
Journal of Fluorescence, Vol. 12, No. 1, March 2002 (q 2002)

Study of Preferential Solvation in Binary Mixtures by Means
of Frequency-Domain Fluorescence Spectroscopy
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The preferential solvation of 8-N,N-(dimethylamino)-11H-indeno[2,1-a]pyrene, Py(S)DMA, in its
transient charge transfer (CT) state in binary solvents such as toluene/DMSO liquid mixtures was
studied by means of frequency-domain fluorometry. The data obtained were considered within the
following kinetic scheme: the preferential solvation was described by the system of consecutive
reversible reactions of which each step is associated with the absorption of one DMSO molecule
in the first solvation shell of the fluoresent Py(S)DMA dipolar CT molecule. The rate constants of
the first two reversible elementary processes (i.e., the decay of solvation complexes of Py(S)DMA
with one and two polar molecules, k21 5 1.1 109 s21 and k22 5 1.4 109 s21) were determined.
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INTRODUCTION [4] (after the advent of lasers in chemistry) and expanded
only in the recent years [5,6], allows, in principle, the
obtaining of experimental data directly in terms of rateThe study of preferential solvation is of interest for

obtaining deeper insight into the general mechanism of constants of the system studied. The phase modulation
method can be regarded as complementary to otherthe influence of solvents on chemical reactions [1]. The

currently available methods of time-resolved optical spec- methods.
The purpose of this work is to demonstrate that fre-troscopy, in particular the streak-camera technique [2,3],

allow the study of preferential solvation by observing quency-domain fluorescence spectroscopy is a useful tool
in study of the kinetics of preferential solvation in binarysolvatochromic shifts of fluorescence in binary solvents

on a picosecond time scale. Generally, the interpretation mixtures. As an example, the fluorescence probe 8-N,N-
(dimethylamino)-11H-indeno[2,1-a]pyrene, (Py(S)DMA),of such experimental data requires an earlier assumption

of a solute-solvent interaction that, for non-specific inter- whose chemical structural formula is shown in Fig. 1, was
used in toluene/DMSO mixtures (i.e., the system that hadactions, is based usually on the Onsager model, which is

suitable for binary liquid mixtures [2b]. Unlike the streak- already been studied earlier by means of the spectro-streak
technique [2]).camera technique, the phase modulation method, which

had almost fallen into disrepute during the last decades

1 Photochemistry Center, Russian Academy of Sciences, 117421 Mos-
EXPERIMENTALcow, Russia.

2 Max-Planck Institut für biophysikalische Chemie, Abteilung Spek-
troskopie und Photochemische Kinetik, Am Fassberg, 37077 Göt- The solvents used in this work, toluene and dimeth-
tingen, Germany.

ylsulfoxide (DMSO), were of spectroscopic grade. The3 To whom correspondence should be addressed. Tel.: 149-551-201
concentration of the Py(S)DMA probe in the quartz1265; fax: 149-551 201 1501; e-mail: hstaerk@gwdg.de, or npetrov@

photonics.ru cuvettes was about 3 ? 1025 mol 121. All samples were
19

1053-0509/02/0300-0019/0 q 2002 Plenum Publishing Corporation



20 Petrov, Markov, Gulakov, Alfimov, and Staerk

this diffusion transport, non-polar component molecules
may be regarded as an inert medium. The number of
solvating polar molecules (i.e., the solvation number)
depends on the (volume) fraction of the polar solvent
component.

Particularly with Py(S)DMA, the excited probe rap-
idly reaches the excited CT state with a large dipoleFig. 1. The chemical structural formula of Py(S)DMA.
moment (m , 20 D) that ensures a large dipole-dipole
interaction between the probe molecule and the polar
solvent component of the solution (e.g., DMSO, m , 4
D). Compared with the long CT fluorescence lifetime inbubbled with argon for 15 minutes to remove oxygen

from the solutions and then measured at 238C. the range of 24–30 ns, the duration of establishing a
steady-state dielectric enrichment around the excited CTSteady-state and frequency-domain fluorescence

data were obtained by means of a Fluorolog-3t spectro- dipole is short.
Thus the preferential solvation of an excited CTfluorometer (Jobin Yvon-Spex, France) with DataMax

driving software. Typically, measurements were done at dipole in binary mixtures can be described by the system
of consecutive reversible reactions, of which each step14 different modulation frequencies, from 5–100 MHz

at various emission wavelengths. An aqueous solution is associated with the absorption of one polar molecule
in the first solvation shell of the dipolar CT moleculeof Ludox was used as a scattering standard. The time-

correlated single-photon counting method was also used (this is quite similar to the model suggested in [3a]). In
the scheme shown in Fig. 2, A is a polar-componentfor lifetime measurements on a Fluotime 200 fluorometer

(PicoQuant, Germany) with FluoFit data analysis soft- molecule of a binary solvent; B is the ground state and
B* the excited state of a dipolar CT probe molecule;ware.

The Fourier transform links the time-domain fluores- B*A, B*A2 are the complexes of the latter after absorbtion
of one or two polar molecules from the bulk, respectively.cence response to a delta-function excitation—the

response that is usually approximated by a sum of expo- Pseudo–first-order rate constants k1, k2, and k3

describe diffusion transport of polar molecules into thenentials—with the frequency-domain response to period-
ically modulated excitation light. The latter response is first solvation shell of B. Note that ki ' kd [A] (i 5 1,

2, 3 . . .), where [A] ' [A]0; kd , the bimolecular diffusion-derived from experimentally measured phase delays and
modulation depths of the fluorescence signal at various limited rate-constant, mainly determined by the viscosity

of the non-polar component, that is, toluene. As men-modulation frequencies. So, both time-domain and fre-
quency-domain approaches are, in principle, equivalent tioned above, a diffusion type of solvation shell creation

is now widely accepted.(for details see Ref. 5,6).
Molecules A can escape the solvent shell of the

dipolar molecule. This process is described by the first-
order rate constants k2i (i 5 1, 2, . . . n). It should beRESULTS AND DISCUSSION
mentioned that so far only little has been known about
the decay rates of solvation complexes.First, a kinetic model of preferential solvation of an

excited dipolar molecule was used for evaluating the Gi is the rate constant of fluorescence deactivation
of different solvated states. These rate constants are sup-obtained results. Currently the following kinetic model

is widely accepted [2,3]. After excitation of the probe posed to be much smaller than those that describe the
creation and decay of the solvation shell. Because themolecule, an excited charge-transfer (CT) state with a

large dipole moment is reached by photoinduced intramo- excited states (i.e., B*, B*A, B*A2, . . .) are different in
terms of energy, they can, in principle, be separated bylecular electron transfer. Then a fast reorientation (on the

subpicosecond time scale) of surrounding dipolar solvent
molecules occurs and the system reaches its first quasi-
equilibrium state. After this very rapid orientational relax-
ation, preferential solvation takes place and, as a result,
the system relaxes to its final equilibrium state. This
latter process is relatively slow and is associated with the
diffusion transport of polar molecules from the bulk into Fig. 2. The kinetic scheme of preferential solvation of the excited

dipolar molecule in binary mixtures (see explanation in the text).the solvation shell of the excited dipole [3a,7]. During
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observing the fluorescence in corresponding spectral
bands.

Note that the solvation number of polar molecules
in the first solvation shell of the excited dipolar solute can
be determined only on average. As shown by a computer
simulation of preferential solvation of the coumarin 135
solute molecule in mixtures of methanol and hexane [3b],
there might exist a quite broad distribution of solvation
numbers of the excited dipolar molecule. So, the total
process is described by “chains” of the consecutive reac-
tions of various lengths that occur concomitantly. The
fluorescence intensity detected at a certain spectral band
is, therefore, a superposition of emissions of solute-sol-
vent complexes of different compositions. Obviously this

Fig. 4. The plot of solvatochromic shift for the Py(S)DMA fluorescencemakes a quantitative interpretation of experimental data
peak versus the volume fraction DMSO in mixtures with toluene withmore difficult.
respect to neat toluene. The negative sign corresponds to the shift of

As to experimental results, Fig. 3 shows that on fluorescence peak to lower energies.
increasing the volume fraction of DMSO, Stokes’ shifts
of the CT fluorescence peaks of Py(S)DMA occur while
the fluorescence intensity decreases. Fig. 4 demonstrates about the kinetics of preferential solvation by means of
that spectral shifts of the CT fluorescence peak of Py(S)- the frequency-domain methods.
DMA, with respect to the fluorescence peak in neat tolu- Typical plots of fluorescence phase delays relative to
ene as a function of the volume fraction of DMSO, has the excitation light versus wavelength of the Py(S)DMA
a clear-cut saturation feature when the concentration of fluorescence are shown in Fig. 5 for some volume frac-
the polar component increases. This saturation is attrib- tions of DMSO and neat toluene. For the latter, the phase
uted to the existence of a limited number of polar solvent delay is almost constant in the range from 400–500 nm.
molecules in the first solvation shell of the excited dipolar Upon increasing the volume fraction of DMSO in binary
molecule [8]. Moreover, recent streak-camera studies [2c] mixtures, the phase delay decreases in a spectral band
have shown that at equilibrium the solvation shell on around 420 nm and concomitantly increases for wave-
average comprises only a few DMSO molecules for lengths longer than 460 nm. Using an empirical rule—the
small-volume fractions of the polar solvent component. longer the lifetime, the larger the phase delay—one might
For example, the solvation number is approximately 2 conclude that these experimental results qualitatively are
for a DMSO fraction of 3 vol.%. As described below,
this facilitates the achievement of detailed information

Fig. 5. The plot of phase delays of fluorescence versus the emission
Fig. 3. Fluorescence spectra of Py(S)DMA solutions in neat toluene wavelength at a 40-MHz molulation frequency for neat toluene (1);

and toluene/DMSO mixtures: 1.6 vol.% DMSO (2); 3.2 vol.% DMSO(1), and in toluene/DMSO mixtures: 1.6 vol.% DMSO (2); 3.2 vol.%
DMSO (3); 6.3 vol.% DMSO (4). Excitation wavelength, 337 nm. (3); 6.3 vol.% DMSO (4).
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in agreement with the kinetic scheme (see Fig. 2). Nota- v 5 2pf, where f is the modulation frequency in Hz)
and i2 5 21, each concentration is cj (t) 5 C̃j eivt. Herebly, the pioneer work by Cherkasov and coworkers [9] had

anticipated the main features of applications of frequency- C̃j are the complex functions of the angular frequency.
Substituting these into Eq. (1), we obtain:domain fluorometry to preferential solvation that was

further developed by Lakowicz [6a,b].
Lifetime measurements, carried out under the same

conditions by the time-correlated single-photon counting
method, have corroborated the time scale of the above

iv C̃1 5 2(k1 1 G1) C̃1 1 k21C̃2 1 G0,
iv C̃2 5 k1C̃1 2 (k21 1 k2 1 G2) C̃2 1 k22C̃3,

:

iv C̃j 5 kj21C̃j21 2 (k2(j21) 1 kj 1 Gj) C̃j 1 k2jC̃j11,
:

iv C̃n 5 kn21C̃n21 2 (k2(n21) 1 Gn)C̃n

6results. For all mixtures studied, the fluorescence decay
in the range of 410–440 nm fits to two exponential func-
tions of a short lifetime of ca. 0.6 ns and of a long lifetime
that varies from 24–29 ns for DMSO volume fractions

(2)1.6–6.25 vol.%. The long lifetime obviously corresponds
to the fluorescence transition from B* to the ground state, Following the method of continued fractions, used by
whereas the short lifetime component is associated with Morita [10] in a similar situation, we obtain from Eq. (2):
the formation of the complex B*A (see Fig. 2). The
fluorescence decay in the long-wavelength region (ca.

C̃1 5
G0

iv 1 k1 1 G1 2 k21
C̃2

C̃1

, (3)550 nm) can always be fitted by a single exponential
function with a characteristic time of ca. 29 ns. In neat
solvents, there is only a single decay-time independent
of emission wavelengths: in toluene this is 20 ns, and in C̃j

C̃j21
5

kj21

iv 1 kj 1 Gj 1 k2( j21) 2 k2j

C̃j11

C̃j

, (4)chlorobenzene, 22 ns. The dielectric constant of chloro-
benzene is 5.6, which corresponds to that of a 4-vol.%
DMSO mixture with toluene. As expected, the procedure
of frequency-domain data analysis, mentioned above, C̃n

C̃n21
5

kn21

iv 1 Gn 1 k2(n21)
. (5)gives approximately the same lifetimes of Py(S)DMA

fluorescence for these neat and binary solvents. On the
From Eqs. (3–5) the explicit formula for each complexother hand, kinetic interpretation of the obtained data is
concentration C̃j can be obtained.difficult, or rather impossible, with the multiple-exponen-

For example, for n 5 1, and 2:tial fitting procedure. Therefore we approach the problem
on the basis of the known kinetic scheme of preferential
solvation (see Fig. 2). C̃(1)

1 5
G0

iv 1 k1 1 G1
, (6)

The differential equations corresponding to the
scheme are:

C̃(2)
1 5

G0

iv 1 k1 1 G1 2
k1k21

iv 1 k21 1 G2

, (7)



 C̃(2)

2 5
k1

iv 1 k21 1 G2


d
dt

c1(t) 5 2(k1 1 G1) c1(t) 1 k21c2(t) 1 G,

d
dt

c2(t) 5 k1c1(t) 2 (k21 1 k2 1 G2) c2(t) 1 k22c3(t),

:

d
dt

cj (t) 5 kj21cj21(t) 2 (k2(j21) 1 kj 1 Gj) cj (t)

1 k2jcj11(t),
:

d
dt

cn(t) 5 kn21cn21(t) 2 (k2(n21) 1 Gn) cn(t),

 3
G0

iv 1 k1 1 G1 2
k1k21

iv 1 k21 1 G2

. (8)




The complex concentration can be given as C̃j 5 zjG0 ,
where the complex number zj 5 Pj (v) 1 iQj (v). Bearing
in mind that multiplication of the complex numbers means(1)
multiplication of their moduli and addition of the phase

where cj (t) ( j 5 1, 2, 3, . . . , n) are the concentrations angles, the phase delay wj , with respect to excitation, is
of B*, B*A, B*A2, . . . , B*An at time t, respectively. determined as:
On a harmonic excitation G 5 G0eivt, where v is the

tan wj 5 2Qj (v)/Pj (v) (9)modulation angular frequency of the excitation light (i.e.,
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and the modulation coefficient as: of the system. An initial steep dependence of Stokes’
shifts on the volume fraction of DMSO before saturation

mj 5 !P2
j 1 Q2

j (10)
(i.e, less than 4–5 vol.%) allows separation of some states
of the scheme shown in Fig. 2. Taking into account thatNote that the imaginary part of G0 is equal to zero, and
for volume fractions less than 4 vol.% of DMSO [2b]hence its phase angle is zero too.
the solvation number does not exceed 2, one may assumeIn a system with one excited state, which corres-
that for a 1.6 vol.% DMSO mixture with toluene, thereponds to a neat solvent, one can derive easily from equa-
is on average a two-stage reaction chain: the first stagetion (6) the well-known explicit expressions for the phase
is in the band of 410 nm (the fluorescence band in neatdelay of emission w relative to a periodically modulated
toluene (Fig. 3) and the minimum for the phase delay inexcitation light and a modulation depth m (see, for exam-
mixtures (Fig. 5)). The second stage can be associatedple, [4]):
with the red region at about 510 nm. The linear fit of

tan w 5 v/G1, (11) the differential phase delay (Fig. 6) confirms it, directly
giving k21 5 1.1 109 s21 by using Eq. (13).m 5 (l 1 (v/G1)2)21/2

Equation (12), which describes the two-stage
where v is the angular frequency of modulation. scheme, satisfactorily fits the obtained data, giving k1 5

For more complex systems with two excited states, 2.56 109 s21 in the basis of modulation coefficient data.
(e.g., B*, B*A), the far more intricate expressions follow This value is in excellent agreement with the bimolecular
from equations (7,8) [6b]: diffusion–limited rate constant that can be calculated as

kd 5 1.19 ? 1010 l ? mol21 ? s21 from this rate constant
tan w1 5

v(ag 2 b 1 v2)
av2 1 (b 2 v2)g

, (compare with the value that can be determined by viscos-
ity of toluene: kd 5 1.13 ? 1010 l ? mol21 ? s21 [12]).
Unlike for other compositions of binary mixtures, for 0.8m1 5

b
g

? F g2 1 v2

(b 2 v2)2 1 a2v2G
1
2

,
vol.% DMSO the experimental data for 0.8 vol.% DMSO

(12) failed to fit properly by Eq. (12).tan w2 5
av

b 2 v2 ,
In principle, two sets of the best-fitting parameters

can be obtained using either the expressions for phasem2 5
b

[(b 2 v2)2 1 a2v2]
1
2

, delays or their demodulation coefficients. However, the
phase delay fittings give significantly larger values of
rate constants than those by modulation magnitudes. In

where w1, w2 and m1, m2 are the phase delay and the this case the discrepancy might be attributed to the fact
modulation depth for the excited states B* and B*A, that by definition the modulation is more robust to devia-
respectively; a 5 G1 1 G2 1 k1 1 k21, b 5 G1G2 1
G2 k1, 1 G1 k21, g 5 G2 1 k21. In the case of three
excited states (i.e., B*, B*A, B*A2), explicit expressions
corresponding to Eq. (12) can be also derived, but they
are too complex to be used in the fitting procedure.

However, a more important result can be derived
from Eq. (5); that is, for any kinetic scheme the phase
difference between the last two adjacent states is:

tan (wn 2 w(n21)) 5
v

Gn 1 k2(n21)
(13)

This illustrates the general rule, first suggested by Weber
[11], that expressions for differential phase angles
between the states might be simpler and more useful in
analysis. The linear dependence of the tangent of the
phase difference on the angular frequency of modulation
can serve as a criterion for distinguishing one state from

Fig. 6. The plot of tangent of fluorescence phase-angle differential of
its neighbor state. Dw 5 (w2 2 w1), where phase angles were measured at l2 5 510 nm

Monitoring fluorescence emission in narrow spectral and l1 5 410 nm, respectively, versus modulation frequency in a 1.6
vol.% mixture of DMSO with toluene.bands allows the isolation of at least some of the n states
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In conclusion, the differential phase delay technique
of frequency-domain fluorometry can have an actual
advantage over time-domain methods in studying elemen-
tary processes of preferential solvation.
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Fig. 7. The plot of tangent of fluorescence phase-angle differential
Dw 5 (w2 2 w1), where phase angles were measured at l2 5 560 nm
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