INFORMATION TO USERS

This manuscript has been reproduced from the microfim master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bieedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the uniikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with smail overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Mi 48106-1348 USA
800-521-0800

UMI

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



DISSERTATION

SOLVATION DYNAMICS IN BINARY MIXTURES

Submitted by
Bradley M. Luther

Department of Chemistry

In partial fulfillment of the requirements
for the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado
Spring 2000

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



UMI Number: 9981352

.1

UMI

UMI Microform9981352

Copyright 2000 by Bell & Howell Information and Leaming Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Learming Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1348

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



COLORADO STATE UNIVERSITY
February 29, 2000
WE HEREBY RECOMMEND THAT THE DISSERTATION PREPARED
UNDER OUR SUPERVISION BY BRADLEY M. LUTHER ENTITLED
“SOLVATION DYNAMICS IN BINARY MIXTURES” BE ACCEPTED AS
FULLFILING IN PART REQUIREMENTS FOR THE DEGREE OF DOCTOR OF

PHILOSPHY.

Committee on Graduate Work

ol 2
D I
%M (zaé}aum ’

Department Head

il

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



ABSTRACT OF DISSERTATION

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

spectroscopy is used to determine the solvation response function of the mixtures with ~
250 femtosecond time resolution. The first mixture, dimethylsulfoxide(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
of the inertial response is seen to diminish when the solvents are mixed. The diffusional
response maximizes at 33% DMSOQO, 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 of the pure solvents, affecting both the inertial and diffusive portions of the
solvation response function. The addition of acetonitrile to benzene is seen to increase the
magnitude of the inertial response of the mixtures. At high benzene concentrations the
diffusive portion shows a slow component that is attributed to translational diffusion of the
acetonitrile.

Bradley M. Luther

Chemistry Department
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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
will lead to the formation of products. Solvation is simply the process of dissolving a
compound known as the solute into another compound known as the solvent. The
importance of this simple process is ubiquitous in chemistry, as it is the most common way
to bring reactants together. Without this important first step much of chemistry as we know
it would not exist.

One of the most important ways in which solvents affect reactions is through their
influence on the rates of reactions. Solvents can influence reaction rates in two ways. The
first is due to the effects that solvents have on the equilibrium properties of the reaction.
These include stabilization or destabilization of the products, reactants, and activated
complexes involved in the reaction, and most importantly the free energy of activation of
the reaction. The second way solvents influence reactions is due to non-equilibrium or
dynamical effects. Both of these effects are seen in the Arrhenius expression for the rate of

a reaction,

k= A exp[ -Ea/ (RT)] 11
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where k is the rate constant of 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 of the rate at which steps important for the formation of the activated
complex occur. These steps can be as simple as the rate of collisions for a simple bi-
molecular reaction or very complicated for more involved reactions.

In the case of electron transfer reactions, the pioneering work of Marcus sets the
stage [1]. Since the early work of Marcus it has been well known that fluctuations of 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+A)*1/(4M) 1.2

where A is the solvent reorganizational energy, A, is the total reorganizational energy

(solvent and reactants), and AG is the driving force of the reaction. From equation 1.2 it
can be seen that the relative sizes of AG and A; can influence the rate at which reactions
proceed. In general electron transfer reactions can be classified into three categories,
normal, activationless, and inverted. Figure 1.1 shows the relationship between the product
and reactant wells as a function of the reaction coordinate Q, which is a function of all the

nuclear coordinates of the reactants, products and the solvent. It can be
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seen here that in the case of the activationless regime there is strong coupling of 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/, exp( -E&/RT) 1.3

where 1, is the solvation time constant. Here the solvation time is a dynamical factor that
involves the time scales for the solvent motions. The relationship of this solvation time to
the molecular motions of the solvent can in turn be analyzed by the study of polar solvation

dynamics.

1§ Experimental Techniques and Analysis for Polar Solvation Dynamics

A Introduction

In the study of 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 of ways that this
can happen, for instance the creation of a charge on a previously neutral solute, a change in
the direction of a dipole on the solute, or a change in the size or order of the multipole. For
simplicity we will consider this change to be the creation of a charge on a previously neutral

solute in a dipolar solvent. Following the creation of the charge, the polar solvent
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molecules, which were randomly oriented around the neutral solvent, will try to reorient to
the new charge. This reorientation results in a lowering of the free energy of the solute.
The time scales for the equilibration of the new charge can be followed by the Solvent

Response Function (SRF),

Ce(t) = [F(t) - F(=)] / [F(0) - F(=) ] 1.4

where F(t) is the free energy of solvation at time t. The above function is normalized to the
total change in free energy the solute undergoes from the creation of the charge at time zero
to the solvent equilibration at time infinity. Ignoring solute motions, the first question we
must ask is what type of solvent motions produce the final polarized environment around
the solute, and what are their time scales? The fastest relaxations will be the solvent’s
electronic degrees of freedom, which will be virtually instantaneous. These will be
followed by nuclear distortions including vibrations and changes in the intermolecular
bonds to the first layer of solvent molecules around the solute. These distortions occur on
the femtosecond timescale. The last phase will involve the orientational motions of the
solvent molecules, which will be the major contributor to the solvent relaxation. This will
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 will be effective in bringing the
solvent dipoles into alignment with the solute’s electric field. The inertial and librational
motions will occur in the first several hundred femtoseconds, while the diffusional motions

can span from one to hundreds of picoseconds depending on the nature of the solvent. To
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see how different solvents respond and the timescales of their responses we need a way of
probing the change in free energy of the solute with time. In the following sections I will

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 of these techniques are fairly new and their
relationship to solvation dynamics is continuing to be explored [4]. One of the most direct
ways of following the SRF is to follow the time dependent fluorescence of a probe
molecule in solution. This allows us to see the changes in the free energy of the probe as a
change in frequency of 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 of 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,

G() = [u(®) —v(=)]/ [v(0) - v(=)] 1.5

where u(t) is the average or first moment frequency of 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 trivial undertaking given that the time resolution
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Time dependent Fluorescence begins with the excitation from SO to S| at time zero. The
fluorescence then undergoes a time dependent red shift as the solvent relaxes to the S1
charge distribution.
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desired is in the femtosecond range. The development of 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 of individual wavelengths, and will be discussed in length in the
Data Analysis section [I.LE. 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 of the spectral shift which is
missed is unknown, and the third being the assumption that a single polarization coordinate
can describe the interactions of the solute with the solvent. We have therefore used the
spectral reconstruction technique. At this point I will 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 of those used to provide

experimental data for the development of 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 of nanoseconds long
fluorescence, figure 1.3. The femtosecond fluorescence upconversion spectrometer is

shown in figure 1.4. This spectrometer is similar to the one
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Figure 1.4
Fluorescence Upconversion Experimental Setup.
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developed by Fleming and coworkers [6]. A Clark NJA-3 kit oscillator is pumped by all
lines of a Coherent Innova 310 Ar" CW laser at 6.5W. The oscillator is passively
modelocked producing 80 fs, S nJ pulses with a repetition rate of 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 | 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-mm 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 of the long (ns) fluorescence. The polarization of the pump and probe
beams were set to 54.7° (magic angle) to eliminate the effects of the rotational relaxation of
the probe molecule on the fluorescence transients. The upconverted light was then
collimated and residual fluorescence and pump beams removed through the use of 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 of the upconverted fluorescence is on the order of 8nm. Instrument response

1
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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 of 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, Comlinear Corporation) and then sent to a singie 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 of runs depended on the sample concentration and

wavelength of interest and varied from two to twenty runs.

D. Time Zero Analysis

Knowledge of 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 of the SRF, and therefore gave results that were to some extent misleading.
The discovery of inertial components by simulations and later experimental verification
showed that up to 70% of the relaxation can happen during the ultrafast inertial relaxation
[7.8,9). It is therefore necessary to have an idea of how much of the solvent response has
been missed. This is important in the present work due to the time resolution of our
apparatus, which misses the first 250 femtoseconds or so. In acetonitrile especially this can
result in missing a large part of the relaxation. It was therefore necessary to approximate
the time zero spectra using the method of Fee and Maroncelli [10]. The basic principle is

that different probe molecules experience different local solvation enviroments. Ifit is
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assumed that each probe has the same absorption lineshape function g(v), which is shifted
by its particular interaction with the solvent J, and that 5 has a distribution given by p(5),

then the polar absorption spectrum is given by

Ap (V) v [ g(v-5)p(8) dd 1.6

where the term in the integral is the convolution of g(v-3) with p(5). The polar fluorescence

can similarly be described by the following expression

Fp (t=0,V Vex) < (V'Vex ) [ 8(Vex-5) P(B) f(v-5) knae(5) 4B 17

Where v is the excitation frequency and the term in the integral is the convolution of the
solvent distribution transferred to the excited state g(v.x-6) p(8) with the fluorescence
intensity function f{v-3) knda(8). Here f{v-3) is the fluorescence lineshape in the same
fashion as g(v-3) above. Maroncelli ef al. showed that the radiative rate constant k() 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-3), g(v-6), and p(3). Two of the functions can approximated from the nonpolar

absorption spectra Aqy(L) and the nonpolar fluorescence spectra Fop(L)

8(L) x v Agg(V) 18

f{v) « L™ Fop(V) 1.9

13
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where the v* terms in the above equations are necessary to make g(v) and f{v) directly
proportional to the Einstein B coefficients. The use of 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 of molecules where polar
interactions dominate. The last function p(d) is approximated as a gaussian by the

following,
p(5) = (2n0?)'? exp( «(5-80)’/267] 1.10

where &, is the average shift induced by the solvent and o is the variance of the distribution.

The full width at half maximum is related to ¢ by the following,
FWHM = (8In2)%o. L1t
The next step is to determine p(3). This is done by fitting the polar absorption

spectrum to the convolution of g(8) and p(5) while varying the values of 8, and & to give

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

A )= I plE)g(o - 8) 112

4
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Where the summation over 8 goes from - to +. 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 of the summand
sequence indexed by 5. Summing the values of this sequence with respect to J yields Ap (v),
the polar absorption spectra. After determining the values of 8o and o which give the best
fit for the convolution of g(v-3)p(5) to the polar absorption spectrum, the g(v.«-5) array is
created by flipping g(v) and shifting the v axis by vex. This array is then multiplied by the
p(3) array to give g(vex-8)p(5). No convolution is implied in the notation of g(vex -5)p(5).
The discrete time convolution of g(v.x-8)p(6) with f{v-8) 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 2.5 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 of 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 of the
longest time run is normalized to the value of 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 will be equivalent to the static fluorescence spectrum.

Individual fluorescence spectra are fit to lognormal functions of the type,

F= h[exp {-.6931472 [In ( 1+(2y{v-vo}/w) ) /Y }* }] 1.13

where h is the height, y is the skew, vy is the frequency maximum, and @ is the width

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

the following,
Vi = U - (0/2Y)[exp { 3(4*) / [4(0.693)]} -1 ] 1.14
I' = sinh(y)/v] 1.15

where vgy, is the first moment frequency, and I is the FWHM . The first moment
frequencies give a more reliable measure of the changes in the u(t) and have been used in

all the results given in the following chapters.
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Figure 1.5

Short, medium and long runs for Xp = 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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Time resolved spectra for X =0,75 DMSO-water mixture generated using fluorescence decays such as in figure 1.4
Time zero curve is approximated using the method described in text. Times are given in ps..
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After the fm frequencies v(t) have been determined for each time the SRF can be
determined using equation 1.5. Time zero analysis gives v(0) and v(c) is determined by the

steady-state fluorescence.

F. Choice of Fluorescence Probe

At this point it is important to note the relationship and possible problems of
equating Ci(t) and C,(t). There are two major factors that can cause C,(t) to differ from
Ce(t). The first is that C,(t) is sensitive to vibrational relaxation of the probe molecule. For
C.(t) to accurately reflect Ci(t) the amount of vibrational relaxation must be small
compared to the polar solvent relaxation. Change in the electronic structure of the probe
with relaxation can also cause C,(t) to differ from Cg(t). The probe Coumarin 153 (C153,
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 of 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 of
approximately 8D [12]. C153 has also been shown to have relatively small specific
interactions with most solvents. These factors make C153 an ideal probe for solvation
dynamics. Although C,(t) and Cx(t) will not be identical differences should be small

allowing direct comparisons to be made.
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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 of the solvent-solute and solvent—solvent interactions. The first level of theoretical
approximation ignores this molecularity. The solvent is described as a structureless
continuum, which is completely described by its frequency dependent dielectric response
function, (). The dielectric response function describes how the polarization of the
solvent P (C/m?) responds to an electric field E. In the case of a static electric field a

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

[e- 1] E = (4n/eo) P 1.16

where € is the static dielectric constant and €, is the vacuum permittivity. If the electric

field is varied at a frequency o then the relationship becomes

(e(@) - 1] E(w) = (4r/eo) P (@) 117

Where the static field and polarization have been replaced with their frequency dependent
versions. For frequencies less than a few megahertz e(@) ~ € as the molecular dipoles are
capable of keeping up (reorienting) with the changing electric field. As the frequency

increases into the gigahertz range, £() 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 of following the electric field and the optical refractive index, n? is reached.

The frequency dependent dielectric response therefore measures the ability of the
solvent to react to a changing electric field and should be very useful in determining the rate
of solvent relaxation. There are several approximate functional forms for e(w). The Debye

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

Debye e(®) = (o) + [(e - &(x)) / (1+ inTD)] 1.18

Cole - Davidson e(0) = €(®) + [(€ - &(x)) / (1+ iot)?] 1.19

It is seen from the above equations that () can be approximated as a function of e(x), €,
and the appropriate dielectric relaxation time tpor 1o, The Cole-Davidson function includes
an extra parameter { that has the effect of scaling the relaxation times. It is important to
note that the forms given above are typically used only into the gigahertz range.

If we use the simplest Debye form for e(w) then the SRF can be given as

Cr(t) = exp(-t/ L) 1.20
tLioN = [e( )/ €]tp 1.21
L prore = [(2e() + n?) / (28 + n¥)Jwp 1.22

where 1. is the longitudinal relaxation time, n is the optical refractive index, often assumed
to be 1. Since [e(x )/ €] is less than one, T is faster than the Debye dielectric relaxation
time tp. van der Zwan and Hynes derive the above equations in detail in [15]. In short it
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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 = (2weoa’){(e- 1)/ (2e- 1)} 1.23

a simple function of the solute radius a, solute dipole moment i, and solvent dielectric
constant €. In this equation €, is the permittivity of free space. In the non-equilibrium case
the frequency dependent reaction field is shown to be a function of e(w). Solving for R(w)
using the Debye formalism for e(w) then leads to equation 1.20 with R(t) being the
transform of R(@). Although the SCM is very basic it serves as a simple standard for
comparison to experimental results. As can be seen from the form of equation 1.20 the
SCM predicts a single relaxation time in the case of a single Debye solvent. It should be
noted that more complex SRF’s can be obtained when multiple Debye or Cole-Davidson
functional forms of e(w) is used.

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

Early experiments found typical average relaxation times given by

<>=[CA)dT = £ o 1.24

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

constants t; from multi-exponential fits of C,(t), ranging from one to hundreds of
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picoseconds. Maroncelli points out that for solvents ranging in static dielectric constants
from 5 to 300, 67% of the 21 solvents studied have <t>’s within a factor of two of the
predicted continuum theory values [16]. This is certainly a good sign that use of e(w) 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 of 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 €(®,k=0) limit, where g(®,k)
is the wave vector dependent dielectric response function. In the long range, k=0 limit, the
solute probes large distances compared to the solvent intermolecular distances. This allows
small motions of the individual molecules to give fast relaxations on the time scale of t.. In
the short range, high k limit, near the solute, the solvent molecules are relaxing at a rate that
is closer to the single molecule reorientation rate tp. Therefore the predictions of the SCM
are expected to be too fast based on its neglect of the k dependence of e(®), as pointed out
in several theoretical investigations that resulted [18,19,20]. These results lead to a wide
range of attempts to try to mend the SCM. Efforts were made to account for e(w, k) by the
use of 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 of (@) to be used [14,65]. These
models address the fact that dielectric relaxation is often not Debye-like. These changes

were capable of producing non-exponential decays, which gave siower relaxations than the
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SCM. Unfortunately they were fairly obscure in their predictive capabilities due to the lack
of “real” or molecular parameters. Of the models above perhaps Castner’s et al. [14] or
Fried et al. [65] are most intriguing in its simple replacement of the Debye e(@) with the
Davidson-Cole e(®), 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 molecularity of the solvent in a more direct way.

B. Molecular models

One of the simplest models to incorporate molecularity into the solvent was the
dynamical Mean Spherical Approximation (MSA) 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 of determining the solvation energy of an ion
[23]. The molecularity of the MSA model comes from using dipolar hard spheres for the
solvent molecules as well as using a charged hard sphere solute. The radii of the spheres
are chosen to match the molecular radii of the real solvent and solute molecules. MSA

results give the solvation energy of an ion with unit charge as

R@)={1/@{r.+ A1 -{1/ea)]) 1.25

where r. is the solute radius, A(a) is a correction factor, and g(a) is the dielectric constant.
In the above equation, a is a function of the solvent’s density, dielectric constant, and

radius. The effective radius, r. + A(a), includes the correction factor, which is a function of
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the solvent radius and dielectric constant. The correction factor takes into account the
incomplete screening of the ion’s interaction with the nearest layer of solvent molecules. It
should be noted that this is the MSA equivalent of the continuum reaction field described
above. Wolynes, in a manner analogous to the development of the simple continuum
model, replaced the static dielectric constant with the frequency dependent dielectric
response £(@) to obtain the frequency dependent reaction field R(w). The transform of
R(w) to R(t) then gives the dMSA SRF. Rips ef al. [25] extended this work to dipolar
solutes. Maroncelli and Fleming [24] analyzed the predictions of dMSA using the
formalism of Rips et al. [25], and compared the results to their experimental data. This

involves calculating the dMSA SRF

S(t) = [E(t) - E(«)]/ [E(0) - E()] 1.26

which was determined via its Laplace transform

S(p) = [x(p) - 2(0)]/ plx(eo) - 2(0)] 1.27
1vP)=[1-1e(p)]/2R[1+A(p) ] 1.28
A(p) = {3r/R) [ 108" g(p)'® -2 ] 1.29

The complex admittance x(p) is a function of the dielectric response &(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 of the solvent.
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Several interesting results were found for the IMSA SRF’s. First unlike SCM,
dMSA SRF’s are highly non-exponential even though single Debye dielectric functions
e(w) are used. A distribution of relaxation times prevail ranging from tp to 1. 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 iarge ratios giving relaxations closer to t.. It is clear that at the
relatively low level in which dMSA incorporates molecularity, it reproduces some of the
essential features of experimental SRF’s, such as multipie relaxation times, and SRF’s
bounded by t. and tp. Qualitative agreement with the Onsager picture of 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]. [n this
work Calef and Wolynes developed the Smoluchowski-Vlasov theory of charge solvation.
The Smoluchowski-Vlasov equation relates the diffusive aspects of the solvent relaxation to
the time dependent relaxation (5p(r,€2)/5t) of a deviation of the charge distribution from its
equilibrium value: p(r,Q) - peg(r,Q2). The non-equilibrium polarization can then be written
as a function of 3p(r,Q2), and the solvation energy determined. The time dependent charge
distribution can be expressed as a function of the translational and rotational diffusion
coefficients. This requires needs the ion-dipole, and dipole-dipole correlation functions,
which were approximated by Calef and Wolynes. The dipole-dipole coorelation 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 tp and 1. Chandra and Bagchi took Calef and Wolynes development
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further by including translational diffusion [27]. Inclusion of translational solvent modes
increases the rate of relaxation by providing new relaxation channels, especially at high k.
Raineri et al. showed that several similar developments along these lines could be

represented by

R(0) = (Q¥/ine) [dk {euk,®)” - e()"}{sin(ka)/(ka)}* 1.30

Where R(w) is the frequency dependent free energy response of a harmonically varying
charge Q in a spherical solute of radius a [28]. As usual, R(t) can be obtained by transform
of R(w). 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,
eL(k,0)”, contains all the dynamical information about the solvent. This term is a function
of the rotational and translational diffusion constants of the pure solvent (related to p(r,Q2)),
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 of the solvent response function [16]. The solute-
solvent size ratio affects the amplitudes of the k dependent relaxations. When the solute is
large compared to the solvent only low k relaxations have appreciable amplitude. In the
limit of 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 of the k dependent
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relaxation times ;. are also calculated and it is seen that as k increases to intermolecular
distance 1. decreases. This is again in agrecment with Onsager’s prediction. The SRF can
thus be seen to depend on 1) the k dependence of t;. and 2) the weighting of these relaxation
times based on the solute to solvent size ratio. It should be mentioned that Chandra and
Bagchi showed that the effect of translational motion, also known as polarization diffusion,
is to speed up .. They showed that in some cases transiational diffusion can actually

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

translations could be gauged by the factor

p =Dt/ (2Drc?) 1.31

which is the ratio of the translational diffusion to rotational diffusion divided by two times
the solvent diameter squared. The usefulness of 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 of improving upon the
solvent-solute pair correlations. Here the work of Raineri and Friedman significantly
improves the molecular nature of solvent and solute through the use of 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 of 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

of 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 of solvation
dynamics. Ultimately we want to be able to determine what types of motions are
responsible for the relaxation of 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 of
solute parameters such as size and charge distribution. For the solvent, information on the
number of solvent molecules participating will also be of interest. Several simulation
methods can be used to obtain SRF’s. 1 will describe three of these techniques, non-
equilibrium (NE) simulations, equilibrium linear response (LR) simulations, and the short
time instantaneous normal mode (INM) analysis.

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

Here the solute is surrounded by a number of solvent molecules, usually ~200 to ~500
solvent molecules suffice. The molecules are represented by differing levels of
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 = [FAE(t)> - <AE(w)> ]/ [ <AE(0)> - <AE(w)> ] 1.32

where <AE(x)> is the final equilibrium value of <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. If the solvent
model does a poor job of reproducing dynamic functions, such as the dielectric response,
greater disagreement with experiment will be expected [12].

A second method, which is easier in terms of computer time, but in some cases less
accurate, is the equilibrium linear response method. Linear response is the application of
Kubo’s method [34], and assumes that the response of the system to a non-equilibrium
solvation energy is linear in the charge of the solute. This means that the response of the
solvent is assumed to be twice as large, but the same in time, when the size of the solute
charge is doubled. This approximation is valid in the case of small charge jumps, and
becomes less reliable with the increasing size of the charge jump. The key to LR is the
connection of the SRF to the time correlation function of 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 of these naturally
occurring fluctuations is the same as the relaxation of 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)= (7o’ + AEmven)B(t) = (AE)O() 1.33

where H'(t) is the perturbation to the ground state Hamiltonian, ko' is the gas phase optical
transition energy, AE,vam is the solvent-solute interaction energy, and 6(t) is a step function
{35]. The evolution of the system after the charge jump is then, to first order
approximation, defined in terms of the solvent time correlation function in the absence of
the perturbation. For example if the solute underwent a change in dipole moment, Ay, then

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

< AE(t)>' = [0(t')Aud(t-t') dt’ 1.34

O(t-t') = I/KT<AE(0)AE(t)) > ° 1.35

6(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 of the non-perturbed system’s

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

C(t)Lr = <SAE(0) SAE(t)>/ <(SAE)>> 1.36

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

<AE>, and <8AE(0) SAE(t)> is the solvation time correlation function [24]. It should be

3

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



noted that <SAE(0)SAE(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 of the
solute (i.e. it has a larger force constant). Carter and Hynes [35] show that the use of the
<SAE(0)SAE(t)> in equilibrium with the excited solute leads to more reliable SRF’s at long
times. At short times the ground state <SAE(O)SAE(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 of the fluctuations of AE, 4) the SRF is calculated according to eqn. 1.36.
Another important development is defining the SRF in terms of the solvent velocity

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

C(t) = 1- <(BAE)>-1 [ (t-t) G(t) dt 1.37

G(t) = <AE(0) AE(t)> 1.38

where AE(t) denotes the time derivative of AE. This representation has the advantage that
AE can be separated into its rotational and translational components, subsequently allowing
G(t) to be separated into rotational and translational components.

The last method of interest is the Instantaneous Normal Mode analysis (INM)
[36,37,38,40]. INM considers the solvent as a collection of coupled harmonic oscillators

for times that are short, ~100 to 500fs,. The goal is to determine the solvent modes and

32

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



their frequencies. This allows the determination of the frequencies and types of 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, R,
and time t, R, should be close to each other, where t time and R is position. This allows the

potential energy of the system to be expanded in powers of R — Ro

VR) = V(Ro) +T V'(Ro-R) +'2 Z'(Ro-Re) V'(Ro-R) + ... 1.39

where V' and V"’ are the first and second derivatives of 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 of the normal modes can also be determined (i.e. the eigenvalues). Since the
potential energy of the liquid can be expressed as a set of uncoupled harmonic oscillators
the time dependent positions and velocities can be expressed as functions of the time zero
positions and velocities, and the time correlation functions can be solved. The effectiveness
of various modes can be determined by their ability to alter the solute-solvent interaction
energy. For a particular mode a with INM coordinate qq, an efficiency rating can be

determined

ca = (SAE)/ (8qa) - 1.40
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The square of the efficiency rating can then be used to weight the modes and a solvation

spectrum pyoi{(®) results. At short times the SRF can be approximated in terms of pyoi(@)

as
C(t) = exp(- 2 Osoiv’ 1) 1.41
Osoiv’ = [ kaT / <(BAE)*>] [ pro(®0)dm. 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 pyoi{®)

G(t) =ksT | proif®@) cos ot do 1.43

Application of these INM techniques leads to SRF’s that are good for several hundred
femtoseconds. The use of velocity autocorrelation functions gives this method the ability to
separate translational and rotational components. It also allows the examination of the

importance of solvation shells.

D. Simulation Results

The use of simulations has resulted in some fairly drastic improvements in the
understanding of solvation dynamics. These range from the discovery of the inertial portion
of 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.
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As mentioned above the inertial portion of the solvent response function was
initially missed in experiments due to the low time resolution of the experiments.
Simulations led to the discovery of this important solvent relaxation {7]. Early simulations
on water and acetonitrile predicted that up to 70% of the relaxation actually occurred by this
mechanism [7,40]. The large inertial response in these solvents is due to their small
moments of inertia (see below). The nature of the inertial response was explored via
simulation. Initial studies were done by of Maroncelli [40] and Perera and Berkowitz [41].
Maroncelli showed that freezing all but one solvent molecule could reproduce the inertial
portion of the LR calculated SRF, while Perera and Berkowitz showed that turning off the
solvent-solvent interactions had the same result. These studies revealed the free streaming
nature of the inertial response. Essentially the molecules are moving as if they were free
molecules independent of the other molecules. Simulations also revealed the gaussian
nature of this inertial decay. In the INM treatment (as well as others) the SRF can be

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

C(t) = 1-(kaT/<BAE)*>X 4 Go + 1124 t* G2 + ...) 1.44
where Gy is a pairwise sum over solute-solvent interactions. Here each solvent contributes
to Gy independent of the other solvent molecules, revealing the independent nature of the

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

in the series and can be represented as

C(t)inmria = exp( - Y2 0,21 1.45
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0.2 = Go/<(SAE)>> = (4npy’ / 3l ) fle,n) 1.46

where o, is the solvation frequency, p is the number density, s the dipole moment, Ly is
the effective moment of inertia, and f{g,n) is a dielectric factor close to unity. The
approximation is for the case of an ion solute in a dipolar solvent [42] and is included to
show the importance of the dipole density and the moment of inertia.

Simulations have also elucidated the relative importance of rotations and
translations. This was first accomplished in INM by separating the solvation spectrum pyo1v
into its rotational and translational components. This comes from the relationship between
Puotv and G(t) given above in equation 1.43 [36]. For other simulations separation of G(t)
into its components is done according to the method of Steele [43]. Results for separation
of G(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, psov is dominated by rotational modes even when the density of
states favors translational modes. This is basically due to the symmetry of the interactions.
For dipoles, rotation is an effective relaxation mechanism. On the other hand, translation of
the positive and negative poles by a small amount cancels. Therefore for interactions of
dipoles and quadrupoles, which have multipolar interaction patterns, rotations should
dominate the relaxation.

The dominance of rotations has been used by Maroncelli ef al. [42] to approximate
the SRF in terms of the single molecule dipole autocorrelation function. This treatment
leads to an interesting insight into the importance of the static effects of 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
Cu(t) = <p-u(t) >/ 1.47
Cit)= {C.®)}* 1.48

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

defines this factor as [{42,45]

a = { <(BAE)*>>,/ <(BAE)*> } = (4npyu®/ 3ksT ) e,n) 1.49

where <(SAE)>, is the single molecule value of <(SAE)*>, p is the solvent density, p is the
dipole moment, f{g,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 of angular motion
needed to relax a typical solvation fluctuation. As the dipole density increases the amount
of motion necessary to relax the fluctuation decreases. This reflects the nature of the static
correlations of the solvent. Highly polar solvents will have large correlations between
individual solvent molecules that will counteract their reorientation to the solute. In the
absence of solvent-solvent interactions, the solvent molecule will go through large angular
displacements to stabilize the solute. On the other hand if the solvent-solvent correlations
are strong, reorientation to the solute will be less favorable due to the breaking of the

solvent-solvent interactions. Therefore for solvents with high dipole densities, the net
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displacements will be smaller, or in other words small angular motions will 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 of 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 of the
solvation and the importance of the first solvation shell. When AE is expressed as a
pairwise-additive sum of solute-solvent interactions, the collectivity of the response can be
gauged by looking at the interactions of the solute with single solvent molecules compared
with the solute’s interaction with a pair of solvent molecules. This leads to C(t) = Cu(t) +
Cwp(t), where ss represents single solvent interactions and sp solvent pair interactions. For
polar molecules the cancellation of the negative Cy(t) with the positive Cy(t) causes the
relaxation of C(t) to be rapid. The degree of cancellation is a sign of the collectivity of the
response and is largest for strongly polar solvents. The cancellation of Cu(t) and Cy(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 of 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 of 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 of the first shell dynamics, on the other hand,
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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 of the first peak in the radial distribution function of the solvent. The main
finding here is that the initial librational like part of 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 of solute size and charge distribution (moment). Increasing the size of the
solvent is generally shown to increase the rate of solvation. This is in agreement with other
models described above. The order of the perturbation to the solute charge distribution has
two effects. The first is a decrease in the effective range of solvation. The second is the
increase in the importance of translational modes. Modeling on the probe used in these
studies, C153, 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
of 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®)= [ dr P(r,t) D(r,t). 1.50
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In the above continuum solvents we considered the creation of 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 will also be contributions from the transverse field, but even here the longitudinal
response will be more closely related to the SRF [16]. In general the longitudinal dielectric
relaxation in the absence of 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 g™ can be expressed as follows [68):

g" =[&/ (2e+1)* ] [ p(ug’)*/ keTeo ] 1.51

g'=1 +3<1 cosf); > 1.52

where ¢ is the static dielectric, constant p is the number density, p is the dipole moment, g*
is the Kirkwood g factor, 0;is the dot product of the polar angles of molecules 1 and j with
the external frame, and €, is the permittivity of 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 l/? [68]. If we consider a tagged dipole, y, ,and look at other dipoles a large distance, r
,away, we will see that dipoles along the axis of u; will be more likely to be found aligned

with p;. If we look perpendicular to u; we will find dipoles aligned anti-parallel to u, with
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a probability that is half that along the parallel axis. This long-range effect is dependent on
¢ and will large for large €.
To see how long range interactions effect the longitudinal and transverse dielectric

relaxations, we consider the wave vector dependent dipole density

M(k) = 2’ wiexplik-n;] 1.53

First consider k to be along the z-axis, and we are interested in a tagged dipole u;. If we
look at the pair interactions of u; with a spherical shell of dipoles at a distance r away, then
the sum of the interactions over the shell will be zero. As mentioned above dipoles that are
along the p, axis will tend to be in alignment with y, while those along the axes
perpendicular to the i, axis will tend to be anti-parallel. When considering the dipole
density, we will be interested in M(k), which will include the k dependent exponential
factor. This factor will oscillate along the z-axis, causing contributions from different shells
along the z-axis to cancel. Figure 1.7a shows that when y, is aligned with k along the z-
axis, the oscillation of 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.

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

42



u(kt) = (1/ <I M(k,0)| *>) (< My(k,0) Mi(-k t)> 1.54

Since M (k t) is small due to the effectiveness of cancellation from anti-parallel dipoles
(negative pair terms), small changes in dipole orientations have a large impact. In other
words, M.(k.t) is easier to change than the single molecule dipole vector. The more
effective the pair cancellation the faster the response will be. For a dipolar solvent the well

known relation

1. = tp [e(0)e] 1.55

reminds us that the long-range pair correlations are proportional to €. It is important to
remember, as pointed out by Kivelson and Friedman [67], that 1. and tp originate from the
same molecular dynamics, and that t; and tp 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 of the SRF. We will

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 of the
experiments pursued benzene was used as a co-solvent. It is therefore necessary to discuss
the implications of nonpolar solvation. The big difference here is the lack of a
permanent dipole moment. Therefore theories that include the dipole moment of the
solvent are not useful here. In these cases the higher order multipoles will become
important. The ability of nonpolar solvents to relax C153 has been observed experimentally
[46]. In the case of 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-like bi-phasic responses
and fairly large time dependent fluorescence shifts are produced in nonpolar solvents was
shown by Gardecki ef al. [46]. Later simulation investigations into the nature of nonpolar
solvent response by Reynolds ef al. [47] confirmed the importance of 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 of the
quadrupolar solvent CO;[44,38]. These simulations were quite complete showing the
relaxation method is similar to polar relaxation, having an inertial and diffusive component.
The dominance of rotations is still observed, but to a lesser degree. The collectivity of the
response, as determined by cancellation of the Cy(t) with C,(t), is smaller and the response
is closer to single particle relaxation than in polar solvents. The contribution of the first
solvent shell is proportionally higher than in polar solvents, which is not surprising due to

the shorter-range nature of 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 of

binary solvent mixtures to customize solvent properties is common in many chemical
reactions and in chromatography. Upon mixing we can expect the addition of new solvent-
solvent and solute-solvent interactions to complicate matters. Often times this is exactly
what is desired, that is the creation of new soivent 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 of
the pure solvents, customizing the rates of solvent relaxations.

The mixing of two solvents can lead to an array of effects that may or may not be
related to the mole fractions of the individual solvents. When some property = of the

binary system can be described as

Z=x1 (E)+(1-x)=2), 1.56

where x; is the mole fraction of species one, and E; is the value of = for the pure solvent i, it
is said to be a linear property of the system. Properties that may or may not be linear
include density, dielectric constant, solute dipole stabilization, solute solubility, and
viscosity. The dynamic properties of the binary system will certainly be more complicated
than in either of the pure solvents. For example, there will be a combination of time
constants for diffusion and reorientation that will vary from the values of 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 of the
solvents with solute can also be described as linear or nonlinear.

Deviation of steady-state fluorescence from linearity is often used as a sign of
preferential solvation (PS) [49,51]. A dye molecule is said to be preferentially solvated by
solvent 1 if the ratio of solvent 1 to solvent 2 molecules in the first solvent shell is larger
than the bulk ratio. PS is a complicated function of solute-soivent and solvent-solvent
interactions. One way that PS can occur is when one of 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 of 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 of PS and its effects is therefore
desirable. This has lead to the investigation of the effects of preferential solvation on
chemical reactions [S2], and research into spectroscopic determination of PS.

Spectroscopic determination of PS can be determined from the deviation of the fluorescence
maximum from predictions based on the interaction energy of 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 limit the change in the solute’s

dipole energy is given by
AE= 2% a’R 1.57
R=[(e-1)M(et+l)] 1.58
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where a is the solute radius. It should be noted that the bulk € itself is not necessarily a
linear function of the system, and that the reaction field is highly nonlinear with € (figure
1.8). Neglect of & effects has led to the incorrect determination of PS in the literature [53].
Any case in which PS is determined without knowledge of how € 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 of 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 of
these works show that there can be a long time response of the system related to the slow
translational diffusion (dielectric enrichment) of 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 of 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 of PS.
Cichos e? al. 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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Continuum Reaction Field F(s) vs static dielectric constant

1

0.8

0.6

F(e)

0.4

0.2

Figure 1.8

'T"ﬁ""""""'

i1 T yryrrrrrrreTrrry ryyereyrtyYyyYy ey

PSSR U [N S U G U [ U ST U WU VNN SH S SR W N S | ST

F(e)

b |
-
s aadlsa sl s T AT

-

o

10 20 30 40

(7]
o
[}
o

Continuum Reaction Field for dipolar solvent as a function of the static dielectric constant.
See text for further details.

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

48



studies on methanol-water mixtures the effects of 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 of the solute. A slow response was also observed as the reformation
of 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 of 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 of the solvents were very
similar but the relaxation times differ by an order of magnitude [58]. This system was
proposed as a system that could be used to differentiate between static and dynamic effects

of solvation on electron transfer reaction.

V.  Goals

In the following chapters, we will 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 of
inertia will, of 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, resuiting in long time transiational 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 large deviations
from ideality for many properties such as dielectric response, viscosity, free energy of
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 of stoichiometric complexes, which may affect solvent relaxation,
are also of interest. Many of the mixture’s properties peak at the 33% DMSO concentration
and are bi-valued. This will allow us to examine the effects of properties with the same
value but differing mole fractions. Finally it is a well-studied system both experimentally
and by simulation allowing analysis of the results in light of 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 of inertia, whereas benzene is a nonpolar slower solvent. This
is the first report of a quadrupolar-polar mixture and the combination of 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 of their respective classes of 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, of 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
of 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 of the organic universal solvents. DMSO is, like water, a
highly pola