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Nonexponential solvation dynamics of simple liquids and mixtures

Wlodzimierz Jarzeba', Gilbert C. Walker, Alan E. Johnson and Paul F. Barbara
Department or'Chemistry. u'nivers$tv of Minnesota. Minneapolis, MN 55455. LSA

Received 24 October 1990

Novel measurements on the microscopic solvation dynamics of coumann probes in several simple polar solvents and solvent
mixtures have been made using the time dependent fluorescence Stokes shift technique. The microscopic solvent relaxation func-
tion, Ct). is observed to be poorly modeled by a single exponential decay in many cases. The average experimental solvation
times. <r,). for pure solvents and binary solvent mixtures are close to values predicted by dielectric continuum theory. but in
many cases. the observed C(t) shape does not agree with that predicted by dielectric continuum theory. The results suggest that
molecular motion of solvent molecules near the solute can be responsible for microscopic solvation components ot Ck t) that are
.. t predicted using bulk dielectric data of the neat solvent and the dielectric continuum theory. In addition to the solvation
dynamics results, some potential sources of probe molecule non-ideality are examined, and it is shown that these effects are not
significant contibutors to experimental error for these C( t) measurements.

1. Introduction t)(014
C(t) = (O_1)o

Time resolved fluorescence spectroscopy of polar

fluorescent "'probes" that have a dipole moment that Here 0(0), ji(t), f(lo) represent the frequency of the
depends significantly upon electronic state have re- intensity maximum of the fluorescence spectrum of
cently been extensively used to measure microscopic the probe immediately after photon excitation. at
solvation dynamics in a broad range of solvents. The some time. t. after excitation. and at a time suffi-
fundamentals of this field, and recent results from ciently long to ensure that the solvent configuration
several groups. have been extensively reviewed [ I- has reached equilibrium.
31. Major progress on transient solvation has re- In the last few years, the first C(t) measurements
cently been made as the result of new ultrafast spec- of the solvation dynamics of ordinary, non-viscous
troscopic methods and a number of novel theoretical room temperature liquids have been made using state
approaches. The basic experiment is as follows: of the art (subpicosecond and femtosecond) fluores-

( I ) Ultrashort optical excitation of an equili- cence spectrometers [4-6]. In addition to a few rep-
brated ground (So) state probe/solvent system pro- resentative polar aprotic solvents, such as propioni-
duces an electronically excited (S,) probe sur- trile [7-8], the solvation dynamics of water was
rounded by a nonequilibrium solvent configuration. measured for the first time [9]. At the same time,

(2) After excitation, the solvent configuration re- theoretical activity on microscopic solvation dynam-
laxes towards the new equilibrium configuration for ics has blossomed [ 10-20 1. In addition to the impor-
the S, state of the probe. giving rise to a time depen- tance of C(t) data in the study of the microscopic
dent fluorescence Stokes shift. solvation dynamics of polar solutes. the data have

This shift is monitored and analyzed to quantify been used indirectly in modeling ultrafast electron
the solvation dynamics via the function C ). which transfer react-ons. such as the excited state intramo-
is defined by eq. I. lecular electf6n transfer of bianthryl [ 21 ].

Theoretical treatments of m iroscopic solvation
Permanent address: Faculty of Chemistr, Jagiellonian Uni- dynamics have gone considerably beyond the tradi-
%ersity. 3 Karasia. 30-060 Karacow. Poland. tional Debye uniform dielectric continuum model.
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%kith additional effects including non-spherical probe coumarin probes due to intramolecular charge trans-
cavities, non-uniform dielectric response of the sol- fer in S,. and. in particular, electron transfer involv-
vent. and non-Debye relaxation dynamics of the sol- ing twisted intramolecular charge transfer states [ 22 1.
vent. The potential role of translational diffusion of
the solvent near the probe has been investigated by
continuum theories and with other approaches. An- 2. Experimental
other theoretical approach, the linearized mean
spherical approximation (MSA) model for solva- Coumarin 152 and coumarin 153 were obtained
tion. considers certain aspects of the molecularity of from Exciton Inc. and used without further purifica-
solvation explicitly, but still allows for analytical tion. For the various coumarin experiments, the con-
evaluation. The most explicitly molecular view of centration of the probe was l- 10-" molar. Reagent
solvation dynamics is found in the molecular dynam- grade benzonitrile .(Aldrich) was purified by vac-
ics simulations of various model probes in water and uum distillation from PO. The other solvents (re-
other solvents. agent or spectroscopic grade) were found to be free

Theoretical interpretation of experimental C(t) of fluorescent impurities and were used without fur-
data is an active area of research despite the limited ther purification.
number of measurements that are available for com-
mon solvents. One obstacle in making thorough C 3

interpretations has been the existence of ultrafast de- N - - -
cay components in C(t) which are experimentally ' -- L N0
difficult to resolve. Nevertheless, a number of theo- 3)2

retical issues have been raised. The apparent devia-
tion. in certain cases, between experimental C(t) Ccumari 152 coumarn 153
curves and the predictions of the dielectric contin- Time and wavelength resolved emission transients
uum model (which employs bulk dielectric data e (co) were recorded with a femtosecond fluorescence up-
to characterize the solvent) has been used as evi- conversion apparatus that has been described in de-
dence for the importance of "'molecularity" of the tail elsewhere [4]. The apparatus has a 280 femto-
solvent. One important point of view that has re- second (fwhm) instrument response function.
ceived a lot of attention is the so-called Onsager "in- Briefly, the laser source is a linear. 2-jet femtosecond
verted snowball" model. which has been realized dye laser (Styryl 8 gain. HITCI saturable absorber.
quantitatively by the MSA treatment of solvation. 792 nm. 70 fs) that is synchronously pumped by the
Qualitatively, this model, which emphasizes rota- second harmonic of an actively mode-locked
tional reorientation of the solvent, predicts that the Nd: YAG laser (Quantronix 416). The dye laser out-
solvent polarization contribution from the small put is amplified at an 8.2 kHz repetition rate by seven
number of solvent molecules (dipoles) near the probe passes through a thick dye jet (Styryl 8 ) that is opti-
relaxes considerably slower than the contribution due cally pumped by a copper vapor laser. The sample
to the bulk-like liquid far from the probe [ 15-16 1. solution is excited by the second harmonic of the am-
Two additional molecular effects that have been dis- plified dye laser at 396 nm ( z 130 fs. z 0.3 iJ ) which
cussed are translational diffusion of solvent mole- travels through a variable delay stage. The fluores-
cules near the probe and the librational motion of cence from the sample is combined with the residual
solvent molecules or fragments of solvent molecules 792 nm light in a KDP crystal to generate the sum
(e.g. frustrated rotations of hydroxyl groups). frequency (fluorescence upconversion). The fluores-

In this paper we further investigate these issues in cence transieps in this paper correspond to plots of
the study of microscopic solvation dynamics by re- the intensity 6Tthe sum frequency light (at a specific
porting and analyzing the C(t) function for several emission wavelength) versus the optical delay of the
previously unstudied solvents. We also present ultra- excitation pulse.
fast measurements of C() for a binary solvent mix- Time resolved emission data in the nanosecond



range were measured by time correlated single pho- more instrumental time. The spectral reconstruction
ton counting using an apparatus described previ- method requires several fluorescence versus time
ously [23]. transients, I(t, A), measured at various fluorescence

wavelengths, A. Via a convolution procedure involv-
ing the known instrument response function, the in-

3. Results and discussion dividual transients are each fit to a model multiex-
ponential function which represents the ideal response

3.1. Methods of data analysis of the probe to an instantaneous (delta function) ex-
citation. An example of typical fluorescence tran-

Extensive new data on the transient solvation of sients are4hown in fig. I for the fluorescent probe
coumarins are presented in this paper. The experi- coumarin I - in propylene carbonate.
ments are an in depth application of the approach we After calibrating the data for the instrument sensi-
recently described [ 7-8 ]. Two experimental schemes tivity as a function of wavelength, the multiexponen-
are used to measure the solvation relaxation func- tial representations of the fluorescence dynamics are
tion. C(t). specifically, the spectral reconstruction combined to construct emission spectra at various
and the 'linear wavelength" techniques. The former times after excitation. The time dependent fluores-
method is simpler to understand but requires much cence frequency maximum. 0(t), is obtained b) fit-

ting the spectrum at each time. t. to a standard em-
pirical functional form for broad spectra. namely the
log-normal function. This procedure (spectral recon-
struction) was developed by Maroncelli and Fleming
[24].

Time dependent fluorescence spectra for coumarin
153 in propylene carbonate are displayed in fig. 2.
The experimental points are plotted along with the

_ _ _ _log-normal function fits (lines). The shifting toward
lower frequency (longer wavelength) is clearly ob-

C

**"C

15400 Energy (cm - 1 ) 23200
-5.0 ime (PS) 30.0 -

Fig. -2. Time-dependent fluorescence spectra of coumarin 153 in
Fig. I. Fluorescence transients of coumann 153 in prop. lene car- prop lene carbonate obtained using the transients in fig. I (and
bonate at room temperature obtained using the fluorescence up- several others at different wavelengths) and the spectral recon-
con% ersion technique. The upper box shows the fluorescence at struction technique. The solid lines are log-normal fits to the data
•483 nm. the middle box shows fluorescence at 581 nm. and the points which are denoted with 0 (0. 1 ps). * (0.5 psi. Z (1.0
lower box shows fluorescence at 537 nm. ps) and 0 (5.0 ps).



Ltpcrimcntal woaLion parameters for simple soicnts at . Y6 K. r, ano r. are the time constants or a DieXponentai lit to nc ransicnt
,oI'ation data. C). < r,) is the average solvation relaxation trime. C52 corresponds to coumann 152 and C153 corresponds to coumann
153. Iw is linear wavelength and se is spectral reconstruction

Sol% ent Probe Method ri (ps) T2 (ps) <r, > (ps)

Prop lene C 152" sr 0.43 (46%) 41 1 ( 54%) 2.4

carbonate C 152 1w 0.64 (58%) 4.8 (42%) 2.4
C153 sr 0.48 (50%) 6.2 (50%) 3.4
C153 lw 0.60(40%) 4,6 t60%) 3.0

Methanol C152 " sr 1.16(40%) 9.57 (60%) 6.21
1w 1.26(60%) 8.35 (40%) 4.10

Propanol C153 sr 14 (30%) 40 (70%) 33
lw 20(30%) 63 (70%) 31

DMtSO C152 1w 0.33 (57%) 2.3 (43%) 1.2
C153 1w 0.33 (44%) 2.2 (56%) 1.4

Acetone C152 lw 0.31 (47%) 0.99 (53%) 0.67
or 0.70 - 070

C153 lw 0.83 - 0.83

DMF C152 lw 0.40 (55%) 1.7 (45%) 1.0
C153 lw 0.75 (55%) 2.5 (45%) 1.5

or 1.401 - 1.4

-cetonitrrle C152 Iw 0.27 (73%) 1.05 (27%) 0.48

or 0.56 - 0.56

Propionarle C1521, sr 0.31 (48%) 1.34 (52%) 0.85
lw 0.33 (68%) 1.50 (32%) 0.70

Benzonninle C152 1w 2.3 (49%) 8.2 (51%) 5.3
4.7 - 4.7

Water DMAC-AAC sr 0.16 (33%) 1.2 (67%) 0.86
C343 4 , sr 0.25 (50%) 0.96 (50%) 0.61

" Ref. [81.

0' For this case obser'ed solvation dynamics can be expressed reasonably well also by single exponential decay.

D%1 ACA A - sodium salt of the "
7-dimethvlaminocoumarn-4-acetc acid. ref. (9 1.

Coumarin 343. ref. [6).

ser-ed in the data. The C( t) data are parameterized solvation process. This is the situation for the exper-
in this paper by fitting the 1(0), il(t), and 0( oo ) val- iments described in this paper. as the average solva-
ues obtained from the log-normal fits. to a model tion time <r,> is on the order of a few picoseconds

biexponential decay function. The amplitudes and and the excited state lifetimes of the various probes
relaxation times for the two exponential components are on the order of nanoseconds.
ofC(t) for a number of solvents are shown in table I The second assumption is associated with the de-
and discussed below. pendence of the spectral shape on the emission max-

The alternative "'linear wavelength- method, which imum. 1. It is assumed that the dependence of the
only requires a single fluorescence transient for the emission shape on i( t= c) (which can be measured
measurement of C(t). is based on two assumptions. by static spectroscopy in different solvents ) is the
First, the procedure is most accurate when the loss of same as the dependence of the emission shape on
excited state population is negligibly small during the i7(t) during the solvation process in a single solvent



%,aclength can be found for which the emission in- lar results. The presented values of relaxation times
tensit. (see below) is directly proportional to the fre- and average solvation times for the same probe and
quency of the fluorescence maxima. then the emis- solvent differ less than 20%. This 20% value seems to
sion dynamics at this wavelength (the 'linear be a reasonable estimate of our error in this experi-
wavelength") offer a direct measure of C(M). ment regardless of the method used to study solva-

The correct linear wavelength for a particular probe tion dynamics. Differences between the results ob-
is determined by plotting the spectral density tained with different probe molecules. coumarin 152
k2(Y) g(v) versus P(t=oc) for various emission fre- and coumarin 153, are in most cases within this ex-
quencies. P kn(v) is the radiative rate constant and,;- perimental error. However, all average solvation
g(v) is theonormalized emission shape. These quan- times measured with coumarin 152 are shorter than
tities can be measured by combining static emission those measured with coumarin 153, which clearly in-
data and lifetime data in various solvents. The emis- dicates a small but noticeable probe dependence of
sion frequency, v. for which k° ( &,) g(v) is directly the solvation dynamics.
proportional to 9( t= x) is the linear wavelength. For
coumann 153. the linear wavelength is 480 nm. More 3.3. The time dependence of the integrated emission
details on this procedure can be found elsewhere [ 3 1. Intensity

3.2..-I sum mary of the C(t) measurements
The time-dependent Stokes shift of the fluores-

All available room temperature femitosecond mea- cence spectrum is not the only manifestation of tran-

surements of solvation dynamics for different sol- sient solvation. The integrated emission intensity.
vents, including many new results, are summarized emission polarization, and emission band shape also

in table I. The results presented in table I were in evolve during the solvation process (241. In partic-
ular, the time dependence of the integrated emission

many cases obtained using both the spectral recon- te timedepedeno tentgr emissionstru tio mehod nd he ine r wa ele gth ap- intensity has received attention recently for solvationstruction method and the linear wavelength ap-

proach. It can be seen from the table that solvation probes [25.26] and molecules that undergo excited

dynamics is generally nonexponential. The data can state intramolecular electron transfer [21.271.

be reasonably well represented by biexponential fits. Figs. 2-4 show transient emission spectra for cou-
Ho%%ever. w e believe that this is only one of the pos-
sible representations of generally nonexponential sol-
ration dynamics. Low-temperature measurements
show that in many cases the biexponential represen-
tation of the data has to be replaced by triexponential 'K-
functions, see below. The two relaxation times pre- // \

sented in table I differ in some cases (propylene car- ///A \
bonate. methanol) bv almost an order of magnitude. /'/ \
On the other hand. for some solvents (acetone. DMF. ,/,,
propanol ) these two times differ only by a factor of A
three. In these cases, the difference between the qual-
it\ of monoexponential and biexponential fits can be
ver. small and btexponential (or nonexponential)
behavior can only be decided by careful analysis of 15700 Energy (cm 1 ) 23900
the residuals of fitted functions. In such doubtful cases
we present both exponential and biexponential rep- Fig. 3. Time-dependent fluorescence spectra ofcoumann 152 in
resentations of the data. although a biexponential fit proplene carbornate obtained using the spectral reconstruction

technicue. The sohd lines are log-normal fits to the data points
Is alwxa. s better than a single exponential fit. It can be which are denoted with 0 10.1 ps). * (.5 psi. 1.0 psi.and
seen from the data that both the spectral reconstruc- C (5.0 ps).



propanol is > I ns in this solvent.
The decrease in the integrated emission intensity

\as solvation occurs may be due to a variety of factors.
Drops in integrated emission intensity of the magni-
tude reported here have been attributed to the fact

" Athat as the emission spectrum shifts to lower fre-
quency, the radiative rate should decrease due to the

- pV factor in the function relating the electronic part
of the transition moment matrix element to k. On
the other hand. large drops in integrated emission in-

_tensity during excited-state relaxation for excited-state
_ electron transfer molecules like bianthrvl have been

1 1200 Energy (cm ) 25300 attributed to an evolving electronic character ofS, as
the electron transfer occurs. If excited-state electron

Fig. 4 Time-dependent fluorescence spectra of coumarin 153 in transfer plays some role for the coumarins. the effect
propanol obtained using the spectral reconstruction technique. is much less dramatic than bianthryl. which shows a
The solid lines are tog-normal fits to the data points vhich are time dependent decrease in the integrated emission
denoted b% * (2.0 ps). * 130.0 psi. (100 ps). and 0 (400 intensity that is more than an order of magnitude

larger then the coumarins [211. Indeed. the fact that

the integrated emission intensity decrease for the
matin 153 in propylene carbonate. coumarin 152 in coumarins during solvation is not very large. is evi-
propylene carbonate. and coumarin 153 in propanol. dence that the coumarins are reasonably ideal solva-
For the results in propylene carbonate, a small tion probes.
( :z 25%) but measurable drop in the integrated emis-
sion intensity is observed during the solvation pro- 3.4. Comparison to dielectric continuum predictions
cess. This drop in intensity is not due to population
decay. which is negligible on the time scale (5 ps) of The simplest theoretical model for solvation is the
figs. 2 and 3. The decrease of integrated area as sol- uniform dielectric continuum model, which treats the
tation occurs and the fluorescence spectrum shifts solute as a cavity with a point dipole at the center.
toward lower frequency seems to parallel the situa- " and the solvent as a uniform dielectric medium ( 3].
ton for the static spectroscopy (of coumarin 152 and Employing this model, which we denote by DCM
coumarin 153) [7.8.241, which gives a measure of (dielectric continuum model). it is a straight for-
the radiative and nonradiative properties of S, mol- ward task to calculate C(t) from the frequency de-
ecules in the presence oian equilibrated solvent con- pendent dielectric response of the pure solvent. The
figuration. It is observed that the radiative rate con- situation is particularly simple for a Debye solvent.
stant. k,. wthich is proportional to the integrated i.e. a solvent with an exponential dielectric response.
emission intensit., decreases as the solvent polarity In this case. C( t) is predicted to be a single exponen-
increases. Of course. as the solvent polarity increases. tial with a relaxation time. ,, the longitudinal relax-
the emission maximum o( t= oc) shifts toward lower ation time. ,s given by
t'requenc%. so the oterall effect is that the integrated
emission intensit (correcting for loss due to popu- ',=_.
lation decay ) decreases as the l( t= o) decreases.
,thich is analogous to the time resolved observations where e . e,. and are the infinite-frequenc% dielec- 'y

figs. 2 and 3 ). The situation is particularly dramatic tric constant. the s-tatic dielectric constant. and the '---."T

for coumarin 153 in propanol as shown in fig. 4: the dielectric relaxation time. respectively.
integrated emission intensity drops about 50% in the For other dielectric response functions. such as a
first 100 ps. It is unlhkely that this decrease is due to multiple exponential response function. a Cole-Dav-



inction. the predicted C(t) is more complex than a gle exponential. The possible exception is acetone. tor
single exponential decay. Nevertheless, C(t) can be which a single exponential fit to C(t) fits the data as
calculated for these various response functions within well as a biexponential fit to C( t) within experimen-
the DCM. As stated above, a comparison of exper- tal error, see table 2.
mental C(t) data to predictions of C(t) offers some Dielectric relaxation data for most of the solvents
information on the role of molecular scale processes in table I have been published, although the mea-
and interactions in the solvation process. Simply surements have not been made at high enough fre-
stated, a large discrepancy between the observed C(t ) quency in all cases to ensure accurate characteriza-
and the DCM predictions is evidence that the molec- tion of the high-frequency response which is necessar,
ular interactions involved in the solvation process are to predict subpicosecond and femtosecond relaxa-
verv different from those involved in the dielectric tion processes. As more accurate data become avail-
relaxation of the pure liquid, able at higher frequencies it will be possible to more

For the purpose of comparison of the experimental accurately compare the DCM predictions and the ex-
C( t) data and the DCM predictions, we employ the perimental C(t) data. The dielectnc data used for our
following three characteristic relaxation times for DCM predictions are summarized in table 3. Table 4
C ): lists multiexponential fitting parameters for the DCM

( I ) r, is the initial relaxation time which is calcu- predicted C(t). Table 5 lists the predicted Ct ) as
lated from the times in table I by the characteristic relaxation times r,. r, . and 41 Y

I _ - S7r, - 1 (3) t; is remarkable how similar the average measured
, / r, +.A,/r. solvation time. < r, ) (table I ) is to the DCM predic-

(2) r, , is the time required for C(t) to decay to tion for this quantity (table 4) for the new measure-
l/e: ments in various solvents. This is in general agree-

13) 0.5 ,1 is one half the time required for C(t) ment with previous results that the DCM model
to decay to 1/e' [ 11]. accurately predicts the average time scale for sols a-

Table 2 shows these values for the C( ) data that tion for a broad range of solvents [ 1-3.9. IlJ. For the
was summarized in table 1. For a solvent with a sin- solvents described in this paper, the predictions agree
gle exponential C( M). all three times (r,. rT ,,. and 0.5 within a factor of two for all solvents except DISO.
r, ,: ) should be identical. Experimentally. C(t), for for which the experimental values ( for two different

Table 2
Experimentall determned initial inverse ratest,. /e relaxation times r, . and 0.5 ( I/'e-l relaxaton xtmesu.5 r, . For a more detailed
description of these quantites. please refer to the text. Other abbreviaions are the same as table I

Sol.ent Probe Method r, (ps) 0 5
I psi (ps I

Propxlene CI4. sr 0.83 I 68 2 84
carbonate C152 1w 1.01 I 4' -,

C153 sr 089 2 03 4 (J5
C153 1w 1.25 Z.35 3 43

Propanol C153 sr 256 29 8 33 3
LAISU C152 1w 0.5)

C153 1w 0.63 104 I i7
Acetone C152 1w 0.48 () 58 0 '0

C153 1w 0.83 0.83 0 83
DMF C152 1w 0.60 0 - I j4

C153 Lw 1.09 129 1 58
,' ater DI -kC -k sr 0 38 0 3 0 96

C343 sr 040 0 4Q (i



hand. perhaps the discrepanc. between experiment

Soklent Dielef . model parameters Ref. and the DCM prediction is a harbinger of specific
molecular interactions.

Prop'ene Cole-Davidson t,=66.4 (28! While the DCM model accurately predicts the av-
carbonate e_ 3.9 erage solvation time. it less accurately predicts the

06.91 shape of C(t). For example, we have previously

shown that C(i) for coumarin 152 in propylene car-
I.N KI Deb.e cmoe = 3.65 bonate decays more rapidly at early times than the

$ .,= 3.03 DCM predicts. This can be seen by noticing that the

19 experimental T, is much shorter than the DCM pre-
,=420 diction for r,. The new results using coumarin 153

T.= 19 1 also exhibit this trend. This has been attributed to
r)=2.1 translational or librational motion of the solvent near

DMSO Three component t,=4" 1 [30] the probe, which would not be present in the DCM
1303 K t Deb',e t, = 13 9 prediction. On the other hand. the fact that the infi-t_-24.84

2.19 nite frequency dielectric constant for propylene car-
r, = 204 bonate is so large (t_ = 3.9, obtained from the dielec-
r.=9 5 tric data) may indicate that the dielectric

t 1.3 measurements actually missed a higher frequency
D\IF Three component t,=37.0 (30) component in the dielectric response. If such a com-
(303 K) Dcbye 17.6 ponent exists, its inclusion in a DCM prediction

= 3.61 would cause an acceleration of the predicted C( t) at
i,_= 2.46 early times. Once again. it would be useful to have
r 12.8

6.9 new dielectric data on the solvent at higher frequency
r3=0.7 than has been recorded to date.

Acetone Debe (,=21 20 [311 There isa very interesting discrepancy between the
(23 K) 0= 190 experimental C(t) response of propanol and the

r= 3.3 DCM prediction for this solvent, namely the failure
to observe in the experiment. the rapid initial decay
which is predicted by the DCM calculations. The

probes ) are almost three times shorter than the DCM interpretation of the experiment is somewhat com-
prediction. It would be useful to have new, higher fre- plicated by the details of how the transient data are
quenc. dielectnc response data on this solvent in or- collected. The transient emission data are recorded
der to test whether the discrepancy is due to finite with a fixed time step for technical reasons. Unfor-
frequency response of the dielectric data. and conse- tunately. this makes it difficult to study short decay

Table .
Diclectrc continuum model calculations of solvation dynamics using the data from table 3

Solvent 7', fps I rj {pS r, I psi (ps)

Proplene 1.39 (50%) 3.83 (50%) 2.59
carbonate

Propanol '4 4 155 3%) 15.9 (13 7%) 1.52 (31.0%) 43 8
D\iSO 602fq7%) 3.31 152.4%) 06(2'8%) 3 19
DMF t.09 ( "9% 1.42 (58.0%) 0 4, 1 34.2%,D) 1 4"
Ncdone 0 36 0 36
k.ater 0 48 (96%) 1 40 14%) 0 52



-4... 10111 . ,.ll IL,, L IHUU 1,1VUC I Liu l lidA. ill IAoIC than the solvent mixture in the absence or a probe.
3 initial :nerse rates r,. I, e relaxation times r,. and 0.5 ( I/ At present. dielectric data are only available for a few
e- ) relaxation times 0.5 r, il simple mixtures, and even for these mixtures, the di-

Soient r, 0.5 r,, electric data are restricted to a limited frequency
(pS) (ps) (ps) range. The most favorable case is the binary solvent

Prop lene 2.03 2.32 2.65 mixture acetonitrile-benzonitrile.
carbonate Emission transients for various mixtures, recorded

Propanol 4.54 33.7 52.4 at the so-calleLi near wavelengthsee above). ar
DMSO 2.08 2.76 3.34 shown in fig. 5'. oest lit parametre ? s- (I) and ,
DIF 0 87 1.09 1.37 the characteristic relaxation times. obtained from the
Acetone 0.36 0.36 0.36
Water 0.49 0.50 o51 experimental transient solvation data of the mixtures

and pure liquids, are given in tables 6 and 7.
Dielectric data for the various mixtures, the corre-

components in the presence of very long decay com- sponding best fit parameters for C(t). and the char-
ponents because that would require a prohibitively acteristic relaxation times are given in tables ' .10 re- I"
large number of data points for a given transient. In spectively. The experimental data on pure .

order to circumvent this problem, we studied the benzonrtrile agrees very well with the DCM predic-
emission dxnamtcs of propanol on three different
time scales, the shortest being about I picosecond.
There is no evidence of an early, rapidly decaying
component as predicted by the DCM model.

For the case of water the DCM prediction for C(t)
is nearly a single exponential. In contrast, the exper-
imental data show a distribution of relaxation com-
ponents, which has been discussed before (91. It is
important to note that the time resolution of the ex-
periments described in this paper is roughly limited
to greater than 100 femtoseconds. Solvation compo-
nents with shorter time constants would not be re-
solxed in these expcriments. Unfortunately. molecu-
lar dynamics calculations on solvation in water and
methanol predict that there should be significant de-
ca. components on a shorter time scale than we can
resolve due to librational motion of the hydroxyl
groups in the solvents (12.17]. In water the libra-
tional mode is particularly important. according to
some of the simulations. But, even in linear alcohols
it should pla% some significant role. Unfortunately.
the expertments in this paper may offer little infor-
mation on this tpe of relaxation.

3 5 So/vaton dtnanm's of so/vent nu.mtures
-2.0 Time(ps) 15.0

Transient solvation measurements of solvent mix-
tures is poential a more stringent test of the dielec- transients using courn 52as a probe and collectingat the linear %ka~elength'". The top frame
iric continuum model since the environment in the is 100% acetontrtle. the middle frame is o60o benzonitrle. and
% cinit\ of the fluorescent probe might have a very the bottom frame is 100%benzonitnile.



E\pcrimental solhation parameters for acetonitrile-benzonitrile Dielectric continuum model calculations of Sol% ation dnamics

mi\tures measured with coumann 152 as a probe molecule. X is ofacetonitrile-benzonitnle mixtures using the data in table 8

the molar fraction of acetonitnie, r,. r., are time constants of a

btexponential fit to the transient solvation data. (r, > is the av- X r, (ps) r2 (ps) ' ,>

erage solvent relaxation lime. All data were obtained using the (ps}
linear wavelength method 0.0 5.5) -5.5

\ r, (psi T2 (ps) ( r,> (ps) 1.3 b - 1.3
0.31 1.45 (88%) 15.1 (12%) 3.1

0.0 2.3 :0.5 (0.38) 8.2 ± 2.0 (0.62) 5.3 =0.7 0.54 0.84 (95%) 21.3(5%) 1.9
0.31 1.2 ± 0.3 (0.45) 4.5 ± 0.2 (0.55) 3.0 :0.2 0.73 0.57 (98%) 194(2%) 0.95
054 06 =0.4 (0.64) 4.5 ±2.3 (0.36) 2.0 ±:0.7 0.88 0.44(99.6%) 11.1 (0.4%) 048

0.73 0.27_0.12 (0.51) 1.4 ±_0.4 (0.49) 0.82±0.29 1.0 0.47 - 0.47
088 0.3 ± 0.1 (0.61) 1.3 ±0.4 (0.39) 0.69_t0.05
1.0 0.27=0.09 (0.73) 1.05_t0.35 (0.27) 0.48":0.1 " Dielectcdata from ref. [32 (T=303K).withe,=3.85taken

from ref. [33].
b Dielecinc data from ref. [32] ( T=294 K).

Table 7
Experimentally determined initial inverse rates r,. I/e relaxation Table 10
times r, '. and 0.5 ( I/e- ) relaxation times 0.5 r, , for acetoni- Calculated (using the data in table 8) initial inverse rates r,. I/e
trile-benzonitrtle mixtures. t is the molar fraction ofacetonitnle relaxation times rj,., and 0.5 ( /e2 ) relaxation times r , , for

acetonitmle-benzonitmle mixtures. X is the mole fraction ofk" r rj, 05 r.,o acetonitnile
(ps) (ps) (ps)

0.0 4.15 4.44 5.55 X r, (ps) T,/, rilo

0.31 2.01 2.53 3.19 (pS) (ps)

0.54 0.87 1.17 2.21 0.0 5.5" 5.5 5.5
0.73 0.45 0.62 0.91 1.3 1.3 1.3
0.88 0.43 0.52 0.72 0.31 1.63 1.76 2.16
I 0 0.34 0.38 0.47 0.54 0.88 0.91 099

0.73 0.58 0.59 0.61
0.88 0.44 0.44 0.45

Table 8 1.0 0.47 0.47 0.47
Dielectric data for acetonitrile-benzonitrile mixtures

SDielectrc data from ref. [32] (T=303 K). with t,=3.85 taken
V to r, (ps) r. (ps) from ref. [33].

b, Dielectric data from ref [33] (T=294 K).

1100 25.6" 3.85 33.0
25.6 b 3.85 8.0

0-31 27.0 3.0 5.3 (30%) 32.5 (70%) that is in agreement with the DCM prediction within
0 54 28.8 2.5 5.3 (54%) 33.0 (46%)
0'3 .31.1 2.4 5.0 (73%) 24.2 (27%) experimental error. but there isapparentla broader

0.88 33.1 2.4 4.7 (88%) 12.0 112%) distribution of relaxation times in the experimental
I 0d' 35.6 2.5 5.9 - C) versus the DCM prediction. which is single ex-

Dielectric data from r [32] j(T= 303K). %kith =3.85 taken ponential. This distribution can be seen by compar-

from ref. [33 ]. ing the characteristic relaxation times. see tables 7 and
" Dielectric data from ref. [ 33] ( T= 294 K). 10.
" Dielectmc data for mixtures from ref. [321 (T= 303 K). The binary solvent mixtures show surprising

Dielectric data from ref. [ 34) ( T= 298 K). agreement between experiment and DCM predic-

tion. when the comparison is limited to the average
tion. in terms of average solvation time and shape of relaxation time. The agreement is essentially within
the C( t) function, although the experimental data re- expenmental error for the four mixtures and as stated
laxes slightly more rapidly at early times. The pure above, there is also excellent agreement for the pure
acetonitrile data have an average experimental time solvents. All solvent mixtures exhibit a broader dis-



3.6. 1 ariable temperature measurementsSI
An interesting deviation from continuum predic-

tions has been reported by Maroncelli and Fleming
for propylene carbonate [24]. Employing the time-
correlated single photon counting technique and the
spectral reconstruction method of data analysis, these
authors reported that the average solvation time was

C) several times longer than the DCM prediction at lower
temperatures for this solvent. Fig. 6 shows emission
transients at the linear wavelength for coumarin 153
in propylene carbonate at 267 K and 298 K. The best
fit parameters are summarized in table I1. It is inter-
esting that there is an enormous spread in relaxation
times for this solvent at the lower temperatures. For
example. at 257 K, the different relaxation compo-
nents range from the subpicosecond to the tens of pi-

=_ cosecond time scale. Apparently. the earlier measure-
-2.0 Time (P3) 10.0 ments failed to resolve the shortest time scale

component that we report in this paper. In detail, the
Fig. 6. Temperature dependence of coumarin 153 in propylene average solvation time we measure at 257.K is 14 pi-
carbonate at the "linear wavelength". The data in the top frame - coseconds, while Maroncelli and Fleming report an
was obtained at 291".K and the data in the bottom frame was ob.'-'
taried at 267K. The triangle m'nthe bo-tom frame is an examp!e average solvation time of 47 picoseconds at 252 K.
of our instrument response functio-nusid to-fit t , Indeed. our new value is close to the prediction of the

", "" '-dielectric continuum theory.
In contrast to the results for coumarin 153 in pro-

tribution of relaxation times than predicted, see ta- pylene carbonate, coumarin 153 in propanol does not
bles 7 and 10. show a dramatic distribution of solvation times. see

The broader distribution in the experimental data table 11. In this case our results agree with the slower
may be evidence of molecular structure near the probe time resolution results of Maroncelli and Fleming
but the effects are apparently not dramatic. It will be [241.
interesting to evaluate more microscopic theoretical
models for the solvation dynamics in mixtures. as
these models become available.

Table I I
The temperature dependence of solvatton dynamics of proplene carbonate and propanol. In both cases the probe was C 153 and the
linear %,avelength method was used

Sol ent T rT (ps) 2 (ps) r3 (PS) (r,)

(ps)

Prop' lene 298 0.60(40%) 4.6(60%) 3.0
carbonate

267 4.7 (50%) 19 (50%) - 12

257 0.40 (14%) 3.7 (42%) 2.3 (44%o) 14
Propanol 298 20 (40% ) 63 (60%) - 46

291 30 1511o) 86 (49%) - 58
281 40(59%) 148 (41%) - 84
273 59 (65%) 228 (35%) - 118



.4. Conclusions and summary 1511J. Rips. J. Kjafter and J. Jortner. J. Chem. Ph,,s. 88 ((1988)
3246.

We have made new measurements on the dipolar 161 D.F. Calef and P.G. Wolynes. J. Chem. Phys. 78 (1093)
relaatin o seeralnewsolent andonebinry ol-4145:
relaatin o seeralnewsolent andonebinry l-A.L. Nichohs III and D.F. Calef. J. Chem. Phys. 89 (1988)

vent mixture in the presence of coumnarin probes us- 3783.
ing femntosecond resolved fluorescence upconver- 1171 M. Maroncelli and G.R. Fleming. J. Chem. Phys. 89 (1988)
sion. In most cases. the dielectric continuum model 5044:
accurately predicts the average solvation time, but M. Maroncelli. E.W. Casiner Jr.. B. Bagchi and G.R.

ofte fais t preict he orret shpe f th diplarFleming. Faraday Discussions Chem. Soc. 8s5( 198) I:
ofte fals t prdic thecorect hap ofthe ipoar A. Karim. A.D.J. Haymet. M.J. Banet and J.D. Simon. J.

correlation function. C01). These results seem to hold Phys. Chem. 92 (1988) 3391.
at lowered temperatures and in a binary solvent mix- (18 ] B. Bagchi. D.W. Oxtoby and G.R. Fleming. Chem. Phys. 86
ture as well. This breakdown of the dielectric contin- (1984) 257.
uum theory is probably a manifestation of local mo- (191 G. van derZwan and J.T. Hynes. J. Phys. Chem. 89 (1985)

4181.
tion of the solvent near the probe molecule. although (20] V. Friedrich and D. Kivelson. J. Chem. Phys. 86 ((987)
the possibility that it is due to using incomplete die- 6425;
lectric data which does not accurately represent the M. Rao and B.I. Berne. J. Phys. Chem. 85 (1981 )1498:
high-frequency response of the solvent cannot be R.F. Lorng and S. Mukamel. J. Chem. Phys. 87 ((987)
ruled out until better dielectric data become avail- 1272;

R.F. Loring, Y.J. Yan and S. Mukamel. J. Phys. Chem. 91
able. We also investigated the ideality of the coumna- (1987) 1302.
rins as probes for dipolar relaxation and found, by H.L. Friedman,. J. Chemn. Soc. Faraday Trans. It 79 (1983)
comparing two different probes and by studying the 1465.
integrated emission intensity as a function of time. (211 TJ. Kasg. M.A. Kaliow. D. Giser. S. Swallen. V. Nagarajan
that the possible complication due to twisted intra- W. Jarzeba and P.F. Barbara. J. Phys. Chem. 92 (1989)

moleula chrgetranferhasonl a salleffct.6800:
moleula chrgetranferhasonl a salleffct.T.J. Kang. W. Jarzeba. P.F. Barbara and T. Fonseca. Chem.

to Y rr e- Phys. in press.
(221 G. Jones 11, W.R. Jackson and A.M. Halpern. Chem. Phys.

References Letters 72 ( 1980) 39 1;
G. Jones 11. W.R. Jackson. C. Choi and W.R. Bergmark. J.

[I I JD. Simon. Accounts Chem. Res. 21 (1988) 128. Phys. Chem. 89 (1985) 294;
21 M Maonclli.J. acinisand .R.Fleing.Scince243W. Rettig and A. ((Jock. Can. J. Chem. 63 (1985) (649.

[199 . 74 Maocli .Mcni n .. Feig cec 4 231 V. Nagarajan. A.M. Brearley. T.J. Kang and P. F. Barbara.

131 P.F. Barbara and W. Jarzeba. Advan. Photochem. 15 (1990) 1, Chem. Ptys. 86 (198713183.
(241 M. Maroncelli and G.R. Fleming. J. Chem. Phys. 86 (1987)

[41 M.A. Kahlow. W. Jarzeba. T.P. DuBruil and P.F. Barbara. 221. aocliprrnt
Rev. Sci. Inst. 59(11988) 1098. ( 261 M. AmoncelJ. pry.e. 9 90 99

[51 E.W. Casiner Jr.. M. Maroncelli and G.R. Fleming. 3. Chem. 1261 .D.gSmon. 3.phivat Chmmu94i1990i25.
Phvs. 86 1987) 190. 1281JE... SavmonJ.nCae. omm .niaraayi an.11n0.19

(61 G.C. Walker. W. Jarzeba. T.J. Kang. A.E. Johnson and P.F. (28 .ASCae.3.hm.Sc raTan.(7(94
Barbara. J. Opt. Soc. Am. B 7 (1990) 152 1. 781 .W.CsnrJ. .Bgh.M aocli .. Wb.AJ

[71 M.A. Kahlow. W. Jarzeba. T.J. Kang and P.F. Barbara. J 1 .. Cuoamndrr.. B.emBagh. Me. Marnegei. SP. Web. Ahe.
Chem. Phys. 90 (1989) 151.RuiranGR.FeigBe.Bsng.PhikChm

81 .A.Kahow.T.J Kag ad PF. arbra.J. hem Phs.92 (1988) 363.
8] MA.88 Kh 7o. TJKngadPFBabr.3ChmPys (301 N.M. Galiyarova and M.I. Shokhparanov, Fiz. Fiz. Khim.

19] W. Jarzeba. G.C. Walker. A.E. Johnson and P.F. Barbara. Zhidlk. 4 ((1980) 39.
3. P~s. hem.92 (988)03911 J1. Calderwood and C.P. Smyth. J. Am. Chem. Soc. 78

10 1 B. Bagchi. Ann. Rev. Phys. Chem. 40 (1989) 115. _(1956) 295.
(I I 1. Naroncelli. prepnnt. (32 1J.K. Eloranta and P.K. Kabada. Trans. Faraday Soc. 66
1(21 T. Fonseca. pnv ate communication. ((970)817.
1131 E..A.Canserand JT. Hynes.iJ. Phys. Chem. 93 (1989) 2184 (331 J.Ph. Poley. Appl. Sci. Res. B 4 ((1955) 337.

and references therein. - 341 K.E. Arnold. J. Yarwood and A.H. Price. Mot. Ph'.s. 48
(141 J.S. Bader. R.A. Kuharski and D. Chandler. J. Chem. Phys. (1983) 451.

93 (1990)( 230.

ALU Ad v led Yw4" 5 TAX44 3

W.C". 5"ev,
4

etat 16



£ 4 *w

TECHNICAL RERORT DISTRIBUTION LIST - GENERAL

Office of Naval Research (2)" Dr. Richard W. Orisko (1)
Chemistry Division, Code 1113 Naval Civil Engineering
800 North Quincy Street Laboratory
Arlington, Virginia 22217-5000 Code L52

Port Hueneme, CA 93043

Dr. James S. Murday (1) Dr. Harold H. Singerman (1)
Chemistry Division, Code 6100 David Taylor Research Center
Naval Research Laboratory Code 283
Washington, D.C. 20375-5000 Annapolis, MD 21402-5067

Dr. Robert Green, Director (1) Chief of Naval Research (1)
Chemistry Division, Code 385 Special Assistant for Marine
Naval Weapons Center Corps Matters
China Lake, CA 93555-6001 Code 00MC

800 North Quincy Street
Arlington, VA 22217-5000

Dr. Eugene C. Fischer (1)
Code 2840
David Taylor Research Center Defense Technical Information
Annapolis, MD 21402-5067 Center (2)

Building 5, Cameron Station
Alexandria, VA 22314

Dr. Elek Lindner (1)
Naval Ocean Systems Center
Code 52
San Diego, CA 92152-5000

Commanding Officer (i)
Naval Weapons Support Center
Dr. Bernard E. Douda
Crane, Indiana 47522-5050

* Number of copies to forward

11

Enclos1r (


