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Solute–solute spatial distribution in strongly hydrogen bonding solvents is investigated using
photoinduced electron transfer dynamics between rhodamine 3B~R3B! and N,N-dimethylaniline
~DMA ! in a series of monoalcohols, polyalcohols, and alcohol mixtures. Fluorescence
up-conversion data are presented on electron transfer in ethylene glycol and are compared to data
characterizing electron transfer in seven other solvents. The data are analyzed with a detailed
statistical mechanical theory that includes a distance-dependent Marcus rate constant, diffusion with
the hydrodynamic effect, and solute–solute radial distribution functions. When the standard
assumption is made that for low concentration solutes the solute–solute spatial distribution follows
that of the solvent’s radial distribution function, a single parameter fit to the electronic coupling
matrix element results in the same value, independent of solvent, for data from five solvents.
However, it is impossible to fit the data from the solvent ethylene glycol using the model based on
the solvent radial distribution function. When the assumption that the solute–solute spatial
distribution tracks the single molecule solvent radial distribution function is relaxed by using a large
‘‘effective’’ solvent diameter to establish the donor–acceptor distance distribution and
hydrodynamic effect, excellent fits to the electron transfer data are obtained. The fits give the same
parameters for ethylene glycol and two other solvents with high OH/C ratios as the five ‘‘normal’’
solvents. The results suggest that the solute–solute~donor–acceptor! spatial distributions in the high
OH/C ratio solvents are determined by multiple hydrogen bond solvent ‘‘aggregates’’ that inhibit
solute molecules from distributing freely among solvent molecules. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1349705#
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I. INTRODUCTION

Intermolecular electron transfer in liquid solution offe
a unique method for probing local environments on the d
tance scale of angstroms. Distance distributions of molec
on these distance scales have traditionally been calculate
measured with neutron or x-ray scattering.1 However, these
experimental techniques are not sensitive to relatively
concentration solutes, so it is difficult to determine distrib
tions involving solutes in solution. In addition, it is difficu
to find calculations of solute–solute or solute–solvent dis
bution functions that involve molecules that are not ha
spheres. Methods are available for these types of meas
ments on a larger distance scale. For example, electr
excitation transport~EET! is frequently used to probe th
structure of local environments.2–4 EET can be very usefu
for probing sizes of micelles or isolated polymer chains3,4

However, EET generally occurs over longer distances t
electron transfer. The rate of singlet state EET falls off
1/r 6, wherer is the separation between chromophores. In
molecular donor–acceptor electron transfer, on the o
hand, is much shorter ranged. The rate of electron tran
falls off approximately exponentially with distance on a
angstrom distance scale.5,6 Because electron transfer is muc
a!Author to whom correspondence should be addressed. Electronic ma
fayer@fayerlab.stanford.edu
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shorter range than excitation transport, it can be used
probe local structure on the distance scale of individual m
ecules.

Because electron transfer occurs on such a short dist
scale, it is very sensitive to the short-range spatial distri
tion of acceptors about a donor. In addition, electron trans
is highly sensitive to properties of the donor/acceptor m
ecule~s! and characteristics of the local environment.7–14 In-
termolecular electron transfer in liquids also depends on
distribution of donor–acceptor distances, the rate of mole
lar diffusion, and donor–acceptor orbital overlap.15–19 In in-
homogeneous media, the dynamics of electron transfer
influenced by the dielectric properties of the various regio
of the system and the topology of the system.10,11,13,14,20Mar-
cus has described the distance-dependent rate of ele
transfer.7,8,21,22 The rate depends on the distanc
dependences of electronic interaction, the reorganization
ergy, and the free energy change associated with transfe

If all quantities contributing to the rate constant a
specified, then the observables in a photoinduced don
acceptor electron transfer experiment in liquid solution
determined by the radial distribution function of the acce
tors ~moderate concentration! about a donor~very low con-
centration! and by the details of the donor–acceptor diff
sion. In normal liquids, the donor–acceptor~solute–solute!

distance distribution is expected to track the solvent radial
distribution function,g(r ).23 Solute molecules can take up
il:

2 © 2001 American Institute of Physics
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positions that would otherwise be occupied by solvent m
ecules. If the solute concentration is not too high, then
solvent determines the overall radial distribution functio
and the solutes mimic it. The molecular nature of the solv
also influences the diffusion of donor and acceptor molecu
at short distances. For small solute–solute separations, i
vening solvent molecules hinder the rate of relative dif
sion. This effect, called the hydrodynamic effect, can be
cluded in analysis of electron transfer observables19 using a
distance-dependent diffusion constant,D(r ).24–26In theoret-
ical calculations of time-dependent photoinduced elect
transfer experiments, both the donor–acceptor radial di
bution function and the hydrodynamic effect combine to p
vide information on the influence of the solvent on t
solute–solute spatial distribution. If the fundamental elect
transfer parameters are known for a particular don
acceptor pair, electron transfer can be used as a tool to
derstand the local solvent environment on the distance s
of angstroms.

In this study, time-dependent photoinduced elect
transfer between donor and acceptor molecules in liquid
vents is used as a probe of the solute–solute~donor–
acceptor! spatial distribution function. Electron transfer e
periments between rhodamine 3B~photoexcited hole donor!
and N,N-dimethylaniline~hole acceptor! in ethylene glycol
are described, and the data and theoretical analysis are
pared to previously reported electron transfer studies on
same donor/acceptor molecules in a series of se
solvents.27 Recent statistical mechanics theoretical devel
ments have made it possible to include all of the sali
physical features of electron transfer in liquids in the cal
lation of experimental observables.18,19 The data are ana
lyzed using the distance-dependent Marcus rate constant
fusion with the hydrodynamic effect, and donor–accep
~solute–solute! radial distribution functions. When the stan
dard assumption is made that for low concentration solu
the solute–solute radial distribution follows that of th
solvent,23 a single parameter fit to the electronic coupli
matrix element results in the same value, independent of
vent, for data from five of eight solvents. However, it
impossible to fit the data from ethylene glycol using t
model based on solvent radial distribution function. Whe
solvent radial distribution function and the solvent size in
hydrodynamic effect are fixed at the size consistent with

TABLE I. Measured experimental parameters.

Solvent t ~ns! eop est ss ~Å!

Acetonitrile 1.45 1.7999 35.9a 3.62
Ethanol 2.07 1.8523 24.5 4.14
Propylene glycol 2.80 2.0472 29.2 4.72
58/42 propylene glycol/2-butanol 2.66 2.0073 22.3 4.8b

23/77 glycerol/2-butanol 2.60 2.0025 19.3 4.90b

41/59 glycerol/ethanol 2.34 2.0070 31.9 4.50b

50/50 ethylene glycol/ethanol 2.21 1.9631 32.8 4.2b

Ethylene glycol 2.38 2.0452 41.5 4.34

aLiterature value~Ref. 56!.
bAverage diameter of the mixture’s components.

J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
size of a single solvent molecule, no adjustment of the oth
parameters, even those that are known, can bring the theo
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into accord with the data. If an increased ‘‘effective solve
diameter’’ is used to establish the donor–acceptor dista
distribution and hydrodynamic effect, then excellent fits
the electron transfer data are obtained. These fits to data
ethylene glycol and two other solvents with high OH/C rati
yield the same parameters as the data from the five solv
that can be fit with a normal solvent size. The results sugg
that the solute–solute~donor–acceptor! spatial distributions
are determined by multiple hydrogen bonded solvent ‘‘a
gregates’’ that exclude solute molecules from distributi
freely among solvent molecules.

II. EXPERIMENTAL PROCEDURES

Reagent grade ethylene glycol~J. T. Baker! was used as
received. Solvent viscosity, dielectric properties, and don
acceptor diffusion were measured with the same grade
ethylene glycol with minimal exposure to atmosphere. O
sample contained only rhodamine 3B perchlorate~R3B, Ex-
citon, ;0.04 mM!. Three samples were made with R3B
well asN,N-dimethylaniline~DMA, Aldrich, packaged under
nitrogen!, with concentrations varying from 0.1–0.3 M. Da
were taken previously with similar samples made with t
solvents listed in Tables I–III.27 Details of sample prepara
tion for these samples are presented elsewhere.27 Throughout
this article, R3B is referred to as the ‘‘donor’’ molecul
even though it is a hole donor, to be consistent with ot
work, in which the donor is the low concentration solute th
is photoexcited to initiate the electron transfer process. C
respondingly, DMA is termed the ‘‘acceptor’’ even though
is a hole acceptor.

A detailed description of the experimental apparatus
been presented previously.27 In brief, experiments were per
formed with ;35 ps pulses from two cavity-dumped dy
lasers pumped by a mode-locked, Q-switched Nd:YLF las
R3B was photoexcited at 572 nm. Steady-state fluoresce
measurements were made at the magic angle. Ti
dependent fluorescence up-conversion was performed a
magic angle with an 880 nm pulse summed with the fluor
cence in an RDP crystal. The excitation pulse was delaye
time. R3B fluorescence lifetimes,t, are the lifetimes mea-
sured in samples containing no acceptors~see Table II!.

TABLE II. Measured diffusive properties.

Solvent
DDMA

~Å2/ns!
DR3B

~Å2/ns!
D ~Å2/ns!

(DDMA1DR3B) h ~cP!

Acetonitrile 305 133 438 0.341a

Ethanol 182 59.8 242 1.08a

Propylene glycol 6.7 1.3b 8.0 49.90
58/42 propylene glycol/2-butanol 24.4 4.4b 28.8 14.70
23/77 glycerol/2-butanol 28.3 4.5b 32.8 14.26
41/59 glycerol/ethanol 19.6 8.6 28.2 15.05
50/50 ethylene glycol/ethanol 37.5 7.8 45.3 11.97
Ethylene glycol 11.2 3.7b 14.9 17.45

aLiterature values~Refs. 56,57!.
bCalculated values, scaled by viscosity from measuredD for ethanol:D
5Dethanol3hethanol/h.

4553Solute–solute spatial distribution
er
ry

Diffusion constants and redox potentials have been mea-
sured by cyclic voltammetry and are listed in Tables I and II.
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Details have been discussed previously.27 Measurements for
R3B were very difficult, and were only measured in aceto
trile, ethanol, ethanol/ethylene glycol, and glycerol/ethan
For other solvents, the experimental diffusion constant
R3B in ethanol was multiplied by the ratio of solvent vi
cosities (hethanol/hother), in accordance with the Stokes
Einstein equation, to determine the R3B diffusion constan
another solvent. Viscosities, reported in Table II, were m
sured using a series of Cannon Ubbelohde viscometers.
oretical curves used to fit the data were calculated using
mutual diffusion constant,D, which is the sum of the dono
and acceptor diffusion constants~see Table II!. Since the
acceptor is smaller than the donor, it makes the major c
tribution to the mutual diffusion constant. Therefore, any
rors in the R3B diffusion constants that were obtained us
the ratios of solvent viscosities have a small effect on
mutual diffusion constants.

Donor/acceptor redox potentials were measured in ac
nitrile by cyclic voltammetry. Details have been outline
previously.27 For acetonitrile, the difference between DM
oxidation and R3B reduction potentials isDEest535.9

0

5EDMA,ox
0 2ER3B,red

0 51.5560.06 eV.
Static dielectric constants,est, were measured using

concentric cylinder capacitor. Details have been repor
previously.27 Results are reported in Table I. Table I al
lists optical dielectric constants,eop, which are the square o
the solvent index of refraction. Indices of refraction we
measured with a refractometer.

Hard sphere solvent diameters,ss , were determined
from molecular models of solvent molecules. The volume
each molecular model was measured, and the diameter
sphere with the same volume is reported in Table I. R3B
DMA radii of r d54.12 Å andr a52.75 Å, respectively, were
determined in the same manner.

III. THEORY AND DATA ANALYSIS

A. Overview

The foundation of the data analysis is a statistical m
chanical theory that averages over all acceptor position
determine the time-dependent donor excited state surv
probability ~probability that the donor is still excited at tim
t after excitation!, the experimental observable. A theoretic

TABLE III. Solvent hydrogen bonding properties.

Solvent

Mole %
ethylene glycol

or glycerol

% of solvent
carbons with
OH groups

Acetonitrile 0 0
Ethanol 0 50
Propylene glycol 0 67
58/42 propylene glycol/2-butanol 0 48
23/77 glycerol/2-butanol 27 41
41/59 glycerol/ethanol 36 73
50/50 ethylene glycol/ethanol 51 76
Ethylene glycol 100 100

4554 J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
representation of the observable is built from this foundatio
by including all the factors that are specific to the experimen
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tal system. Figure 1 shows a free energy diagram of an
perimental system, with parabolas representing ground s
excited state, and charge transfer state. The specific do
acceptor molecules and solvent characteristics determine
parabola locations, which in turn determine the free energ
that characterize the transfer dynamics. Solvent structure
the nature of diffusion in a particular solvent affect dono
acceptor distances, which play an important role in the ov
all transfer dynamics.

In this article, electron transfer is modeled with a Marc
distance-dependent rate.7,8,21,22It has been shown for differ-
ent solvents and different donor/acceptor systems that in
molecular electron transfer data cannot always be fit wit
contact-only or Collins–Kimball rate.17,27–29 The Marcus
rate depends on the magnitude and distance-dependen
donor–acceptor orbital overlap. Because donor–acce
wave function overlap is nonzero at distances where the m
ecules are not in contact, it is necessary to include
distance-dependence of the electronic coupling in
distance-dependent rate constant. In addition, the Ma
theory includes the distance-dependent free energy chang
transfer and the distance-dependent reorganization en
(DG andl in Fig. 1!. Because these terms include Coulom
interactions, they can have substantial distance-depende
independent of orbital overlap factors. It is important to i
clude all factors that influence the distance-dependenc
the transfer rate in the data analysis.

Because the rate of transfer depends on distance,
donor–acceptor distance distribution has a significant ef
on transfer. It has been shown for hard sphere liquids, an

FIG. 1. Free energy diagram representing donor–acceptor ground, exc
and charge-transfer states. The donor is photoexcited with energyhn. The
photoexcited donor either fluoresces with lifetimet or transfers an electron
with rate k(r ). The energetics of electron transfer are described by
reorganization energy,l, the free energy of transfer,DG, and the difference
between donor/acceptor reduction/oxidation potentials,DE0.

H. L. Tavernier and M. D. Fayer
n
-
is presumably true for other models of liquids as well, that
with low solute concentrations, the solute spatial distribution
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follows the solvent radial distribution function,g(r ).23 This
means that the distribution of acceptor molecules abou
donor can be modeled using the solventg(r ). Figure 2~A!
shows examples of hard sphere radial distribution functio
Due to solvent packing, molecular density at a separatio
one solvent diameter,s, is appreciably higher than the ave
age density. Correspondingly, finding a molecule 1.5s away
is less likely than the average probability. Because elec
transfer occurs on a short-distance scale and is very sens
to concentration, the short-distance concentration fluc
tions resulting from solvent structure have a major impact
electron transfer observables. As a result, electron transf
a sensitive probe of local environment on a short-dista
scale.

In a liquid, donor–acceptor distances change on the t
scales that are relevant for photoinduced electron tran
because of diffusion. In addition to bulk diffusion constan
which can be measured, a distance-dependent diffusion
stant must be used to model diffusion properly. When do
and acceptor molecules are near each other, intervening
vent molecules are more likely to block paths of diffusi
that bring a donor and acceptor closer together. This res

FIG. 2. ~A! Hard sphere radial distribution function,g(r ), vs. donor–
acceptor center-to-center separation distance,r. Hard sphere diameter,s,
determines the oscillation frequency, and packing fraction,h, determines the
magnitude at contact.s5ss54.34 Å andh545% represents the expecte
hard sphereg(r ) for ethylene glycol.s517.0 Å andh550% represents the
hard sphereg(r ) used to fit the ethylene glycol data.g(r ) is maximum at
the donor–acceptor contact distance, 6.87 Å.~B! Hydrodynamic effect,
D(r ), for R3B and DMA. The three curves shown are for stick bound
conditions, slip withs54.34 Å, and slip withs517.0 Å. They values are
divided byD so that 1 represents the bulk diffusion constant.

J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
in a distance-dependent diffusion constant,D(r ), with diffu-
sion at short donor–acceptor distances being slower th
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bulk diffusion.24–26,30,31Figure 2~B! showsD(r ) for stick
and slip boundary conditions. For slip boundary conditio
the distance at whichD(r ) returns to the bulk diffusion con
stant depends on solvent diameter,s. Including the so-called
hydrodynamic effect in data analysis is important for sy
tems with moderate diffusion constants because elec
transfer is occurring to acceptors at distances whereD(r ) is
changing rapidly.

The electron transfer observable, donor excited s
population, has a complex, nonexponential time-depende
that can be fit when bothg(r ) and D(r ) are included.20,27

Figure 3 shows calculated time-dependent donor exc
state population with and withoutg(r ) andD(r ) for a typi-
cal set of electron transfer parameters. Transfer at short ti
occurs to very nearby acceptors.g(r ) increases accepto
concentrations at short distances, causing fast short-
electron transfer. If there are no nearby acceptors, accep
have to diffuse in toward the donor before electron trans
occurs.D(r ) slows the diffusion of these molecules as th
approach, ultimately slowing longer-time transfer. While t
differences displayed in Fig. 3 are significant, the influen
on data analysis increases when data from samples wi

FIG. 3. ^Pex(t)& decays~the experimental observable without convolutio
with the instrument response function! demonstrating the effects of donor
acceptor radial distribution function,g(r ), and hydrodynamic effect,D(r ).
Ethylene glycol parameters are used, with@DMA #50.1 M,
J05300 cm21,andb51 Å21. s517.0 Å andh550% were used forg(r )
calculations, and slip boundary conditions withs517.0 Å were used for
D(r ) calculations. Calculated decays that includeg(r ) have a very fast
short-time component. Decays that includeD(r ) have a slower long-time
component. The curve that includes bothg(r ) andD(r ) is the best fit to the
ethylene glycol data.

4555Solute–solute spatial distribution
an
range of concentrations of acceptors are fit simultaneously.
Only by including bothg(r ) andD(r ) is it possible to theo-
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retically fit electron transfer data between R3B and DMA
a variety of solvents.27

B. Experimental observables

In the experiments described here, intermolecular e
tron transfer is initiated by photoexcitation of the donor m
ecule. Because the donor molecule is in low concentrat
the system can be modeled as a single donor molecule
rounded by many acceptors. Both donor and acceptor m
ecules diffuse in solution. Following excitation, the don
either relaxes to its ground electronic state by fluorescenc
nonradiative processes, or undergoes electron transfer to
of a number of nearby acceptors. Electron transfer~in this
experiment, donor to acceptor hole transfer! quenches fluo-
rescence. The experimental observables that must be m
eled theoretically are time-dependent and steady-state d
fluorescence.

The theory to describe electron transfer in solution h
been described in detail and tested previously.16,19,32,33Here
the necessary results are outlined briefly. The first step
modeling the system theoretically is to describe the o
donor, one-acceptor system. For this two-particle syst
Sex(tur 0) is the survival probability. It represents the pro
ability that the donor is still excited at timet, given that the
donor was photoexcited att50 and that the acceptor was
distancer 0 from the donor at that time. All distances a
center-to-center distances.Sex(tur 0) can be calculated nu
merically from the following differential equation:

]

]t
Sex~ tur 0!5Lr 0

1Sex~ tur 0!2k~r 0!Sex~ tur 0!, ~1!

wheret is time, r 0 is the initial position of the acceptor with
respect to the donor, andk(r ) is the rate constant of electro
transfer at that distance.Lr 0

1 is the adjoint of the Smolu-

chowski diffusion operator,

Lr 0

15
1

r 0
2

expS V~r 0!

kBT
D ]

]r 0

D~r 0!r 0
2 expS 2

V~r 0!

kBT
D ]

]r 0

,

~2!

whereD(r ) is the distance-dependent diffusion constant,kB

is Boltzmann’s constant,T is temperature, andV(r ) is the
distance-dependent potential in which the acceptors are
fusing.

The ensemble averaged excited state survival proba
ity, ^Pex(t)&, can be calculated from employing Eq.~2! in
combination with a distance-dependent rate constant, sol
structure, and the hydrodynamic effect. The result is

^Pex~ t !&5expS 2
t

t D
3expS 24pCE

r m

`

@12Sex~ tur 0!#r 0
2g~r 0!dr0D ,

~3!

wheret is the donor fluorescence lifetime in the absence

4556 J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
acceptors,C is the acceptor concentration, andr 0 is the ini-
tial donor–acceptor center-to-center separation distanc
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g(r ) is the solvent radial distribution function used to mod
the donor–acceptor distance distribution.r m is the distance
of closest approach, the sum of the donor/acceptor h
sphere radii.

In addition to measuring and calculating the tim
dependent fluorescence, it is valuable to study the stea
state fluorescence yield,F. Because the fluorescence yield
not limited by the time resolution of the time-dependent e
periments, it provides some information about electron tra
fer dynamics on the time scale shorter than the laser p
length. F is the ratio of steady-state fluorescence from
sample with acceptors to one with no acceptors. It can
written using the integrated areas under unconvolv
^Pex(t)& curves:

F5
*0

`^Pex~ t !&dt

t
, ~4!

where the area under^Pex(t)& with no acceptors is the fluo
rescence lifetime,t. For the ethylene glycol experiments pr
sented in this article, a nonnegligible fraction of the electr
transfer occurs within the instrument response.

C. Rate constant

^Pex(t)& calculations require the distance-dependent r
constant for electron transfer. The rate constant,k(r ), in-
volves magnitude and distance-dependent factors includ
the electronic coupling of the donor to the acceptor, the f
energy of transfer, and the reorganization energy. These
tors are dependent on donor/acceptor size, orbital over
oxidation/reduction potentials, and electronic energy lev
as well as solvent dielectric properties.

Marcus has developed a distance-dependent form
k(r ) that is well-accepted for nonadiabatic electron trans
in the normal regime (2DG,l):5,7,8,21,22,34

k~r !5
2p

\A4pl~r !kBT
J0

2 expS 2~DG~r !1l~r !!2

4l~r !kBT
D

3exp~2b~r 2r m!!, ~5!

where r is the donor–acceptor center-to-center separa
distance and 2p\ is Planck’s constant. The donor–accept
electronic coupling terms are divided intoJ0 , which charac-
terizes the magnitude of coupling at contact, andb, which
reflects the exponential distance-dependence of the coup
Unless other wise specified,b51 Å21 was assumed in al
calculations becauseb has been found to be;1 Å21 in many
cases.17,22,29,35,36In addition, the experiments on R3B an
DMA in several solvents~discussed below! were fit success-
fully taking b51 Å21, and it was found that the fits could no
be significantly improved by varyingb.27 The assumption
that b51 Å21 is tested in the context of the experimen
presented here.

The reorganization energy,l, ~see Fig. 1! is composed
of both inner sphere (l i) and outer sphere (lo)
components:22

H. L. Tavernier and M. D. Fayer
e. l5l i1lo . ~6!
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The inner sphere reorganization energy,l i , is the energy
required to modify the molecular structure of the react
molecules to form the products. In these calculations, i
assumed to bel i50.10 eV. For large aromatic organic mo
ecules like rhodamine 3B, values of near 0.05 eV have b
calculated forl i .37 To account for both reactants, this valu
was multiplied by 2. This is within the range of reportedl i

values for organic molecules.37–40 l i is not distance-
dependent and is small enough compared tolo that it has
little effect on the distance-dependence of the rate consta27

Its only influence on the theoretical fits to the data is
change the apparent magnitude of electronic couplin27

However, becausel i is solvent-independent,J0 values re-
sulting from fits can be compared meaningfully if the sa
l i value is used to analyze data for the same donor–acce
pair in different solvents.

Solvent reorganization energy,lo , is the energy re-
quired to reorganize the solvent from its reactant-solvat
configuration to its product-solvating configuration witho
actually allowing the electron transfer to occur. A distanc
dependent expression forlo was derived by Marcus:7,8,21

lo~r !5
e2

8pe0
S 1

eop

2
1

est
D S 1

r d

1
1

r a

2
2

r D , ~7!

wheree is the charge of an electron,e0 is the permittivity of
free space,eop and est are the solvent optical and static d
electric constants, andr d/a are the donor/acceptor har
sphere radii.

DG, the free energy charge of transfer, is shown in F
1. It depends on excitation energy, redox potentials,
Coulomb interactions. It can be written,9

DG5DE02hn, ~8!

where DE0.0 is the difference between donor/accep
oxidation/reduction potentials, andhn5580 nm is the donor
singlet excited state energy, determined by the energ
which normalized absorption and fluorescence spe
cross.34 This expression is particular to the experimental s
tem used in this work, in which there is no donor–accep
Coulomb interaction in the reactant or product state. If th
were Coulomb interactions,DG would be distance-
dependent. Redox potentials were measured in aceton
(est535.9). The redox potentials in other similar dielect
constant solvents can be accurately obtained with the foll
ing equation:10,41

DE05DEest535.9
0 1

e

8pe0
S 1

est

2
1

35.9D S 1

r a

2
1

r d
D . ~9!

For ethylene glycol,l(r 50)51.16 eV and DG5
20.60 eV. This is well within the normal region of electro
transfer (2DG,l), as illustrated in Fig. 1. Electron trans
fer within this regime is described well by the classical fo
of the electron transfer rate constant given by Eq.~5!.34

D. Donor–acceptor distance distribution

In the calculations, a hard sphere radial distributi

J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
function,g(r ), is used to describe the distribution of accep
tor molecules about the donor molecules.23 Calculations that
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compared results using a hard sphere radial distribution fu
tion to a radial distribution function obtained experimenta
with neutron scattering showed that the differences w
negligible.20 The donor and acceptor are not in high enou
concentration to independently form a structured distrib
tion; under normal circumstances, they tend to follow t
structure determined by the solvent molecules.23 In a hard
sphere liquid, the packing fraction,h, is the percent of vol-
ume occupied by spherical molecules. Dense, roo
temperature liquids generally fall in the range ofh
543% – 48%.23,42–45 In order to pack with this density
spheres create a somewhat ordered system with a radia
tribution function that oscillates about the average solv
density of 1 @see Fig. 2~A!#. Normally, oscillations occur
with peaks separated by the diameter of the solvent m
ecules.ss will be used to differentiate the single molecu
solvent diameter~see Table I! from the diameters that is
used ing(r ) andD(r ) in the calculations. Unless otherwis
specified,s5ss , and a packing fraction of 45% is used
calculate g(r ). However, in some of the calculationss
Þss . Hard sphere radial distribution functions are calc
lated by solving the Percus–Yevick equation,23,46–49using an
algorithm given by Smith and Henderson,50 and modified by
a Verlet–Weis correction.42

E. Diffusion

The specifics of diffusion in an experimental system c
have a significant impact on the electron transfer dynamic
that system. Two special features of diffusion are included
this theory: the effect of the radial distribution function an
the hydrodynamic effect.

Diffusion is affected by the donor–acceptor radial dist
bution function,g(r ), because diffusion must maintain th
distribution. Diffusion that maintainsg(r ) can be included in
the theory by requiring the diffusion to occur within a pote
tial of mean force:1,24,26

V~r !52kBT ln@g~r !#, ~10!

which is included in Eqs.~1!–~2!. If a Coulomb interaction
between reactants existed, it would also be included inV(r ).

The distance-dependent diffusion constant~hydrody-
namic effect!, D(r )24–26,30,31can be expressed theoretical
with forms that depend on whether stick or slip bounda
conditions are appropriate for the particular experimen
system. For stick boundary conditions, an expression
D(r ) was developed by Deutsch and Felderhof:25,31

D~r !5DF12
3r dr a

r ~r d1r a!
G , ~11!

whereD is the sum of the donor and acceptor bulk diffusi
coefficients andr d/a are donor/acceptor radii. Northrup an
Hynes developed a similar expression for slip bound
conditions:24

D~r !5DF12
1

2
expS r m2r

s
D G , ~12!

4557Solute–solute spatial distribution
-wherer m is the donor–acceptor contact distance, ands is the
solvent diameter.
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Figure 2~B! shows the difference between stick and s
forms ofD(r ). Stick boundary conditions are most approp
ate when solute molecules are larger than the solvent m
ecules, and slip boundary conditions are most appropr
when solute and solvent molecules are similar in size or
solute is small compared to the solvent.26 Both R3B and
DMA are larger than all of the solvent molecules used in t
work and in the previous experiments that are discusse
this article ~acetonitrile and small alcohols/diols/triols!.27

This would suggest that stick boundary conditions should
used. However, it has been shown experimentally that
rotational diffusion of rhodamine B, stick boundary cond
tions are most appropriate in monoalcohol solvents and
boundary conditions are most appropriate in ethylene gly
glycerol, and ethylene glycol/glycerol mixtures.51 Although
ethylene glycol and glycerol molecules are not necessa
larger than the monoalcohols, slip boundary conditions w
justified because the polyalcohols can form hydrog
bonding networks, effectively behaving like polymers th
are much larger than the rhodamine B molecules.45,51,52Un-
less otherwise specified, stick boundary conditions have b
used. The application of slip boundary conditions to ethyle
glycol and glycerol containing solvents is discussed in Se
V and VI.

IV. AGREEMENT BETWEEN THEORY AND
EXPERIMENT IN SOME SOLVENTS

In a previous article, data were presented on elect
transfer between R3B and DMA in a number of liquids27

Figures 4–6 show data and fits for electron transfer in th
of the liquids: acetonitrile, ethanol, and propylene glyc
Data and fits for two of the other liquids~not shown! yield
the same type of results. The data taken in five solve
could all be fit using one adjustable parameter,J0 , the mag-
nitude of the electronic coupling at contact. Figures 4
show the quality of the fits to the time-dependent data
the fluorescence yield data. In fitting the data, the measu
values of diffusion constants and dielectric constants~see
Tables I and II! were used,b51 Å21 was fixed, and the
radial distribution function employed solvents molecular
ameters,ss ~see Table I!.

J0 should be independent of the solvent; it is a const
that depends on the properties of the donor and acceptor.
important result is that, within experimental error, the fits
the data taken in the five liquids gave the same value ofJ0 ,
that is,J05300620 cm21. This is a remarkable result give
the complexity of the systems being studied. It means
the theory is able to separate out the effects of diffusi
donor–acceptor distance distributions, solvent reorgan
tion, and electronic coupling. The exact value ofJ0 is less
important than the fact that the sameJ0 is obtained for each
donor/acceptor–solvent system. As discussed previously
value of J0 will vary depending on the choice ofl i , but
regardless of the choice ofl i , all five J0 are the same.27 The
five solvents have different solvent diameters, diffusion c
stants, and dielectric properties. When factors like a distan

4558 J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
dependent rate, solvent structure, and hydrodynamic effec
were not included, it was not possible to fit the data. Bu
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when they are included, it is possible to systematically
scribe electron transfer in these systems.

V. RESULTS IN THE SOLVENT ETHYLENE GLYCOL

Time-dependent and steady-state fluorescence dat
electron transfer between R3B and DMA in ethylene glyc
are shown in Fig. 7. The data has an appearance that is
similar to the data shown in Figs. 4–6. However, the resu
of comparing theory to experiment are vastly different th
in the cases of the five liquids discussed above.

Calculations were performed in a manner that was id
tical to the successful calculations on other liquids using
measured diffusion constant, dielectric constants, and sol
diameter shown in Tables I and II withJ05300 cm21 as
determined by the previous experiments. It is impossible
fit the data with these parameters. It is impossible to fit
data with these parameters even if the electronic coup
parameters,J0 and b, are allowed to vary. Figure 7 show
the best fits possible by fitting both toJ0 and b. For J0

>700 cm21 there are many different pairs ofJ0 and b that
give comparable fits, withb increasing asJ0 increases. Any
J0 /b pairs that do a better job fitting the time data give mu
worse fits to the yield, and vice versa. It is possible to fit t
time moderately well by varying bothJ0 andb, but the yield
calculations are up to 360% different from the experimen
values.Even with the poor quality of time fits shown in Fig
7, the yield calculations are off by up to 180%. Two para

FIG. 4. R3B fluorescence data and fits for three concentrations of DMA
acetonitrile. Inset shows fluorescence yield data~open circles! and fits~filled
circles!. Calculated curves are the result of a single parameter fit toJ0

resulting inJ05310 cm21.

H. L. Tavernier and M. D. Fayer
ts
t
eter J0 /b fits are shown for stick boundary conditions be-
cause with the ethylene glycol diameter of 4.34 Å, fits to the
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FIG. 5. R3B fluorescence data and fits for three concentrations of DMA
ethanol. Inset shows fluorescence yield data~open circles! and fits ~filled
circles!. Calculated curves are the result of a single parameter fit toJ0

resulting inJ05280 cm21.

FIG. 6. R3B fluorescence data and fits for three concentrations of DMA
propylene glycol. Inset shows fluorescence yield data~open circles! and fits

J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
~filled circles!. Calculated curves are the result of a single parameter fit toJ0

resulting inJ05300 cm21.

Downloaded 03 Apr 2002 to 171.64.123.74. Redistribution subject to A
data with slip boundary conditions are notably worse. U
mately, it is impossible to fit the ethylene glycol data b
changing only the electronic coupling parameters.

The fluorescence yield data shows an anomalously la
amount of transfer. For comparable concentrations, the fl
rescence yield in ethylene glycol is similar to the yield
significantly less viscous solvents like acetonitrile and et
nol. The low yield in acetonitrile and ethanol is due to t
fast diffusion in those solvents. There is much less transfe
any of the other solvents. When all of the other parame
are fixed (J0;300 cm21), the low yield in ethylene glycol
can only be accounted for by requiring fairly extreme para
eter values of eitherJ0.1200 cm21, b,0.5 Å21, or D
.80 Å2/ns. Each of these parameter choices increases
overall amount of transfer in the calculation and makes
possible to fit the yield data. However, if the yield is fit b
one of these parameter choices, the time-dependent cal
tions are very poor in comparison to the data.

The time-dependent data for ethylene glycol has a so
what unusual shape, and is even more difficult to fit than
yield data. It has a very fast short-time component combin
with a fairly slow longer-time component. With all othe
parameters fixed, the only way to get good fits to the ti
data are to fit withJ0.1000 cm21 in combination withD
,4 Å2/ns. A largeJ0 effectively models the fast short-tim

n

n

FIG. 7. R3B fluorescence data and fits for three concentrations of DMA
ethylene glycol. Inset shows fluorescence yield data~open circles! and fits
~filled circles!. Calculated curves are the result of two-parameter fits toJ0

and b, with ethylene glycol parameters and stick boundary conditions.J0

5700 cm21 andb51.3 Å21. Fits to both time and yield are poor. It is no
possible to obtain better fits to the ethylene glycol data if other sys
parameters are not allowed to vary.

4559Solute–solute spatial distribution
component by causing a large amount of transfer to accep-
tors that are initially nearby. The small diffusion constant
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brings more acceptors in slowly, allowing the calculations
fit the slower long-time behavior. None of the fits to the da
give accurate fits to the yield data. The only way to simul
neously fit time and yield data is usingJ052100 cm21, D
51.0 Å2/ns, and assume slip boundary conditions.

Although it is possible to fit ethylene glycol time an
yield data with very largeJ0 and smallD, these values are
not physically reasonable.D514.9 Å2/ns was measured ex
perimentally by cyclic voltammetry.27 This value agrees per
fectly with the value ofD predicted by scaling the measure
D for ethanol by viscosity (D5Dethanol3hethanol/h) in ac-
cordance with the Stokes–Einstein equation. There is no
son to believe that the measured value ofD could be off by
a factor of 15. It is also reasonable to take the value ofJ0

5300 cm21 which was shown to characterize transfer b
tween R3B and DMA in five different liquids.27 The largest
source of error inJ0 is the choice ofl i , butl i is an internal
molecular parameter, and it is independent of solvent. Th
fore, changing the value ofl i changes the value ofJ0 uni-
formly in all solvents. In addition to being experimental
reproduced in five liquids, 300 cm21 is within the expected
range ofJ0 values.5,17 The choice ofb and boundary condi-
tions are justified and do not substantially affect the result
fits. If b51.0 Å21 is changed by60.2 Å21, either the time or
the yield data fit worse, sob51.0 Å21 is the appropriate
value.

In addition to varying all of the relevant parameters
attempts to fit the data in ethylene glycol, other explanati
for the lack of agreement between theory and experim
were considered. The possibility that the DMA aggrega
around the R3B was investigated. Absorption spectra of R
were taken as a function of DMA concentration, with@DMA #
ranging from zero concentration to the highest experime
DMA concentration. No changes were observed that wo
suggest specific aggregation. To further test the possib
that aggregating is responsible for the form of the data,
culations were performed that included acceptor aggrega
about the donor. To model acceptor aggregation, the ra
distribution function was modified by increasing the fir
peak~the peak representing the first shell about the R3B! in
height while keeping the total radial distribution functio
normalized. In addition, lower bulk DMA concentration
were tried, to account for decreased available concentra
resulting from aggregation. Increasing the first peak pla
more DMA molecules close to the R3B than would occ
without a specific attractive interaction between donor a
acceptor. The increased local concentration caused the s
time portion of the decays to become faster, but the shape
the curves and the yield calculations were not consistent w
the data for any possible DMA concentrations, regardles
the height of the first peak in the radial distribution functio
The R3B is too low in concentration to aggregate itself. A
gregation in rhodamine dyes occurs at concentrations ab
;331023 mol/L.53 Detailed electronic absorption studies
the DMA from low concentrations to the highest concent
tion used in the experiments were performed. No chang

4560 J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
the optical absorption was observed between low and hig
concentration, indicating that DMA is not aggregating. Ag-
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gregation does not account for the unusual experimenta
sults observed in ethylene glycol.

Another question is whether deviations from the Marc
nonadiabatic rate can account for the data. It is possible
electron transfer is adiabatic near contact, where the e
tronic coupling is as strong as~300 cm21!2. Fits to the data
were attempted with two different models for the electr
transfer rate constant that include the changeover from n
adiabatic to adiabatic transfer as the electronic coup
increases.54,55 For a range of solvent longitudinal relaxatio
times from 0.2–200 ps, fits to the ethanol, propylene glyc
and ethylene glycol data were unsuccessful. It is imposs
to fit the shape of the time decays well when an adiabatic
is included at short distances. In addition, for the best fits
the time decays, the fluorescence yield data fits are e
worse than with a purely nonadiabatic rate, indicating t
the adiabatic rate does not model the experiment well. 1/k(r )
at contact is just under 1 ps, a moderate value that appea
be modeled well by the Marcus form of the nonadiaba
transfer rate.

VI. SOLUTE–SOLUTE RADIAL DISTRIBUTION
FUNCTION IN ETHYLENE GLYCOL

In the various attempts to fit the electron transfer data
ethylene glycol, all the parameters were varied and a ph
cally reasonable fit was not achieved. In two other solve
the data were also inconsistent with the fits obtained for
five solvents discussed in Sec. IV. In solvent mixtures 50
ethylene glycol/ethanol and 41/59 glycerol/ethanol, values
J05540 and 660 cm21, respectively, were required to fit th
data. However, the model used in all of the theoretical c
culations is based on the assumption that the donor–acce
~solute–solute! radial distribution function tracks the so
vent’s radial distribution function.23 Within this assumption,
varying the solvent diameter over a range of possible val
for a single solvent molecule did not bring the data in eth
ene glycol and theory into agreement.

By relaxing the assumption that the donor–acceptor
dial distribution function tracks the single molecule ethyle
glycol radial distribution function, it is possible to obtai
good fits for the ethylene glycol data and data taken in
two other solvents. In the calculations, a very large effect
solvent diameters is used to calculateg(r ) andD(r ). The
very larges ~;17 Å! places a high concentration of acce
tors near contact@see Fig. 2~A!#. This results in a large
amount of short-time transfer, which depends on accep
being nearby~see Fig. 3!. In addition, the decrease in acce
tor concentration at distance 1.5s slows longer-time transfer
Using a larges to calculate the effectiveD(r ) with slip
boundary conditions causes the reduced near-contact d
sion to occur over a long distance@see Fig. 2~B!#, bringing
new acceptors into electron transfer range more slowly. T
long distance reduction in the rate of diffusion helps fit t
slower long-time component~see Fig. 3!. Slip boundary con-
ditions were used for ethylene glycol because they w
found to be the best for modeling rotational behavior o

H. L. Tavernier and M. D. Fayer
hrhodamine solute molecule in ethylene glycol.51 The ethyl-
ene glycol data with fits using a large effective solvent di-
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ameter are shown in Fig. 8;s517 Å andh550% are used to
calculateg(r ) andD(r ).

Fits were also performed in whichs517.0 Å butg(r )
51 after the first peak. The modifiedg(r ) was normalized to
conserve concentration. However, curves calculated with
form of g(r ) were faster than the data at later times. It
only possible to fit the shape of the data if the dip after
first peak ofg(r ) is also included. The decrease in accep
concentration between the first and second solvent shel
necessary to get the experimentally observed slow transf
later times.

It is also necessary to include a larges in D(r ) calcula-
tions. Stick boundary conditions are not dependent on
vent diameter. However, given the large effective solv
diameter and the previous experiments that indicate
boundary conditions are appropriate,51 slip boundary condi-
tions are used in the calculations. With slip boundary con
tions, the solvent diameter plays a substantial role in de
mining D(r ). Making s large ing(r ) is not sufficient to fit
the data. It is not possible to fit the data withs54.34 Å ~the
single molecule ethylene glycol diameter! in the hydrody-
namic effect in Eq.~12!. With a smalls, D(r ) reaches the
bulk value,D, within a fairly short distance@see Fig. 2~B!#.

FIG. 8. R3B fluorescence data and fits for three concentrations of DMA
ethylene glycol. Inset shows fluorescence yield data~open circles! and fits
~filled circles!. Calculated curves use ethylene glycol parameters,J0

5300 cm21, b51 Å21, and slip boundary conditions. However, an effecti
solvent diameters is varied and used in both the radial distribution functio
g(r ), and the distance-dependent diffusion constant. Best fits to the t
dependent and fluorescence yield data are shown, withs517.0 Å. The
results demonstrate that the solutes do not track the solvent single mol
g(r ) in this strongly hydrogen bonding solvent.

J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
Curves calculated with small values ofs in D(r ) are too fast
at longer times, because acceptor molecules are diffusing
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toward the donor too quickly. A large value ofs causes the
bulk value ofD to be reached only after a fairly long dis
tance, which has the effect of slowing the long-time comp
nent of the electron transfer data. Usings;17.0 Å to calcu-
late bothD(r ) andg(r ) gives very good fits to the time an
yield data.

The comparison of the electron transfer data in ethyle
glycol to theory and the discussions given above in this s
tion and in Sec. V strongly suggest that the donor–acce
solute molecules in ethylene glycol are not following t
single molecule solvent distribution function and are not d
fusing in a manner consistent with a small molecule solve
The system behaves as if the solutes are following the ra
distribution function of enormous solvent molecules. Ev
though the hard sphereg(r ) does not model the single mo
ecule ethylene glycolg(r ) perfectly, the ethylene glyco
g(r ) will oscillate with a frequency associated with the et
ylene glycol molecular diameter in a manner very similar
the calculatedg(r ) used to describe the electron transfer.52 It
will not resemble ag(r ) calculated withs517.0 Å.

Ethylene glycol can form multiple hydrogen bonds
yield a network-like structure.45,52 One possible explanation
for the larges required to fit the data is that it represents
average ethylene glycol ‘‘aggregate’’ distance scale
which solute molecules are substantially precluded. In
theory, the aggregates are modeled as hard spheres. Cle
hard spheres are not an accurate picture of the network s
ture that sets the distance scale for the solute distribut
Nonetheless, the hard sphere model seems to capture
essential features. Diffusion occurs among solvent agg
gates of large size, consistent with slip boundary conditio
Slip boundary conditions are supported by the results
Moog et al. that show that solute rotation in ethylene glyco
glycerol, and ethylene glycol/glycerol mixtures is differe
from rotation in monoalcohols.51 The fits to the data require
the sames517 Å in bothg(r ) andD(r ). The fitting showed
that it was necessary to have an oscillatory radial distribut
function with the larges. It was insufficient to have only a
wide first peak ing(r ) and then a constant density. Th
donor–acceptor distance distribution appears to behave
it is tracking ag(r ) with s5;17 Å.

Returning to Fig. 8, it can be seen that the model w
s517 Å and all other parameters fixed by the results fro
five other liquids~Sec. IV! can fit the data well but not per
fectly. In particular, the yield at the lowest concentration h
significant error. Using a model of large hard spheres rat
than a more complex description of the solute distribut
function may produce errors, particularly in the short-tim
and short-distance regimes. Yield calculations are very s
sitive to such errors. In the lowest concentration ethyle
glycol sample, more than 50% of the electron transfer occ
within the instrument response. At very short distances,
details of the distance distribution can play an important r
in electron transfer dynamics. Because the donor–acce
distance distribution function is modeled as hard sphere
gregates, it is reasonable to expect discrepancies. Howe

n

e-

ule

4561Solute–solute spatial distribution
in
the only way to obtain anything near a reasonable fit with
physically reasonable parameters is to use the large effective
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solvent diameter when calculating donor–acceptor dista
distribution and hydrodynamic effect.

Another indication that the large effective solvent dia
eter provides a reasonable model of the solute–solute d
bution function in ethylene glycol is the success of the mo
in fitting the data in two other solvents. Single parameter
to J0 resulted inJ05300620 cm21 for five of the seven
solvents originally studied~see Sec. IV and Figs. 4–6!.27

50/50 ethylene glycol/ethanol and 41/59 glycerol/ethanol
quired J0 values of approximately 600 cm21. This is well
outside of the errors associated with the other fits. In ad
tion, as in the electron transfer data taken in ethylene gly
no physically reasonable choice of parameters can pro
fits with J05300 cm21. However, whenJ0 is fixed at 300
cm21 ands is allowed to vary, very good fits to the data a
obtained for these solvents. Again, the fits require a v
large s, and therefore, slip boundary conditions are app
priate although similar fits can also be obtained with st
boundary conditions. To fit the data requiress514–19 Å.
Data and fits are shown in Figs. 9 and 10. Ethylene glyc
ethanol fits were best withs515.0 Å, and glycerol/ethano
fits were best withs517.0 Å. In each case, theses were
used in bothg(r ) andD(r ). Both the time-dependence an
the yield fits are quite good.

Like ethylene glycol, 50/50 ethylene glycol/ethanol a
41/59 glycerol/ethanol require a larges to obtain fits to the

FIG. 9. R3B fluorescence data and fits for three concentrations of DMA
50/50 v/v ethylene glycol/ethanol. Inset shows fluorescence yield data~open
circles! and fits ~filled circles!. Calculated curves use ethylene glyco
ethanol parameters,J05300 cm21, b51 Å21, and slip boundary conditions
The effective solvent diameters was varied. Best fits to the time-depende
and fluorescence yield data are shown, withs515.0 Å.

4562 J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
data that use electron transfer parameters that are consist
with the other five solvents. Table III may suggest an expla
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nation for the differences between the five ‘‘normal’’ so
vents and the three ‘‘aggregated’’~larges! solvents. The last
three solvents in the table are the aggregated solvents.
first column of numbers is the mole percent of ethylene g
col or glycerol in each solvent. The second column of nu
bers is percent of the solvent’s carbons that are bound to
groups. The three solvents that display the aggregated be
ior contain 36%, 51%, and 100% ethylene glycol or glyce
and have 73%, 76%, and 100% carbons with OH grou
The solvent 23/77 glycerol/2-butanol has 27 mole perc
glycerol, but it acts as a normal solvent. Propylene glycol
67% carbons with OH groups, but behaves as a normal
vent. The electron transfer data for propylene glycol is
with stick boundary conditions. The data cannot be fit w
slip boundary conditions, in accord with the solvent mo
ecules being small compared to the solute molecules.
table suggests that to behave as an aggregated solven
solvent must have a very high percentage of carbons w
OH groups and possibly must contain a substantial perc
age of either ethylene glycol or glycerol. Pure ethylene g
col shows electron transfer behavior that deviates the m
from a normal solvent. The data in this solvent cannot be
at all with physically reasonable electron transfer parame
unlesss is very large. The other two aggregated solvents c
be fit but the fitting parameter,J0 , can only be made to agre

nFIG. 10. R3B fluorescence data and fits for three concentrations of DMA
41/59 v/v glycerol/ethanol. Inset shows fluorescence yield data~open
circles! and fits~filled circles!. Yield fits are so good that they completel
obscure the data circles. Calculated curves use glycerol/ethanol param
J05300 cm21, b51 Å21, and slip boundary conditions. The effective so
vent diameters was varied. Best fits to the time-dependent and fluoresce
yield data are shown, withs517.0 Å.
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ent
-
with the five normal solvents by using a larges.

Ethylene glycol can form extended hydrogen bonding
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networks.45,52 The large effective solvent size modeled r
quiring a larges in theg(r ) may arise from the difficulty of
inserting solute molecules into the midst of such a netw
structure. The network structure interferes with solute m
ecules dispersing freely among the solvent molecules.
solutes, in some sense, occupy defect sites in the netw
These sites that are more favorable for occupation by a so
occur on a distance scale that is large compared to the siz
a single solute molecule. The solvents that have OH gro
on 73% and 76% of their carbons and have substan
amounts of ethylene glycol or glycerol, molecules that ha
an OH bound to each carbon, may also have sufficient
work character to behave in a manner that is similar to p
ethylene glycol. In contrast, propylene glycol, which h
67% of its carbons bound to an OH, is a normal liquid. Eve
propylene glycol molecule has a methyl group. In a prop
lene glycol hydrogen bonded network, the proximity of t
methyls is each other in the network may provide the nec
sary defect sites, enabling the solutes to track the single m
ecule solvent radial distribution function.

The exact form ofg(r ) used in the electron transfe
calculation to model the solute–solute distribution in the
gregated solvents cannot be interpreted quantitatively
cause a simple hard sphere model was used and an a
ciable amount of electron transfer occurs in these solven
very short times~very short distances! that are beyond the
time resolution of the experiments. However, importa
qualitative conclusions can be drawn from the results. T
solute–solute distance distribution in the aggregated solv
must have a shell near contact with a very specific high c
centration of acceptors and a shell farther out with an acc
tor concentration much lower than the bulk concentrati
Solute molecules distribute themselves in solution as if t
were following the radial distribution function of larg
effective-solvent molecules created by hydrogen bond
networks. The same large effective-solvent size is neces
in both theg(r ) and theD(r ) to fit the data.

VII. CONCLUDING REMARKS

Intermolecular photoinduced donor–acceptor elect
transfer is extremely sensitive to the spatial distribution
acceptors about a donor on a very short distance scale.
cause of this fact, electron transfer can be used as a prob
spatial structure on the scale of angstroms. In this arti
electron transfer data in ethylene glycol has been presen
analyzed, and compared to data presented previously.27 It has
been shown that an electronic coupling magnitude ofJ0

5300 cm21 fits data in eight solvents if the model that th
donor–acceptor~solute–solute! distance distribution tracks
the solvent radial distribution function23 is modified for
strongly hydrogen bonding solvents. The electron trans
data in ethylene glycol can only be fit if the single molecu
radial distribution function is replaced with a radial distrib
tion function in which an effective solvent size ofs517 Å is
employed, although the diameters of the solvent molecu
are onlys;4–5 Å. It is necessary to use the large value os
in both the radial distribution function and the hydrodynam

J. Chem. Phys., Vol. 114, No. 10, 8 March 2001
effect to obtain electron transfer parameters consistent wi
those from five normal solvents. It is suggested that solve
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hydrogen bonding networks inhibit solute molecules fro
dispersing freely in ethylene glycol and two solvent mixtur
containing ethylene glycol and glycerol. The hard sphere
proach used to model the radial distribution must be con
ered approximate in modeling the solvent ‘‘aggregates,’’ b
the results do provide a reasonable measure of the sol
solute spatial distribution.

Because a portion of the electron transfer is occurr
within the instrument response of the time-dependent exp
ments, future experiments will be performed on appara
with better time resolution. These experiments should p
vide more insight into the specifics of the short-time beh
ior, leading to a better understanding of electron transfer
namics in solution and higher sensitivity to the exact nat
of the solute–solvent interactions on a short distance sca
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