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A simple model describes the translational diffusion origin of preferential solvation. Assuming independent
polar ligands in the first solvation shell of the excited probe molecule, it presents an extension of the
Smoluchowski aggregation model to the reversible case. The model captures the main aspects of both
concentration and time dependence of spectral shifts obtained from steady-state and transient fluorescence
measurements. It provides a useful method for extracting the rate and equilibria coefficients for ligand exchange
in the first solvation shell of excited polar molecules.

1. Introduction a major role in the observed dynamics. Compensating for this
missing physical ingredient, there will necessarily be extra
- o . - S adjustable parameters, or parameters assuming nonphysical
s s o s o Vales [0..(e) n 161 19 does i scale corecly i
charged solute is introduced into a neat polér solvent, the Solventconcentrat_lon]. A practlca! altgrnatlve, the_refor_e, would be_ 0
responds predominantly by librational motions to op;timize the use diffusion Fheory, WhICh IS _intermediate n complexny
solute-solvent interactions. If the dipole is created (or enhanced) between ch.em|§:al k[net!cs and ful molecular' simulations.

o ) So far, diffusive kinetics was applied to this problem only
by photoexcitation of a fluorescent probe molecule, the solvent

response manifests itself in a fast time-dependent Stokes shift™ & qualitative levet.”8In particular, the reversibility of solvent
P 5 P entry/exit from the solute’s solvation shell has been neglected.
for the average fluorescence frequeneft).

YT ; ' Without reversibility, the polar-molecule cluster around the

The situation is different in a mixture of polar and nonpolar o ,pe molecule would grow indefinitely. Its SS solvatochromic
solvents, in which polar solvent molecules tend to aggregate gy ¢ \vould reach the limit for the neat polar solven below)
around the polar solute, a phenomenon known as “preferentialin contrast to the experimentally observed dependenaméooz)%
solvation”3 Equilibrium electrostatic models have been utilized on the polar cosolvent concentration.
to explain the“mole-frgcnon_depend:ance of the shift emanating Theory for treating reversible diffusion influenced reactions
from SUCh. a “dielectric e““Ch”?e”t .proc.e‘éa,nd the theory has recently been develogéd® and found to be in quantitative
was applied to solvatochro_rmc shifts in steady-state_ (SS) agreement with reversible proton transfer to solvent occurring
spectroscopy.Recent dynamic measurements find relatively in the excited state of organic photoaciis?” In such dissocia-
slow, nanosecond spectral shifts attributed tottheslational tion—recombination reactions
diffusion of polar solvent molecules, which replace the nonpolar '
ones in the first solvation shell of the soli¢té!

Molecular-dynamics simulatiot%s® and theoretical woA€ 18 A+B N AB 1)
were performed to elucidate the molecular details of preferential
solvation in mixed solvents. Following an instantaneous increase(where ky and kg are the association and dissociation rate
in the solute’s dipole moment, the simulations indicate three coefficients), only a single B molecule may bind to A. In
phases in the solvation procédsJltrafast solvent reorientation ~ contrast, solvation of a probe molecule, A, by polar solvent
is followed by a fast “electrostriction” step, in which the total molecules, B, is a (reversible) aggregation process,
number of ligand molecules increases in the first solvation shell

Molecules are stabilized by their interaction with the solvent,

of the solutet2 On slower time scales (up to 50 ps), one observes A+B Y AB

redistribution of the molecules in the first solvation shell, where ka1

the less polar solvent is replaced by the more polar solvent Ksp

molecules. This points to the role of translational diffusion in AB +B<=AB,, ... (2)

preferential solvation. However, given the small number of
molecules in the simulation box (typically 250, corresponding where more than one B ligand may bind to A. It thus constitutes
to about three solvation shells), transport over long distancesa reversible extension of the Smoluchowski theory of coagula-
cannot be followed. Realistic simulations of translational tion,?® which has been discussed under the simplifying assump-
diffusion would require at least 100 times more molecules tion of noninteracting B particle®.
propagated to 100-fold longer times (up to 5 ns), so that direct  The present work merges the reversible aggregation rffodel
comparison of simulation and experiment has not yet been with a simple electrostatic modebr the spectral shift per polar
obtained. molecule, B, incorporated in the solute’s first solvation shell.
Simple chemical kinetics has been used to fit experiffent This results in a useful model that describes simultaneously both
and simulatiort2 Such an approach does not contain explicitly steady-state and time-resolved experiments on preferential
the translational diffusion process, which is postulated to play solvation with a minimal number of adjustable parameters.
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2. Theory

2.1. Basic AssumptionsAs a model for the reaction in eq
2, let us consider a big sphere of voluiecontaining a single
A molecule and\ B molecules. The theory is simplest if the B

particles are statistically independent. This occurs under several

conditions: (i) A is static, otherwise its motion couples that of
the B’s. We assume that it is a sphere of radius a, located

at the origin (the center of the big sphere), whereas the B

particles diffuse with a diffusion coefficiem. (ii) The B’s do

not interact with each other, which means that they are point

particles that may have a potential of interactibi(r), with A
but not with one anothelJ(r) — 0 asr — «]. Furthermore,

U(r) should be independent of the number of bound B molecules
(this is not a very plausible assumption unless, as we argue;

below,U(r) ~ 0). Under these conditions, the problem becomes
spherically symmetric, depending only on the distamc&om
the center of A. (iii) The B’s are not coupled by the aggregation

process, which requires that the rate constants of the different

binding steps in eq 2 are identicaéfa1 = Ka2 = ... = kg andkys
= Kg2 = ... = kg. In particular, there is no limit to the number
of B particles that may bind to A.

In reality, kay might decrease dramatically after filling of the

first solvation shell. Nevertheless, this is expected to introduce

only a small error in our model if spectral shifts due to second-

shell ligands are negligible. Generally, the spectral shifts in the

ABn, cluster saturate witlm; hence, the shift per B molecule
decreases with increasimg. A similar effect has been found
in gas-phase cluster stud#s® in which only the few first-
shell solvent molecules induce a sizable spectral shift.

Clearly, the above assumptions restrict the theory to a small

B particle concentratiorg = N/V, thoughc is not required to

be infinitesimally small. In addition, we assume that the B’s
are equivalent, which means not only that they are identical
particles [with equal diffusion constant®, and interaction
potentialsU(r)] but also that they all start from the same initial
distribution.

As a result of statistical independence, the many-body
problem factors into that of AB pairs. Let us assume that the
probability density of having a pair separated to distanbg
time t is given byp(r,t), whereas the probability that they are
bound isp(x,t). These normalize such thatr4, p(r,t)r> dr =
1 — p(x,t). B-particle equivalence implies that all of them have
the samep(r,t). Initially, we assume a random distribution

P(x,0)=py <1 (3a)

P(r,0) = (1 — po) exp[~BU(NI/[4x [, expl-BUy(n)]r? ?BEL)

wheref = 1/(kgT) is the thermal energy arldy(r) the ground-
state potential, prevailing prior to the excitation of the probe
molecule. Similarly,po > 0 depicts a situation in which some
B’s solvate A already in the ground state.

2.2. Statistical Theory. We now reiterate the general
statistical theory for the probability of having a cluster AB
given a concentration of equivalent and statistically indepen-
dent B particles. Starting with a finite volumécontainingN
B particles, let us denote bg,(t) the probability of having
exactlym B’s bound to A by timet. Because I- p(x,t) is the
probability that a given B patrticle is not bound, the probability
that none of theN particles is bound is simply

Qo(® = [1 — p(,)]" (42)
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For the chemical reaction in eq 1, when at most one B may
bind, the theory ends here. When the reaction is reversible,
Oo(t) provides a poor approximation for the survival probability
of an unbound A, because the restriction that only one B may
bind to it couples all of the B’s. They are not statistically
independent because the binding of one B replagéy O for

all other B’s. This coupling is eliminated when eq 1 is
irreversible kg = 0, because the process ends with the binding
of the first B. Thus, for an irreversible reaction subject to the
restrictions i and ii abovegqy(t) depicts the exact survival
probability, and this serves as the starting point for the
Smoluchowski theory of irreversible pseudo-unimolecular reac-
tions 2831

For the aggregation process in eq 2, we proceed by consider-
ing the probability of having exactly one particle bound, with
the remainingN — 1 particles unbound. For independent and
equivalent particles, it is given by

(B = Np(D[L — peet)] ™

The factorN arises because each of tNeparticles may be the
bound one. Continuing in this fashion, the general expression
for the cluster probabilities is given by the Bernoulli distribution

(4b)

N
m

(1) = ( ) p(x)™ [1 — peHN ™

The average number of bound particles is, as expected,

(4c)

N
[n(t) = Zmom(t) = Np(,1) (5)

but this is not proportional to the spectral shift (see below).

We are interested in the thermodynamic limit of an infinite
system\V — c andN — o, keeping the concentratian= N/V
constant. Because in this limitz4y exp[-AU(r)]r2 dr — V
(becauséJ(r) — 0 at large distances), the normalized probability
density (with the initial value in eq 3) vanishes. Therefore, we
define an unnormalized probability density

p(r.tleq)= Vp(rt), pextleq)= Vpxt) (6)

so thatp(r,0leq) — exp[—AU(r)] in the thermodynamic limit
(po — 0 in eq 3b). Substituting in eq 4c and taking the
appropriate limit gives, as usu#the Poisson distribution

Om(t) = [cp(,tleq)]" exp[—cp(+,t/eq)]m! )

This follows because, fom < N, one hasN!//(N — m)!
N™ and (by taking logarithms) [1— p(xtleq)MN
exp[—cp(x,tleq)].

Again, for an irreversible reactioky = 0, define a “time-
dependent rate constani(t), by k(t) = dp(x,tleq)/d. Then,
the survival probabilityge(t), becomes

Golt) = expl—c [ k(t) dt’] (8)

which is just the Smoluchowski result for irreversible pseudo-
unimolecular reaction®:31 Equation 8 predicts an initial non-
exponential regime, which has recently been found experimen-
tally for an excited acid reacting with high base concentratféns.
Returning to thereversible aggregation reaction, let us
consider the long-time equilibrium limit of eq 7. In an infinite
system, there is an infinite supply of B particles so that their
random distribution is reestablished. Henaay,tleq) —
exp[—pU(r)] ast — o. Assuming that the reaction occurs at

~
~
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the contact distance,= a, we have

kg PCx.t) = K, p(at) (9a)
and therefore, at infinitely long times,
P(,0|eq)= k, exp[-pU(a)l/k; = K, (9b)

whereKeqis the equilibrium (association) constant. Substituting
in eq 7, we find the equilibrium limit for the cluster probabilities

() = (cKe9)" eXp(—CK,p)/m!

which depends only onKeq Equations 7 and 10 are the main
results of this subsection.

2.3. Spectral Shifts.In the usual case of transient Stokes
shifts, one defines a correlation functid®(t) = [¥(t) — v(c)]/
[v(0) — v(c0)], wherewv(t) is the peak (or average) fluorescence
emission at timd. In mixed solvents, all frequencies depend

(10)

also on the concentration of the polar cosolvent. One may define

another correlation function, which depends on the nunber,
of polar molecules B in the first solvation shell of A,

Vi~ Vp

C

=y (11)

Herevy andvp are the fluorescence frequencies of A in neat
nonpolar (n = 0) and polar ifn — o) solvents, respectively.

Agmon

m(t)O= cp(x,tleq) by eq 5, the latter approximation is similar
to obtainingC(t) by averagingmin the denominator of eq 13.
Equations 14a and 14b provide a simple model for the time
and concentration dependence of spectral shifts due to prefer-
ential solvation.

2.4, Diffusive Dynamics.So far, the theory is independent
of the equation of motion governingr,t) andp(x,t). Suppose
now that the relevant molecular motion is translational diffusion
with reversible binding; then, these probability densities obey
the differential equatiorf8 24

a _
5 PL) =Py (16a)

Loy =kpad —kpk)  (16D)

Forr = a, /is the spherically symmetric Smoluchowski
operator in three dimensions,

o =2 0 2 _—pum 0 _pugr
7 — 2 942 g AU 9 PUD
L=r"Dore areﬁ (17)
whereD is the relative diffusion constant)(r) is the A—B
interaction potential, and = 1/(kgT). Equations 16a and 16b
are coupled by the “back-reaction” boundary condife
imposed orp(r,t) at the A-B “contact distance”’n(= a):

The time-dependent correlation function is now obtained as 422 o=AU@ 9 eBU(r)p(r t),_. = k,p(at) — kyp(x.t) (18)
Dli=a ) ;

the average of the composition-dependent one,

v(t) — vp

() = [C,= ZOQm(t)Cm R
U= N VP

(12)

wherev(t) = Oy Knowledge of the spectral shiftg,, induced
by the binding ofm polar molecules in the solvation shell of A
could allow one to calculat€(t). One might hope to obtain,
from gas-phase cluster da&a° or from molecular simula-

tions12-15 In the absence of such data, one may apply simple

electrostatic consideratiodg.Petrov et af. have extended the

Onsager model finding, in the absence of specific solvation

effects such as hydrogen bonding, that
C,~1/(1+m) (13)

Although one could question the validity of continuum elec-

ar

The functions denoted by(r,tleq) andp(x,t|eq) are character-
ized, additionally, by their initialt(= 0) values:

p(,0/eq)= KZ, (19a)

p(r,0leq) = exp[~AUq(r)] (19b)
derived from egs 3 and 9tKe9q and Ug(r) are the binding
constant and interaction potential in the ground state, where the
system has equilibrated prior to excitation of A. Note that the
probability density is unnormalized and that,0jeq) — 1 as
r — co,

The above equations may be solved numerically, for example,
using the modular Windows application SSBfPwhich is
publicly available. In the simplest case, WHé&Z 0 andu(r)

trostatics for a solvation shell composed of just a few polar = Uo(r) =10: the problem admits an analytic solution. First, we
molecules, the result certainly captures correctly the qualitative note that

trend of reduced shift per molecule with increasing

It is also convenient because the average in eq 12 can now
be performed analytically, by inserting eq 7 and using the sum

Ym0 Z"(m + 1)! = (¢ — 1)/z. From this one obtains

1 — exp[—cp(*.tleq)]
cp(x.tieq)

C(w) = [1 — exp(—cK)l/(cKyg)

Although cp(x,tleq) appears in the denominator, it is easy to
see thatC(t) — 1 whencp(x,tjeq)— 0 as should be. Indeed, by
Taylor expanding up to second order,

c(t) = (14a)

(14b)

1

C(t) = 1 — cp(x,tleq)/2~ m

(15)

which does not diverge ag(x,t|leq) — 0. Moreover, because

P(x tleq) = Ket/+) (20)

where (t|x) = 4o 5p(rt|x)r? dr is the separation probability
for the geminate problem starting with an initially bound pair,
p(x,01x) = 1 andp(r,0|x) = 0. WhenU(r) = 0, eqs 16a and
16b admit an analytic solutiéf

3 vyt vl

L a(y/by ()
= (Vj =)= 7

St)x) =1+

Thei, j, andk are different numbers from the get, 2, 3, and
we have defined

D (2) = exp) erfc(z)

where erfcg) is the complementary error function (of a possibly

(22)
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Figure 1. Dependence of the peak fluorescence frequency i\8- . ) . - .
(dimethylamino)-1&-indento[2,1-alpyrene in DMSOJtoluene mixtures ~~19ur® 2- Time-resolved Stokes shifisfor he system n Figure 1. Thick
on the DMSO concentration under continuous illumination conditions. g_rag |rlle_s ar?7ex_|r_)er|megta ata_ BO? SCL \(/ng 8t'j parameiers 0
Circles are experimental datand line is a fit to eqs 14b and 12 with ) aple 1 inref 7. Top to bottont = 0.2, 0.4, and 0.8 M (using =
vo = 16 850 el = 23 850 cmt. andK.. = 3.8 ML 20, 0, and 40 ps). Thin lines are a global fit to egs 14a and 12 avith

P PN : eq =5A k=57x 10°M s ky= 1.5 x 10 s! (note that the
ratio is 3.8 M%), andD = 1.4 x 10°° cn¥/s, achieved using the SSDP
softwaré* for solving eq 16. Commensurate with the deviation of the
0.2 M data point in Figure Iyp andvy for c = 0.2 M were increased
Day® + D(1 + k/ko)y? +aky + ky=0  (23) by 650 cm™.

complex argumerd). They;’s are roots of the quartic equation

andkp = 47Da is the diffusion-controlled rate constant. With these values set, only two parameters (one rate constant
and the diffusion constant) should determine the time depen-
3. Comparison with Experiment dence ofy(t) for all concentrations. The experimental time

dependence has been summarized by the eqdation
We apply the model to the data of Petrov et-allhey have

used the fluorescent probe\gN-(dimethylamino)-1H-indento-
[2,1-a]pyrene (A in eq 2), which undergoes intramolecular
charge transfer in the excited state resulting in a large dipole ) ] )
moment,ua ~ 20 D. Both SS and picosecond fluorescence with the three copcentrat_lon-dependent parameters given in
measurements were conducted in mixtures of dimethyl sulfoxide Table 1 of ref 7 is an adjustable parameter used to set time
(DMSO, B in eq 2,us ~ 4 D) and toluene. No hydrogen- zero). These data are depicted by the thick gray lines in Figure
bonding or other specific interactions are expected for this 2.
system. Purely nonspecific solvation is closer to the idealized The time-dependent model in eq 14a depends on the
limit of statistically independent solvent molecules assumed in interaction potentialJ(r), appearing in the Smoluchowski eq
this treatment. Because no absorption measurements werél6a. The radial part of the dipotelipole interaction is given
reported from which one could determine the ground-state by uaus/(4mecer®). Even for the huge dipole moment of the
binding constant, it is assumed here tK@ =0. probe and the small dielectric constant of the mixtuérey 5,

Our analysis involves two straightforward steps: (i) fitting this interaction becomes comparable to the thermal erlesGy
eq 14b to SS fluorescence shifts to obtain the excited-statealready atr = 7.3 A This implies that the dipoles are freely
binding constant,Keg (ii) fitting eq 14a to the transient rotating beyond the second solvation shell, in which case the
fluorescence shifts to obtain the individual excited-state rate angular part of the dipotedipole interaction, 3 cdsf — 1,
constants (and the diffusion constant, when it is unavailable from averages to zero. If they are almost but not quite freely rotating,
other sources). The ratio of the two rate constants is restrictedone could use the Keesom interactiod(r) = —2(uaus/
to obey eq 9b with th&eq found from the SS data. (4meoer?))?(3ksT), obtained from a weighted average of the

SS fluorescence maxima as a function of DMSO mole angular par® The resultingr=8 interaction is of short range
fraction, x, were given in Table 1 of ref 6. We have converted (essentially zero beyond 10 A), and its validity for very short
mole fractions to concentrations using for the mixture volumes Separations may be questioned. In addition, there should be some
V(X) = 70.% + 106.3(1— X) + Ve(X) cm/mol, with the excess ~ screening of this interaction. Thus, for the semiquantitative
molar volume calculated frofh Ve(x) = x(1 — X)(1 — 2%)- comparison presented below, it is neglected, and we assume
[—0.1355+ 0.3525(1— 2X) — 0.2726(1— 2x)2]. The data point  thatU(r) = 0. In this limit, eqs 20 and 21 may be used in eq
for c = 0.2 M was taken from Table 1 of ref 7. Figure 1 shows 14a so that the model becomes fully analytical.
the dependence of the SS emission frequency on DMSO The thin lines in Figure 2 show a global fit of this model to
concentration (circles) as compared with our model (line). the experimental data using a reasonable value for the diffusion

Vimadt) = Voo(C) + Av(C)/[1 + (t — ty)/z(c)] (24)

Parametersp, vn, andKeqWere adjusted to achieve this fitg coefficient of DMSO in tolueneD = 1.4 x 1075 cn¥/s. In
and vy can be obtained experimentally, but they were not principle, this parameter could be obtained from an independent
reported ref 7). The value found fdfeq is 3.8 M~ which, measurement. Thus, the only unavoided adjustable parameter

assuming the simple relatidinC= cKeq, implies that between is one of the rate constantg,or kg, the value of the other being
0.8 and 12 DMSO molecules are bound to the dye in the determined fronKeq With this single parameter,globalfit is
experimental concentration range, [DMS8]0.2—3 M, seen achieved, meaning that the same value is used for iafor
in Figure 1. concentrations.
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