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Abstract 

Using the picosecond spectra-streak method we monitored the dynamics of preferential solvation of a charge-transfer 
dipole in binary mixtures of solvents strongly different in dielectric constant. The observed slow (0.25-l ns) spectra1 
red-shift of the charge-transfer (exciplex) fluorescence is considered to be mainly due to the formation and the dielectric 
enrichment of the salvation shell around the dipolar solute molecules by diffusion of polar molecules from the bulk of the 
solvent mixture. 

1. Introduction 

Although preferential solvation in binary solvent 
mixtures has been of interest for decades [l] it is not 
yet understood completely. Solvatochromic shifts of 
fluorescence spectra associated with this physico- 
chemical phenomenon have been extensively studied 
under steady-state conditions (see, for example, Ref. 
[2]). A previous time-resolved study of spectral shifts 
of exciplex fluorescence in binary solvents, compo- 
nents of which were greatly different in dielectric 
constant, was carried out with small concentrations 
of the polar component. Small concentrations were 
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necessary because of a low time resolution (on the 
nanosecond scale) of the apparatus [3]. The recent 
development of picosecond time- and wavelength-re- 
solved spectroscopy allows the study of preferential 
solvation in binary mixtures under more realistic 
conditions. An instrument developed in this labora- 
tory based on a single-shot spectra-streak’ apparatus 
[4,5] is especially convenient for this purpose. 

One of the physico-chemical aspects of preferen- 
tial solvation in binary mixtures is the’ dielectric 
enrichment of the solvent shell around the excited 
solute species by molecules of the polar component. 
This process is generally considered to be deter- 
mined by a solute-solvent dielectric interaction alone 
M. 

The purpose of this Letter is to provide new 
experimental data on the problem of preferential 
solvation in binary mixtures obtained on a picosec- 
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ond time scale and to discuss them in the framework 
of a simple diffusion model. 

2. Experimental 

To monitor preferential solvation effects a 
molecule is required as a fluorescence probe which, 
upon excitation, rapidly reaches an excited charge- 
transfer (CT) state with a large dipole moment, 
sufficient CT-fluorescence quantum-yield and a long 
CT lifetime. We used the compound 3’-N,N-dimeth- 
ylamino-3H-4,5benzonaphthantracene (Fig. 1). This 
constitutes pyrene rigidly coupled to N,N-dimethyl- 
aniline (DMA). The spectroscopic and dynamic 
properties of this compound (Py(S)DMA) in differ- 
ent neat solvents have been extensively investigated 
[5-71. The long fluorescence lifetime (25-29 ns> of 
the CT-state (Py-(S)DMA+)* and the large CT 
dipole moment, estimated to be about 20-25 D, 
make this compound a suitable candidate as a probe 
for dielectric enrichment studies, in that the time 
available to reach a steady-state dielectric enrich- 
ment around the CT dipole in binary solvents is not 
much limited by the lifetime of the excited CT-state. 
The steady-state fluorescence spectra of Py(S)DMA 
(3 X lop5 M) were measured with a Perkin-Elmer 
IS-50 spectrofluorimeter. To observe time-resolved 
fluorescence spectra of the CT species we used the 
spectra-streak apparatus described in detail previ- 
ously [4,8]. The spectra-streak photometer measures 
fluorescence intensity, time, and wavelength, 1(t, h), 
with a single picosecond excitation pulse simultane- 
ously. It consists of a picosecond Nd: YAG or 
Nd: glass laser (pulse width 25-30 ps or 7 ps, 
respectively) and a single-shot streak camera 
(Hamamatsu C1370-01) equipped with a grating ob- 
jective [4]. From the set of time-evolving spectral 
series obtained with the spectra-streak method we 
extracted the Stokes shift correlation function C(t). 
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Fig. 1. Scheme of the probe molecule Py(S)DMA. 

We adapted the method of analysis applied by 
Maroncelli and Fleming [9]. There, the time evolu- 
tion of the band is determined by fitting the time-re- 
solved spectra to a common ‘log-normal’ lineshape 
function [lo]. The position of the maximum %(t) as 
a function of time is finally fitted to a sum of 
exponentials according to 

C(t) = Cp( t) - Gp(w) = i Ai exp - (t/r,) 
i= 1 

with &Ai < c,,(O) - t,(m). (1) 

The solvents used in the present investigation, 
toluene, chlorobenzene, tetrahydrofurane (THF), 
dimethylsulfoxide (DMSO), dimethylformamide 
(DMF) and acetonitrile (ACN), were of spectro- 
scopic grade (Uvasol, Merck) and used as received. 
Samples were saturated with nitrogen before mea- 
surements, which were carried out at room tempera- 
ture. The dielectric constants of the mixtures were 
measured with the capacitor method. The density 
plot p(x) as a function of the mole fraction x of the 
polar compound of the mixtures for x = 0 to x = 1 
followed a straight line. 

3. Results and discussion 

On increasing the mole fraction, e.g. 0.05-0.26 
mol% of the polar component of the solvent mix- 
tures studied, we observed red-shifts of the fluores- 
cence-probe charge-transfer spectra: first a rapid 
red-shift (on a picosecond time scale, and not re- 
solved in the spectra-streak evaluated in Fig. 2) 
followed by a relatively slow shift further to longer 
wavelengths. The characteristic time of the slow 
shifts is - 0.5 ns and A i > 2000 cm-’ for mixtures 
of x = 0.05 to 0.13; this corresponds approximately 
to concentrations in the order of 1 mol/l of the polar 
component. In this range of the polar fraction the 
slow process is observed for all mixtures studied (i.e. 
toluene/DMSO, toluene/DMF, and toluene/ACN) 
although in the case of the toluene/DMSO mixture 
it seems most pronounced. Generally, the more polar 
the solution, the greater the shift. Typical time-re- 
solved spectra are shown in Fig. 2. For neat solvents, 
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Fig. 2. Time-resolved excited state spectra of Py(S)DMA in solvent mixtures. Left: in toluene/DMF(9 mol%), right: in toluene/DMS0(9 
mol%). 

such as THF or chlorobenzene, the slow feature is 
absent (see Fig. 3). It is worth noting that the 
dielectric constant of chlorobenzene (E = 5.6) is ap- 
proximately equal to that of the binary mixtures in 
which the slow spectral component exists (e.g. 
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toluene/DMSO (x = 0.09)). The steady-state CT- 
fluorescence spectra of (Py -(S)DMA+) * nearly co- 
incide with the time-resolved spectra averaged over a 
time interval between 4 and 6 ns (see, far example, 
Fig. 41. 
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Fig. 3. Time-resolved excited state spectra of Py(S)Dh4A in neat solvents. Left: in THF, right: in chlorobenzene. 
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The observed dynamic Stokes shifts in the binary 
solvents are explained as follows. After excitation 
of the pyrenyl moiety of the supermolecule, 
Py * (S)DMA, to the first excited singlet state, pho- 
toinduced intramolecular electron transfer takes place 
which brings about a significant increase in the 
dipole moment. The initial red-shift of the CT-fluo- 
rescence observed on a fast picosecond or femtosec- 
ond time scale is mainly due to the reorientation of 
the (few) polar solvent molecules or clusters initially 
present in the immediate vicinity of the fluorescent 
probe molecules (Py-(S)DMA+) * . The system 
reaches a ‘first’ equilibrium of the CT state. For our 
present topic, however, the mechanism of producing 
this initial spectral shift, the orientational relaxation, 
is not of primary interest (e.g. the experimental 
solvation time of DMSO has been determined as 
rs = 1.2 ps [ll]). The subsequent slow CT-band 
shift towards the final equilibrium, on a time scale of 
a few hundred picoseconds to nanoseconds, is at- 
tributed to the dynamics of the dielectric enrichment 
process. The time for the ‘local phase separation’, 
i.e. the time for the further growth of the solvation 
shell, depends on the concentration of polar compo- 
nent molecules and is on a nanosecond time scale (as 
can be estimated applying simple diffusion calcula- 
tions), in agreement with the experimental results. 

The effective average dielectric constant eefr of 

the enriched and relaxed shells is thus different from 
the bulk dielectric constant E = E,,,~~ of the mixture 
as measured with the capacitor method. The usual 
plot of G,,, (the maximum of the CT-fluorescence 
band) against the Onsager polarity function [12] 
f,,(e) = (E - 1)/(2 E + 1) or the Debye polarity func- 
tion fn( E) = (E - l)/( E + 2) is therefore rather 
pointless in our case, whereas ??eff is not directly 
measurable. A plot of AQ,,,,,(relaxed) against the 
mole fraction (x) of the polar component shows the 
anticipated saturation effect. Table 1 provides the 
measured data, while Fig. 5 shows the plot of &,,,,, 
versus x(DMS0) for (Py-(S)DMA+)* in a 
toluene/DMSO mixture as obtained from photosta- 
tionary CT-fluorescence measurements. Table 1 also 
contains the measured values for E(X) and n(x) as 
well as the calculated solvent parameters A fmix = f. 
- if’, with f’ = (n2 - 1)/(2n* + 1) for the mix- 
tures in the range x = 0.04-0.27 DMSO. 

Beyond the first solvation shell, which is assumed 
to be formed by random-walk diffusion, a character- 
istic radius r0 for field-induced diffusion in the 
inhomogeneous dipole field may be defined. It can 
be obtained approximately by setting the dipole- 
dipole interaction energy equal to the energy of 
thermal motion: pM &41re,,er~ = k,T. For 
(Py-(S)DMA+) * with dipole moment /+, = 2v D 
[5] and ps(DMSO) = 4 D we obtain r0 = 7.3 A at 
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Fig. 4. Steady-state fluorescence spectra (full line) of (Py-(S)DMA+)* and averaged over a time range of 6 ns (broken line). Solvent 
mixture: toluene and 4 mol% DMSO. 
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Table 1 
Experimental solvent mixture parameters and fluorescence max- 
ima 

x (DMSO) ?? n fn-+r V,,, (cm-‘) 

0.042 3.26 1.4949 0.1876 
0.050 3.43 1.4938 0.1964 
0.062 3.69 1.4938 0.3083 
0.069 3.84 1.4938 0.2143 
0.086 4.23 1.4937 0.2287 
0.099 4.54 1.4936 0.2385 
0.111 4.85 1.4935 0.2471 
0.135 5.48 1.4934 0.2618 
0.160 6.15 1.4931 0.2746 
0.186 6.92 1.4929 0.2863 
0.196 1.24 1.4928 0.2905 
0.222 8.06 1.4925 0.2999 
0.275 9.94 1.4917 0.3158 

19985 
19620 
19395 
19060 
18785 
18670 
18400 
18195 
18000 
17860 
17720 
17470 

room temperature for E = 5. The fact that the interac- 
tion energy is actually a function of distance and 
angle coordinates is ignored in this approximation. 

Note that in a volume of r-0” = 3.9 X 1Op22 cm3 
there are only ~~coMsO = 3.9 X 10mz2 . 6 X 10” 

-’ = 0.23 particles for a DMSO concentration 
FErticle density c oMSO) of 1 mol/l= 6 X 10” 
cm-‘. This means that in the vicinity of a Py(S)DMA 
molecule only a few DMSO molecules are located 
on average prior to the photoinduced formation of 
the electronically excited dipolar exciplex (unless 
some kind of initial formation of complexes between 
Py(S)DMA in the ground state and polar DMSO 
molecules or DMSO clusters in the toluene solution 
exist). Therefore, we assume the observation of the 
growth and the completion of the first solvation shell 

Fig. 5. Final values of the CT-fluorescence band maxima of 
Py(S)DMA versus mole fraction (x) of DMSO in a 
toluene/DMSO mixture. 

around Py(S)DMA predominantly by free diffusion 
of DMSO molecules from the bulk of the solution. 
From our spectra-streak measurements, we obtained 
for the above system with mole fractions x(DMS0) 
the following mean relaxation times (7 >: 0.25 ns 
(x=0.09), 0.45 ns (x=0.05), 0.9 ns (x=0.02). 
For more dilute solutions of a polar solvent the 
enrichment equilibrium time tends towards a limit 
which is a few nanoseconds in liquids of low viscos- 
ity. 

In earlier experiments with anthracene-(CH,),- 
DMA in binary mixtures of ethylacetate/acetonitrile 
we measured the complicated exciplex fluorescence 
decay functions at single wavelengths [13]1 The indi- 
vidual data after proper weighting could be assem- 
bled - though with difficulties - to yield time-re- 
solved spectral information, such as the dynamics of 
bandshifts. These earlier experiments and experi- 
ences gained in our laboratory led to the develop- 
ment of the spectra-streak apparatus [4] which allows 
the easy and correct evaluation of kinetic parameters 
in the presence of dynamic band shifts. 

Supplementary to the above explanation based on 
dielectric enrichment due to free diffusion and to a 
lesser extent due to the influence of the inhomoge- 
neous dipole field, we are presently exploring the 
question to which extent the final size of the polar 
solvent shell or cluster may be additiorrally deter- 
mined by surface tension (surface between the two 
phase-separated components). A relation to the clas- 
sical theory of nucleation [14] may be established. 
Nucleation in binary mixtures has been discussed in 
connection with radical ion pair recombination reac- 
tions in the presence of external magnetic fields [15]. 

Solvatochromic probes in a variety of ionic solu- 
tions have been studied in recent experimental and 
theoretical work [16-181. Those authors describe the 
spectral changes as a function of added salt or carry 
out numerical simulations of solvation dynamics in 
electrolyte solutions by establishing the ionic atmo- 
sphere solvation function. Future theoretical treat- 
ments of solvation dynamics in binary nonionic sol- 
vents may benefit from that work. 
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