 70 fs, 

but 90 fs was chosen based on the response o f pure acetonitrile.

Following the procedure used in the chapter 2 we examine the solvation frequency 

under the approximation o f linear response for a neutral solute, taking into account only 

solvent rotations [18]. The neglect o f translations is less appropriate for quadrupolar 

solvents, but lends insight into the solvation frequency. I f  we express the solvation velocity 

correlation function as G(t), then

C(t) = expH'/2 t2) [ (G(0)te + G (0 U  / <5AE2> ]} 3.3

= exp {-(Vi t2) (1/ <SAE2> ) (<A + <AfiM,2>)} 3 .4

From equation 3.4 we identify
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3.5

Considering ion-dipole and ion-quadrupole interactions,

EkasSpoie = 2 q fti-ri)/ 4raor3 = qp 2 4 * 8 0 * 2 3.6
i i

Ejon-Qpoie = 2 q(ri Q*r»)/ 4raoTi5 = qQ2 CQir)/ 47180*3 3.7

Etoui= qp 2 (H i)/ 47reoTi2 + qQ 2 (Q*)/ 47tEorj3 3.8
i i

where n = the center o f mass distance between the solute and solvent i, p is the dipole 

moment, Q is the quadrupole moment, the angular dependence o f p n  is given by p* = cos6, 

with 0 equal to the angle between r( and p, and Q» « (3cos30-l)/2, and e0 is the permittivity 

o f free space. For a neutral solute where <AE> = 0,

<8AE2> = <AE2>-<AE>2 = <AE2> 3.9

= <[qp2 (p»)/ Awuj? + qQ2 ((}»)/ 47iEor3]2> 3.10
i i

= (q/4iKo)!<  M1 S S (H i, mrV ( r ,V )  +  Q211 (QitQi,y(riJrJ5) + n Q II  (|ik % y (n V )  

+ Q (iIS  (Q m ,y(ri3r,J)>  3.11
1 J

The velocity correlation function includes no correlation o f velocities between unlike 

molecules, so cross terms can be ignored. This yields,
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<A fite2>  =  (q/4reo)2<  \ i2l  ( |i  ir)2/  (n4) +  Q 2S (Q « /d t)2/ t f )  >
i i

3.12

Following the method ofMaroncelli e tc d .\ 18] we replace <p ir2> and <Q «1>  with <wi2>, 

the average squared rotational frequency in a direction perpendicular to the multipole 

moment.

□.2 = [V S  <wu2> /(r4) + Q2Z <w,b2>/ (**)>] /
i i

[< n21 (M i,)2/  (r,‘ ) + Q! I  (Q»)!/ (fi6) + mQ j  I  (m» QirV (n V )
> J

+ QpSS(QirpjrV(riV)>] 3.13• j

This expression shows the contributions to the solvation frequency explicitly. That is the 

inertial rotational frequencies o f acetonitrile and benzene are weighted by the magnitude o f 

their multipole moments and their respective r dependence. This expression is then 

normalized by the magnitude o f an average fluctuation (given in the denominator). A 

continuum prediction is not available because the denominator includes terms for a 

nonpolar solvent. The inertial rotational frequency, <wi>, favors acetonitrile (<wi> = 3.14 

ps*1), compared to the rotation o f benzene perpendicular to the plane (<wt> =2.4 ps*1). 

Acetonitrile is also favored by its r dependence. This agrees with the experimental results 

that show an increased inertial response with the addition o f acetonitrile. Unfortunately, not
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knowing the magnitude o f the denominator makes it impossible to predict the magnitude of 

the solvation frequencies.

C. Diffusional Relaxation

The values for T|/« and <t> versus mole fraction are shown in figure 3.9. The values 

for <x> are more strongly influenced by the long time dynamics and display a slight 

increase with the initial addition of acetonitrile, followed by a decrease with additional 

acetonitrile. The ti/e values show a monotonic decrease as acetonitrile is added.

Unfortunately the usual dependence o f the diffusional portion o f the SRF on the 

dielectric relaxation time does not hold here due to the nonpolar nature o f benzene.

However the acetonitrile response should be well represented by the dielectric relaxation 

response for acetonitrile in benzene, given by Subramanian e ta l [15] and shown in figure 

3.2. The increase in the dielectric relaxation with Xb scales with the mixture viscosity until 

the acetonitrile clusters begin to break up at Xb = 0.80. The breaking o f the clusters results 

in a rapid increase in the dielectric relaxation, which is about twice as fast as neat 

acetonitrile at Xb -  0.95,due to decreased acetonitrile interaction. The pure benzene 

response is not present, but w ill likely become slower with acetonitrile addition due to the 

more compact structure upon mixing [5,6]. Therefore the single particle relaxation times o f 

benzene and acetonitrile w ill be slower in mixtures, with the exception o f acetonitrile at in 

mixtures over X b ~ 0.80. Examination o f figure 3.8 shows that the addition o f a small 

amount o f acetonitrile to benzene results in a large change in ti/c. This is consistent with 

acetonitrile’s first inertial response. The increases in <t> for high benzene concentrations
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Figure 3.9
Average and 1/e times for benzene-acetonitrile mixtures from table 3.2
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are consistent with the slowing o f the benzene response, and with acetonitrile translational 

diffusion (preferential solvation) [35].

Within linear response the SRF for the benzene- acetonitrile mixture is given by

C(t) = (1/ <5 AE^) {<5 AE(0)S A E O )^ + <5AE(0)6AE(t)>4Cns+ <8AE(0)8AE(t)>tap + 

<5AE(0)6AE(t)>^ + <8AE(0)5AE(t)>bz-M« + <8AE(0)8AE(t)>iaî  } 3.14

= (1/ <5AE2> ) { term b* + term a* + term bp + term ap + term x1 + term x2 } 3.15

<5AE> = AE - <AE>, AE = IA w 0j 3.16

where the s and p subscripts refer to single and pair contributions respectively, Awoj is the 

solute-solvent interaction for solvent j. From the above equations, it is apparent that the 

SRF is a sum over all solvent molecules, and therefore the time correlation functions are 

double summations. For a mixture, this results in a total o f six terms for the overall time 

correlation function, two single particle terms and the four pair functions. When the SRF is 

analyzed in this fashion the result is positive single particle terms and negative pair terms. 

The size o f the negative pair contributions, and their effectiveness in canceling the single 

particle terms reflects the degree o f solvent-solvent correlations. Analysis o f the 

acetonitrile SRF in this manner shows that the pair cancellation is very effective [19]. 

Benzene has not been analyzed in this fashion, but the quadrupolar solvent COi has [19].
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The results show that pair cancellation is very important and substantial even for this 

nonpolar solvent, but the effectiveness o f the cancellation is much smaller than for 

acetonitrile. It should be noted that the structural correlations are larger for benzene than 

for CO2 in simulations o f the longitudinal charge density relaxation.

Not knowing the values o f the terms in equation 3.14 prevents an evaluation o f the 

acetonitrile versus benzene contributions. However, the addition o f acetonitrile to benzene 

w ill likely increase the degree o f solvent correlations and therefore increase the magnitude 

of cancellation for the mixture. This is due to the longer ranged dipole interactions o f 

acetonitrile. This would be consistent with the experimental results for ti/e shown in figure 

3.8. On the other hand, the increases in <t> at low acetonitrile concentration is less 

obvious. Simulation results show this to be related to translational diffusion o f acetonitrile 

towards the solute [35], which is consistent with other experiments on polar-nonpolar 

mixtures [26],

IV  Summary and Conclusions

This chapter has presented SRF’s for benzene-acetonitrile mixtures. To our 

knowledge this is the first investigation o f the solvation dynamics o f a quadrupole-dipole 

mixture. The SRF’s show interesting behavior in that the 1/e times show a rapid decrease 

with the initial addition o f acetonitrile to benzene, while <x> increases with the addition of 

small amounts o f acetonitrile. The results have been described in terms o f the solvation 

frequency and the diffusive response.

For the inertial response the solvation frequency is o f interest. For these mixtures 

the solute-solvent interaction energies for the dipolar and quadrupolar solvents favor the 

dipolar solute. The contribution to the solvation frequency from each solvent is

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



proportional to its inertial rotational frequency, which again favors the dipolar solvent, 

acetonitrile.

The diffusive response is more complicated involving two single particle terms, and 

four pair terms. The SRF is very sensitive to the partial cancellation o f the single particle 

and pair terms, with effective cancellation resulting in faster decays o f the SRF. The 

cancellation is most effective for solvents where solvent-solvent correlations are large. The 

diffusive response is therefore a complicated combination o f terms. These terms differ in 

their r dependence, their interaction energies, the degree o f correlation between the particles 

in the double summation, and their rates o f decay. This makes analysis o f the SRF in terms 

o f individual contributions difficult. The addition o f acetonitrile to benzene involves the 

addition o f a solvent with a faster single particle relaxation and more effective pair 

cancellation. Acetonitrile may also increase the effectiveness o f the pair cancellation in the 

mixtures by introducing longer ranged solvent-solvent correlations in benzene, as well as 

acetonitrile-benzene correlations. On the other hand, the addition o f benzene to acetonitrile 

w ill result in the addition o f a slower single particle response, and a decrease in the very 

effective pair cancellation o f acetonitrile.

The solvation dynamics o f quadrupole-dipole mixtures are therefore strongly 

effected by the differences in interaction energies, and relaxation rates o f the individual 

components. At the same time the nature of the SRF is very sensitive to cancellation 

effects, which are sensitive to the nature o f the mixture. Finally the presence o f 

translational diffusion can affect the average relaxation times substantially.
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