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Fluorescence upconversion experiments with subpicosecond resolution are described. The time dependent fluorescence spectra of several
probe molecules In polar solvents are measured and used to construct the Stokes shift correlation function C(I). The correlation functions
decay nonexponentially in contrast to the predictions of simple Debye/Onsager continuum theory. At high values of the static dielectric
~onstants the solv~tion times are much slo~er th.an predicted from standard continuum theory. Generalizations of continuum theory to
mclude non-spherical shapes, non~Debye ?l~lectrIc response and saturation effects are discussed. The experimental data are qualitatively

In accord With predictions based on a frequency and position dependent dielectric response.

I. Introduction

The study of the dynamics of the interaction between sol
utes and solvents has become an active area of research.
Experimental and theoretical studies have been carried out
with the goal of understanding the phenomena of how the
solvent environment adapts to a rapid change in the electric
properties, such as charge distribution and dipole moment,
of a probe molecule or ion. It has become clear that the
polar solvent can playa dominant role in the energetics and
dynamics of electron transfer reactions. For example, in adi
abatic electron transfer reactions the rate of reaction is pro
posed to be inversely proportional to the solvent longitu
dinal relaxation time TL [1, 2]. TL is derived via a continuum
model from the experimentally obtained solvent dielectric
relaxation time To [3 - 5]. However, there have been rela
tively few determinations of solvent response in situations
where TL should be observed directly. In this paper we dis
cuss our recent work on the dynamics of dipolar solvation.
Our experimental work has been devoted to the study of
the time dependent fluorescence Stokes shift (TDFSS) of

*) John Simon Guggenheim Fellow.

highly polar fluorophores in polar solvents [6- 8]. Com
plementary theoretical work on the study of dynamical di
electric continuum models has been undertaken in an at
tempt to understand the experimental results.

In Section II of this paper a brief discussion of the ex
perimental techniques used to measure the ultrafast fluores
cence emission is given. The methods used to convert the
fluorescence decay data from the time domain to the (op
tical) frequency domain are described, along with the
method for constructing the correlation function used to
compare theory and experiment. Recent results on the
TDFSS obtained in our laboratories are included in
Section II.

Section III is a description of theoretical work on the
TDFSS. Three new extensions of the current dielectric con
tinuum dynamical models are introduced. First, predictions
for the TDFSS obtained using non-Debye formulae for the
frequency dependent dielectric susceptibility are shown to
predict non-exponential TDFSS behavior that is in better
accord with some of the experimental results. Next is a study
of how the shape of a probe molecule represented by the
spherical cavity in the continuum models affects the solva
tion dynamics. Finally, the effect of saturation of the dielec-
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Fig. 1
Synchronously pumped hybrid mode-locked cavity-dumped tuna
ble femtosecond dye laser. 1.2 W of 532 nm radation is used to
pump the vertically flowing Rhodamine 6G gain jet. The quartz
prisms allow for tunable net cavity group velocity dispersion, with
the variable slit at the end of the cavity (after the prism) providing
the wavelength selection. A second pair of fold mirrors surrounds
the DQOCI saturable absorber jet. A cavity dumper serves to in
crease the peak power of the pulses 20-fold while lowering the
repetition rate. At 580 nm, the laser can produce 200 fs (FWHM)
pulses at 3.8 MHz with 75 mW of average power. The five cavity

clements set at the Brewster angle provide linear polarization

SYNCHRONOUSLY PUMPEO
HYBRID LASER

II. Experimental

The fluorescence from the first singlet state of a polar probe
molecule in solution is measured by either of two techniques; time
correlated single photon counting, or fluorescence upconversion.
The photon counting technique has been described previously [10]
and is the technique of choice for experiments on solvents which
have relatively slow dielectric relaxation times, as the signal to noise
characteristics are excellent, and it is a simple matter to refrigerate
the sample. However, the time resolution is currently limited to
about 20 ps, with a time window of about 5 ns on this level of
resolution. Many of the polar solvents of great interest, viz. the
polar aprotics such as DMSO, acetonitrile, etc. are predicted by
continuum theories [3 - 5] to have solvation dynamics with ex
ponential lifetimes in the range of 0.2 - lOps at room temperature.
Thus it is necessary to use a technique with superior time resolution
to accurately probe solvation dynamics. The fluorescence technique
with the best time resolution is fluorescence upconversion [6,
11- 13]. However, the upconversion technique is limited by the
requirement of a mechanical optical delay, and thus the time win
dow of - 500 ps (in our lab) is not sufficient to record the entire
fluorescence decay for most probe molecules. The optimal experi
mental situation is to use both photon counting and upconversion
in a complementary way.

The dynamical Stokes shift can be related to solvation properties
of a particular solute/solvent system by means of the time-corre
lation function C(l) [4].

tric susceptibility near a large dipole (analogous to the sat
uration predicted by Debye near an ion [9]) upon the
TDFSS is considered.

Section IV is a discussion of the state of experimental
work in the field of dipolar solvation in the context of cur
rent theory.

The Appendix is an extensive summary of fits to the tem
perature dependent dielectric dispersion data for several al
cohols.

C (I) = _i'_(t_)_-_v_(00_)
v(O) - v(oo)

(1)

PBSl XI2

v(t) is defined to be the first moment of the emission spectrum at
some time 1. It would be preferable to be able to measure the entire
fluorescence spectrum at any desired time delay. However, the need
to obtain subpicosecond time resolution makes this very difficult
because of the width of the emission spectrum of the probe mole
cules considered so far. The procedure adopted here is to measure
the emission spectrum over the time region of interest for several
wavelengths, e. g. fifteen. These spectra are then transformed into
complete emission spectra at any desired time delay by a numerical
cut-and-paste procedure [6, 7]. The resulting time resolved spectra
are used to construct C(t).

The upconversion experiment has been described previously [6,
8] but several improvements have since been made. The improve
ments to the upconversion experiment are in three areas. First, a
new type of sub-picosecond dye laser was used (Fig. 1). This laser
is synchronously pumped by the frequency doubled output of a cw
mode-locked Quantronix 416 Nd J

; - YAG laser. The dye laser is
a dispersion compensated hybrid mode-locked type of a design very
similar to that of Dawson et al. [14- 16] with the addition of a
cavity dumper. The cavity dumper increases the peak power of the
output pulse train by a factor of more than twenty-fold, while sub
picosecond pulses are still generated.

We have also changed from Type I (LiIOJ , KDP) sum frequency
generation in LifO, to Type" mixing in urea. The major source of
noice in frequency conversion optical gating experiments utilizing
the dye laser fundamental as both an excitation and gate pulse is
the second harmonic light generated along with the fluorescence
upconversion signal. The use of the Type" mixing scheme largely
eliminates this problem and greatly increases the SIN ratio of the
measurement. The perpendicular polarizations of the input beams

Fig. 2
Type" phase matched upconversion experiment. The linear, hor
izontally polarized pulse train from the hybrid laser is directed upon
the first polarizing beam splitter cube (PBSt) after having the po
larization rotated by a half-wave plate (A/2). The transmitted por
tion is directed along the stepper motor controlled variable delay
stage. The fluorescence is generated in a 1.0 mm quartz sample flow
cell (S), and is collected by a microscope objective (L2). The or
thogonally polarized fluorescence and variably-delayed laser pulses
are focused into the Type" phase matched urea crystal. SPl/PMTl
and SP2/PMT2 are the spectrometer/photomultiplier systems
which isolate and detect the fluorescence upconversion and laser
pulse autocorrelation signals, respectively. The upconversion de
tection is by means of single photon counting, and the autocorre
lation is detected with a lock-in amplifier. Ls are lenses, PI a po
larizer, C a light chopper, and Fl is a Schott UGI 1 UV pass filter

also facilitate efficient separation and recombination of the laser
and fluorescence with polarizing optics. This mixing scheme cou
pled with single photon counting detection has resulted in a dra
matic improvement in sensitivity and signal quality over the lock
in detection and Type I mixing used previously. The counting sta
tistics also allow a meaningful comparison of the reduced chi
squared values obtained in the fitting of the upconversion data to
the TCSPC data. In addition, the simultaneous acquisition of a
background free autocorrelation signal through the upconversion
optics is possible in this configuration. This has several advantages
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Calculated TDFSS response vs. reduced time for the continuum
model using the Davidson-Cole form of the dielectric response. Co
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between 0.4 and t.O

1000
(JJ....
c ....
:J .~ ' . , .
0
u .... o·

"500

over the previous simultaneous autocorrelation measurement
which was done with a separate nonlinear crystal. It provides both
a more accurate response function for data analysis by standard
nonlinear least squares fitting with iterative convolution, and an
accurate determination of time zero. It should be noted however
that the successful implementation of this technique is dependent
on using focusing conditions that allow second harmonic genera
tion over the entire frequency bandwidth of the laser pulse. A sche
matic of our current upconversion spectrometer is shown in Fig. 2.
Representative data from the upconversion experiment is shown in
Fig. 3 for the Nile Red molecule in methanol solution.

III. Continuum Theories

a) The Form of the Dielectric Response

In the continuum approximation the potential energy
from polar interactions can be written in the form [4J

Fig. 3
Representative data obtained from the Type II phase upconversion
experiment. The sample is t0 4 M Nile Red in spectro grade Meth
anol. The solid curve is the nonlinear least squares fit to the data
(after deconvolution of the autocorrelation by means of iterative
reconvolution); the weighted residuals of the nonlinear least squares
fit are displayed at the top of the graph. The time per channel is
0.2 ps. The two fluorescence components are nearly equally
weighted with lifetimes of t8 and 600 ps. Laser excitation was at
580 nm, and the fluorescence phase matched for detection by up-

conversion was 6t5 nm

r(t) = A exp( -tITd.

where To is the dielectric relaxation time, then r(t) takes the
form

(5)

(4)

When the frequency dependent dielectric response is given
by the familiar Debye form:

Thus in this approximation the Stokes shift correlation func
tion, C (t) should relax with a single exponential time con
stant TL given by

1:0- !:
c(w) = Eoo + 1 . ex.+ 1WTo

I

R(t)= J dt'r(t')tl(t-t')·

This equation can be Fourier inverted to give the time de
pendence of the reaction field

(2)

50 100
T imQ Cps)

o
o

E(t) = -tl(t) . R(t)

TL is the solvent longitudinal relaxation time. If the dielectric
response corresponds to a sum of two Debye responses, then
C (t) will be a sum of exponentials [4].

Many solvents, particularly associated liquids, do not
have an E(W) adequately described by the Debye form [9,
18, 19]. The Davidson-Cole form [17J,

where R(t) is the time dependent reaction field and tl(t) is
the dipole moment of the solute at time t. Since the shift in
the fluorescence spectrum, via Eq. (1), can be directly related
to E(t) the problem reduces to the calculation of R(t). R(t)
is obtained by Fourier transform of the frequency domain
reaction field R (w). A quasi-static boundary-value calcula
tion for the reaction field of a non-polarizable point dipole
embedded in a vacuum cavity gives

(28 00 + 1)
TL = (2eo + 1) To;

(6)

R(w) = r(w) tl(w)

where (3)

EO - E.x •

E(W) = Eoo + (1 . )fi+ 1WTo
(7)

2 8(w)-1
r(w) = a3 28(W) + I '

has a form that is skewed progressively more towards
shorter relaxation times as [3 is reduced from unity. Many
polar liquids have an E(W) well described by the Davidson-
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We found empirically that the stretched exponential expo
nent IX was related to the Davidson-Cole exponent f3 via

Cole (D-C) equation [18, 19]. Examples are glycerol (f1 =

0.7 at 285 K), acetonitrile (f3 = 0.8), glycerol triacetate (f3 =
0.2 -0.4), the haloalkanes and mixtures of various polar sol
vents. Molecules with internal rotations and associative liq
uids are classes of compounds for which the D-C form
works well. Because of this wide range of applicability it is
of interest to calculate the form C (r) takes for this form of
dielectric response. The Davidson-Cole form has also re
cently been used in a theory of adiabatic electron transfer.
reactions [20].

A more detailed description of the calculation of R (t) and
hence Crt) for the Davidson-Cole form is given elsewhere
[21]. The procedure is identical to that described by Bagchi
et al. [4], except in this case r(t) must be obtained by a
numerical inverse Fourier transform. The results for f3 values
ranging from 1 (Debye) to 0.5 are shown in Fig. 4. As ex
pected when f3 = 1 a single exponential decay with time
constant TL is obtained. As f3 decreases and high frequency
components become more important the initial decay be
comes much more rapid than the Debye case. Even a small
deviation from Debye behavior (e.g. f3 = 0.9) gives a highly
nonexponential response with a substantially faster initial
decay, and a slower decay than 'L at long times. Solvents
with f3 as low as 0.4 are known experimentally, and so it is
clear that solvation may proceed in such solvents 1- 2 or
ders of magnitude faster than expected from a Debye model.
This finding may be relevant to recent discussions of fem
tosecond hole burning experiments [22, 23].

The curves in Fig. 4 can be fit to the sum of two expo
nentials, however, they fit better to the stretched exponential
form [24, 25]

r(t) = r(O)exp[ - (t/,)"]. (8)

(9)

c) Saturation Effects

As will be seen in the summary of experimental data in
the following section, setting aside for the moment questions
of the detailed time dependence of the solvation, continuum
models work fairly well for low to medium dielectric con
stant solvents but appear to break down completely for
higher dielectric constant solvents.

As the dielectric constant of the solvent increases, the
effective polar interactions at short range become progres
sively more important because they are more effectively
screened by the solvent molecules. Around each dipolar sol
ute molecule, there exists a region where solvent molecules
tend to align with the dipolar field of the solute molecule.
In this region, the effective screening of the dipolar field is
lessened because of the alignment of the nearest neighbor
molecules. In other words, if a measurement of the local
dielectric constant of the liquid around a dipolar molecule
(having a large dipole moment) in a strongly polar solvent
could be made (by measuring, for example, the response to
a weak external field), then a value of the dielectric constant
that is lower than the bulk value of the solvent should be
observed. Thus the dielectric constant around a dipolar mol
ecule should become position dependent. This is known as
the saturation effect [9], and is not included in the usual
continuum model calculations. This saturation effect is ex
pected to be more important when the solute particle is
small, has a large dipole moment, and the solvent is highly
polar. Such a saturation, or inhomogeneity in the dielectric
response, may have a drastic effect on the time dependence
of the reaction field. This is because the contribution of the
nearest-neighbor molecules to the dynamics of the reaction
field may vary on a significantly slower time scale than those
in the bulk solvent far from the dipole. This will lead to an
overall slower variation of the polarization P. This point
has also been addressed in a recent paper by Loring and
Mukamel [26].

The most general treatment of the saturation effect should
be based on the following relation [26 - 30]

where C, and C2 are constants. Work is in progress to see D(k,w) = ~ (k,w)E(k,w)
if C, and C2 can be derived in closed form.

(10)

for the displacement vector D. We can now write a much
simpler equation for the Laplace equation in D.

between the displacement vector D, electric field E, and the
dielectric tensor s (k, w). The quantities depend both on fre-

'"
quency wand wavevector k. Loring and Mukamel [26] have
given a systematic method of incorporating position de
pendence of e by starting from Eqn. 11. Here we will discuss

'"
a simpler approach involving a continuum calculation with
position dependent dielectric constant. A full description of
this work will be published elsewhere [31].

To include saturation effects in the continuum treatment
of the TDFSS, we must obtain the time dependent reaction
field R (r), A number of assumptions are made about the
system to make the problem tractable. First, we assume that
the dielectric tensor in r-space is diagonal in r, and is a scalar
function of r. This allows us to write

b) The Influence of Molecular Shape

Theoretical models of solvation dynamics have so far con
sidered only spherical molecules. In view of the well-known
influence of deviations from spherical shape in molecular
reorientation we have investigated this aspect of the solva
tion dynamics. Details of the calculation are presented el
sewhere [21]. Calculations were carried out for a Debye
form of e(w) for both oblate and prolate ellipsoids. Even
with a Debye form non-spherical molecules exhibit solvation
dynamics which deviates from single exponential. Both
oblate and prolate ellipsoids give double exponential re
sponses. As an example for eo = 50 and eeY. = 2, 'Lsphcre =

0.0495 'D' For an oblate molecule with a ratio of major to
minor semiaxes of 2.5 the two time constants are ,t = 0.0661
'D and 'tt = 0.0450 'tD. For a prolate molecule with an axial
ratio of 2.5, 'tt = 0.0440 'D and ,t = 0.0553 'D. The differ
ence in time constants, particularly for the oblate case may
be large enough to permit experimental observation.

D(r,w) = ~ (r,w)E(r,w) (tt)
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and

eo (r) = eo (bulk) + (eo (a) - eo(bulkjj expt -(r - a)1A). (13b)

eo (r) = eo(a)+ (eo (bulk) - eo (a» tanh(r - all A) (13a)

0.6O. 2 O. 4
Time (To)

o
-4

Fig. 6
Calculated TDFSS response vs. reduced time including saturation
effects. Bo(bulk) = 50, Bo(a) = 1.0. Cavity dipole moment is to D.
The form of Bo(r) is given by Eq. (l3a). From left to right, the e(l)
curves are for the Debye response, then for A/a = 2/3, t, 2, 5,

and 20.

-3

'"~
u -2
c

0 ......------------------,

-1

(12), and the electric field potential cpo Following Frohlich
[32], the requirements of continuity of the electric field E
and displacement D lead to a pair of complex equations for
the reaction field r(w). To obtain r(t), we solve the coupled
complex equations and numerically integrate the Laplace
equation by a standard Runge-Kutta quadrature. This so
lution provides values of the potential cp obtained at the
boundary of the dipole cavity. Once r(w) is in hand, a
numerical inverse Fourier transform provides the time de
pendent reaction field factor r(t) Eq. (4) then provides R(t).

The ratio R(t)1R (0) should be directly compared with C(t),
Eq. (1), the experimental measure of the TDFSS.

About six hours of cpu time on a Celerity 1200 computer
(~1 Megaflop) are required for the calculation of R (t). All
of the results reported here are for the values of eoo = 1,
eo(bulk) = 50, with eo (a) between 1 and 25, and Ala between
0.66 and 20. The results of our calculations of R (t)1R (0) are

(12)

A plot of Eq, (13a) as a function of position is shown in Fig.
5 for several choices Ala. Eqs. (13a) and (13b) are similar
for the values we have used for A, but Eq. (13a) shows a
sharper response in the saturation region than does Eq.
(Bb). The final results we have obtained for the TDFSS
using Eq. (13a) are quite similar to those using Eq. (13b) for
eo (r).

The Laplace equation for the electric displacement vector
D may be rewritten in terms of the dielectric response, Eq.

Continuous [27, 28] and shell models for eo (r) [29] have
been used to describe saturation effects on solvation energies
of ions in polar solvents.

Our approach is to take an empirical function for eo (r).
This eo (r) is continuous and has a shape similar to that
obtained by Debye [9]. Our empirical functions contain two
parameters. One parameter is the value of the dielectric con
stant at the cavity radius a, eo (a). The possible values for
eo (a) range between e"" and eo (bulk), the optical and static
dielectric constants for the pure solvent, respectively. The
other parameter is a scaling factor A describing the length
of the region over which the position dependent dielectric
constant eo (r) changes between its limiting values eo (a) and
eo (bulk). The two empirical functions we have used are

A form for the radially and frequency dependent dielectric
response is now required. It is asumed that the reduced
screening of the cavity dipole field affects only the static
dielectric constant and that the dielectric frequency response
is described by Eqn. (5). We then write

eo (r) - eoo
e(r,w) = e,,,, + . .

1 + IWfD

1.50.5o
-4

'"~
u -2
c

-3

o ......-----------------,

-I

305 10 15 20 25
LQngth (cavity radius a)
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.....
g 10
0::
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Fig. 5
The real part of the distance dependent dielectric constant Bo (r) vs.
reduced length, Eqns. (l3a) and (l3b). Bo(bulk) = 50, Bo(a) = 2.0,
f oo = 1.5. From left to right the curves are for Eqns. (l3b), Ala =
2; (13a), A/a = 2; (l3b), A/a = 5; (l3a), A/a = 5; (l3b), A/a = 10;

and (l3a), A/a = 10

Fig. 7
Calculated TDFSS response vs. reduced time, using Eq. (t3b) for
Bo(r). Bo(bulk) = 50, f oo = t, A. = 2. From the left, the C(l) curves
are for the Debye response, then for Bo(a) = 25, to, 5, 2, and t,

respectively.
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shown in Figs. 6 and 7. Here we plot the natural log of R (t)/
R (0) versus time t. When the calculation is made assuming
a Debye type dielectric response, i.e. eo (a) = eo (bulk) and
A/a large, we recover the results of the simpler continuum
theories for C (r) [3 - 5]. In this case the TDFSS is predicted
to decay exponentially with time constant 'L.

Fig. 6 shows a study of the decay of the TDFSS as the
saturation length scale A/a is varied. As Ala is increased from
two-thirds of a cavity radius to greater than 20 cavity radii,
the calculated TDFSS decay becomes progressively longer
than 'L' The decay is non-exponential for all A values but
appears to become more nearly exponential as A becomes
large especially for higher values of eo (a). However in these
cases the decay is still significantly longer than 'L'

Fig. 7 shows a series of calculated C (t) decays for a fixed
value of A/a= 2 cavity radii, with eo (a) varied. For eo (a) =
0.5 eo (bulk), for example, C (t) is nearly exponential but with
a time constant about twice 'L' As eo (a) is decreased towards
unity, the value of eoo the decays become very nonexponen
tial, with average time constants more than an order of
magnitude longer than 'L'

IV. Experimental Results

The extraction of an accurate Stokes shift correlation
function, C (r) is a rather intricate procedure and is described
in detail in Refs. [6] and [8]. We have obtained data in a
series of protic and aprotic solvents with the time scale for
C(t) varying from 0.4 ps (acetonitrile, 300 K) to 1.5 ns (pro
panol, 221 K) for four different probe molecules, LD-750
[6], Coumarin 153 [8], Cl-naphthylamine and Nile Red. Of
these four molecules the first three appear to be relatively
straightforward "single state" system where the spectrum
simply shifts and undergoes fairly small changes in shape
and width. The type of analysis described earlier should be
applicable to these systems. Nile Red however, despite every
appearance of normality in the steady state absorption and
fluorescence spectra, is a "two state" system. A fairly sharp
band at 610 nm evolves into a broader red shifted band on
a time scale of 25 ps. Thus Nile Red is not suitable for the
simple analysis used for the other three molecules.

Fig. 8 shows a comparison of C (t) curves obtained using
Coumarin 153 (Cu 153) and o-naphthylamine in ethanol at
253 K. The response is very similar for the first 3 1/2 life-

,......., -2
+-

u -3
'---'

c: -4

-5

-6
0 200 400 600 800 1000

Itme Ips)

Fig. 8
Plots of In [C (t)] vs. t are given for the two probe molecules
l-amino-naphthalene (I-AN) and Coumarin 153 (CuI53) in ethanol

at T = 253 K

times. A series of such comparisons in different solvents in
dicates that within the limits of our accuracy the C (t) curves
are independent of the probe molecule. The curves are al
ways qualitatively similar (see below) and the maximum de
viation of the average decay time is ::::: 30%.

In the previous section we discussed three different
sources of non-exponentiality in solvation dynamics. At the
present stage quantitative comparison with experiment 
with the exception noted below - have not been attempted
and our discussion will focus on qualititative aspects. The
exception is the work Nagarajan et al. [35] on solvation is
the highly associated liquid glycerol triacetate. The dielectric
data for this solvent fit well to both Davidson-Cole and a
sum of three Debye times [36], and both forms give a C(t)
which fits the data fairly well. Although the time resolution
of this study was limited the authors concluded that the
experimental C(t)'s decayed more rapidly at short times than
the calculated curves implying that the influence of higher
frequency components is underestimated in both the D-C
and triple exponential models.
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Fig. 9
Comparison of observed ( x - x - x ) and calculated (- - - ) C(t)
correlation functions in n-propanol. The calculated curves were
obtained using the continuum theory expressions Ref. [4] and ap
proximating the n-propanol dielectric response by a two-Debye
form. The dielectric parameters used in these calculations werefor
253, 233, and 223 K respectively: Gol = 27.81, 31.43, and 33.80;
Bxt = 3.94, 4.10, and 4.20; C~r2 = 3.10,3.14. and 3.16; EDt = 2140,

. 5190, and 9600 ps, TD2 = 12.3, 19.7, and 28.3 ps.

Fig. 9 compares three C(t) curves for Cu153 in n-pro
panol. The calculated curves used a two-Debye form follow
ing Ref. [4]. Comparing the calculated and experimental
curves it is clear that the measured C(t) curves are non
exponential in a way quite different from the calculaled
curves. The calculated curves are double exponential and
become exponential at long times. The presence of high fre
quency components in the propanol response - which
seems to be well fit as the sum of 3 Debye regions over the
whole temperature range of Fig. 7 - complicates the com
parison at short times. However, inclusion of the second
Debye region (monomer dynamics) reproduces the rapid in
itial decay rather well. The deviation at long times does not
seem likely to be explainable in terms of non-sphericity of
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Fig. 10
Summary of observed solvation times compared with the solvent
longitudinal relaxation time. Plots are of robs/ rL vs. log (Eo) for the
solutes, LDS 750 (open rectangles), Coumarin 153 (open circles),
I-aminoaphthalene (filled triangles), DMAPS (filled diamonds). The

DMAPS data was provided by John Simon

Qualitatively the results in Fig. 10 are quite consistent
with the calculations of Fig. 7. As the value of eo (a) decreases
from eo the response of the solvent slows down substantially.
We thus believe that the data in Fig. 10 represent a direct
demonstration of a saturation effect or radially dependent
response in solution. Clearly much more work is required
to investigate this fascinating effect quantitatively.
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Concluding Remarks

In this paper we have described three extensions of con
ventional continuum theories of solvation dynamics, and
their relevance to current experimental data. The nonex
ponential solvent responses, predicted and observed have
important implications for electron (and proton) transfer
reactions in solution. It will be of interest to try to observe
manifestations of these phenomena in, for example, adi
abatic electron transfer reactions.
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the probe molecule but could result, in principle, from either
a distribution of dielectric relaxation times or a position
dependent dielectric response. Judging from the data of Cole
and Davidson [37] the response of n-propanol in the low
frequency regime is well described by a Debye form at all
of the experimental temperatures. It thus seems unlikely that
the Davidson-Cole f3 could be much less than 0.9. Compar
ing Figs. 4 and 9 leads us to suggest that the long time
behavior in the experimental data does not result from
aD. C. distribution in this solvent. Rather we suggest that
the non-exponentiality arising from a radial dependence of
dielectric constant (Figs. 6 and 7) is responsible for curvature
of C(t) in Fig. 9. Attempts to make a quantitative compar
ison with the "saturation effect" model are currently under
way. Fig. 10 shows the dependence of Tobs/'tL on eo for all
the systems we have studied plus several from the literature
[33, 34]. For TL only the longest longitudinal time is used
TL = TLI = (e:<;l/eod TOI' The dashed line represents the
continuum theory prediction of Refs. [4] and [5]. Clearly
for eo > 50 this model is failing very badly. Several points
about Fig. 10 are worth noting. First, in the region where
Tobs - TL' Tobs varies by a factor of 3 . 103

. Second, the values
of Tobs for the high dielectric constants solvents, propylene
carbonate and n-methyl propionamide, lie in the middle of
the range of Tobs values. Further, the spectral shifts found in
these solvents fit with the other solvents very well. Thus the
stabilization in the high dielectric constant solvent conforms
to expectations, but it occurs much more slowly than the
simple continuum theory predicts [3 - 5].
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summarizes our paramaterization of the temperature dependent
dielectric properties of five alcohols: methanol, ethanol, n-propanol,
n-butanol, and 2-propanol, which we hope will be of similar value
to other workers in the field.

Alcohols are widely used in time resolved studies of solvation
because their response times are slow enough to beobservable with
- 50 ps time resolution. Further, the shorter alcohols persist as
liquids to temperatures well below room temperature where their
response times become much slower. For the same reasons a large
body of dielectric data exists for these solvents. The dielectric re
sponse of the alcohols considered here can be discribed by a sum
of three Debye dispersion regimes as [1]:

The lowest frequency dispersion (j = I) accounts for the majority
of the dielectric response (for example, in n-propnaol (1:01 - 1:001)/
(1:01 - 1:00 3) = 12 at 298 K) and is ascribed to reorientations of
alcohol clusters [1]. It is this dispersion for which the majority of
dielectric data exists, and, except for the case of n-propanol, wewill
consider regime 1 alone.

References to the original literature were obtained from several
sources. Most came from a search of Chemical Abstracts for the
years 1967-1985. Earlier references were found in the reviews by
Bottcher and Bordewijk [2], Buckley and Maryott [3], Jakusek

Appendix

Of special interest is the connection between solvent bulk dielec
tric properties, the dynamics of solvation of molecular probes, and
the effects polar solvation has in determining reaction rates. To
compare the measured solution dynamics to behavior predicted by
theory, one often needs to known the bulk dielectric response (I:(w)
of chosen solvents as a function of a convenient experimental var
iable such as temperature. While such data exists, it occurs scattered
among many sources and it is a tedious task to find the particular
values of interest and assess their uncertainties. During the cource
of the studies presented in the body of this papar, we have collected
many of the original results on the dielectric dispersion I:(w) of short
chain alcohols. In cases where sufficient temperature dependent
data exists, it is possible to fit the dielectric dispersion properties
as a function of temperature, and we have found use of such fitted
curves an extremely convenient tool in our work. The present note

]

I:(w) = 1:00 3 I
j~1

with

I:Oj -I: L j

t - i UH j

(I)

Table 1
Summary of fits to temperature-dependent dielectric data

Temperature" Parameter!"
range (K)

Solvent

Methanol

Ethanol

n-Propanol

n-Butanol

2-Propanol

163-328

131- 323

117-333

135- 323

172-323

£0,

ex 1

f,

"0,
t;>:.1

f,

"0,
e~, = "0,
f,

f,ey.2 = "oj
f,

£x3

fJ

"0,

£<.;t'~ I

r,

"0,
£-~_I

f,

Fitting coefficients"
a" a, a,

-26.66 17.687
0.51 1.491

-1.209 0.907 -0.0120

-23.09 14.795 -0.1943
2.01 0.720

-0.9213 0.94165

-21.19 13.302 -0.2525
2.07 0.470
0.246 0.372 0.1003
2.64 0.116
2.839 - 1.2158 0.2240
1.723 0.1395
1.065 -0.7853 0.1687

- 21.08 12.006 -0.1759
2.22 0.361

-0.153 0.4687 0.1151

-18.9 11.44
2.03 0.423

- 1.956 1.374

iTO

54 0.14 0.27
0.10 0.26

45 4.5' to-' Om5

24 0.039 0.13
23 0.14 0.29
17 5.7·10 3 5.7· 10- 3

28' 0.69 0.46
14 0.046 0.15
24 0.013 0.086
8 0.019 0.10

to 0.010 0.074
7 om 1 0.073
7 1.4· 10- 3 0.020

30 0.18 0.34
26 0.098 0.26
33 8.4· to 3 0.071

18 3.0 1.5
15 0.088 0.23
26 0.016 0.097

References"

[6,7.8]
[9,10,11]

[12, 13, 14]
[11,15.16,17]

[18, 19,20]
[1,21]

[I, 15,22]
[23,24,25]

[16. 11,22]
[26.27]

a, Temperature range of data used in the fits.
b, Parameters of the multiple-Debye description of e(w) as defined in Eq. (1). The parameters were fit to a power series in t0 3

/ T as given by Eq. (2). Relaxation
times were fit with p (Eq. 2) equal to 10gIO (f J) with f j expressed in picoseconds.

c See Eq. (2).
d, Number of data points used in the fit.
e Reduced chi-squared value for the fit defined by

x; = L [p, - p(Ti )]2/V

where p, is the observed parameter value at temperature T" and p(T,) is its calculated value, and v is the number of degrees of freedom of the fit.
n Average absolute deviation defined by

iT = L IPi - p(T,)I.,
., The symbols 1, 2, 3 etc. on the figures refer to the references in the Table in the order in which they are listed there. For example, 1 on Fig. 1 corresponds

to Ref. [8] in TabA, on Fig. 4 corresponds to Ref. [23].
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Fig. 11
Temperature dependent dielectric parameters (Eq, 1) for the lowest
frequency dielectric dispersion regime (j = 1)of methanol. The sym
bols 1, 2, 3 etc. denote the original source of the data as described
in the notes to the Table. The curves were generated from the fits

listed in the Table

Fig. 13
Temperature dependent dielectric dispersion parameters of
n-propanol. Data for all three dispersion regimes are represented
here. In panel (a) eo is f~ll and in panels (b) and (c) the tree curves
to correspond to f..'XCj and !j withj = 1,2, and 3 from top to bottom.
See caption to Fig. 11 and the Table for the key to the data sources
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Fig. 12
Temperature dependent dielectric parameters for the lowest fre
quency dielectric dispersion regime of ethanol. See caption to

Fig. 11 and the Table for the key to the data sources

Fig. 14
Temperature dependent dielectric parameters for the lowest fre
quency dielectric dispersion regime of n-butanol. See caption to

Fig. 11 and the Table for the key to the data sources



Fig. 15
Temperature dependent dielectric parameters for the lowest fre
quency dielectric dispersion regime of 2-propanol. The asterisks in
(b) denote data points not included in the fit. See caption Fig. 11

and the Table for the key to the data sources

The results of such fitting are tabulated in the Table and plotted
in Figs. 11 through 15. For the dielectric constant parameters in
Eq. (2) P is just f.o" c , I etc. The relaxation times 'j were fit as p =
IOglO(',) with r expressed in picoseconds. In all cases a quadratic
lit was sufficient to reproduce the data over the available temper
ature range (see figures). Base on the deviations of the data from
the fitted curves the accuracy of the dielectric parameters computed
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as above is better then ± 1% for Go\ (except for 2-propanol which
is ±5%), roughly ±5% for 6\ (62, 6d)' and better than ±10% for
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and Sobczyk [4], and Brot et al. [5]. Actual references to data used
here are provided in Table 1. In choosing which data to use in the
parameterizations we did not attempt to include all possible results.
For the most part only sets of data that covered some range of
temperatures and several od the dielectric quantities in Eq. (1) were
utilized. Thus the substantial number of reports of static dielectric
constant measurements that did not include frequency dependent
data were not included.

A convenient way to summarize the 6(W) data as a function
of temperature is to lit the parameters of Eq. (I) as a power in 1000/
T (T in degrees Kelvin) as:
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