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1-(9-Anthryl)-3-(4N,N-dimethylaniline) propane (ADMA) is known to form an emissive “sandwich
heteroexcimer” (SH) in the excited state. The SH state has a distinct emission spectrum that can be characterized
as a single Gaussian peak. We have studied preferential solvation of the ADMA SH state in binary-hexane
ethanol mixtures by monitoring its peak emission energy. The results are analyzed with a theory of preferential
solvation by dielectric enrichment (Suppan,J?Chem. Soc., Faraday Trank987, 83, 495). Our analysis
demonstrates a significant influence of mixture dielectric nonideality on solvatochromism, and this effect can
be misinterpreted as specific solvemsblute interaction if it is not treated properly. We are able to separate
the influence of mixture nonideality from the influence of dielectric enrichment, and conclude that specific
interactions do not contribute to the observed solvatochromic shift in the ABbM&ane-ethanol system.

The analysis also indicates that solveablute interactions in this system can be adequately described with

a continuum model. We calculate the composition of the ADMA solvation shell and find that it is enriched
in ethanol by~50% over the bulk composition. ADMA is identified as an excellent probe of dielectric
enrichment in complex environments.

I. Introduction solvent components near the solute. Although eq 1 serves as

When a polar solute is dissolved in a binary solvent mixture, an opera_tional qlefinition of preferential solvation, it does n_o_t
it interacts differently with each of the solvent components. It Necessarily provide an accurate measure of the local composition
is therefore reasonable to expect that the composition in the Pecause there is no theoretical justification to the assumption
near vicinity of the solute will be different from the bulk thatdas is a mole fraction weighed averagedf andds. Ben-
composition. This concept of preferential solvation has long been Naim points out that in general, eq 1 will result in different
used qualitatively to rationalize measured solute properties thatvalues ofya for different spectroscopic measurements on the
deviate from a linear dependence on solvent composition. same chemical systeth!? Thus a more rigorous theoretical
Preferential solvation can occur either through specific interac- approach is required to obtain the local solvent composition in
tions of the solute with one of the solvent components or through the near vicinity of the solute molecule.
dielectric enrichment. Specific interactions occur with solvent 5 yiaple alternative to eq 1 is the theory of dielectric

molecules that are so close to the solute that intermolecular gy richment as proposed by Suppaithis theory explains
bonds, such as hydrogen bonds, can form. Thesg Inter"’wt'onspreferential solvation in terms of a dielectric continuum model
are usually directional and reflect a strong interaction between and has been applied to several binary solvent systérsi?

the solute and a single solvent molecule. On the other hand, - o . . .
. X . . . . _'When a dipole is immersed in a mixed solvent system, its
dielectric enrichment derives from an increased concentration .

of the polar solvent component throughout the solvation sphere'mmem‘fJlte environment is perturbed by differer_ltial_ att_racti_on
due to its attraction to the solute charge distribution. Enrichment toward the more polar solvent component, resulting in diffusion

of the solvation sphere has spherical symmetry to a good © the more polar component toward the dipole. Ultimately,
approximation, and can be analyzed under the assumption of a8quilibrium is obtained when the favorable interaction between
continuum solvent shell mod@lAlthough these two mecha- the dipole and the polar component is balanced against the loss
nisms are different, they often occur in tandem because in entropy due to the demixing that occurs in the vicinity of
functional groups that participate in specific interactions often the solute. The thermodynamic expression thus obtained pro-

have very large dipole moments. vides an unambiguous means of characterizing the local solvent
Preferential solvation is often correlated with spectral mea- composition. It can also provide insight as to whether the origin
surements using the expressiot of preferential solvation is an interaction between the solute
and the solvent reaction field, or a specific interaction such as
Opg = Ya0a t ¥a0s @) hydrogen bonding:313-15

in which 8, anddg are spectral properties (peak positions, peak I this work, we measure fluorescence spectra of ADMA (1-
intensities, kinetic rate constants, etc.) of the solute measured[9-anthryl]-3-[4-N,N-dimethylaniline] propane, see Figure 1) in
in neat solvents A and B, ang is the same property measured neat solvents and im-hexane-ethanol mixtures. ADMA is

in a binary mixture of the solvents A and B. Equation 1 relates nonpolar in the ground state, but forms an emissive, excited-
Opg t0 Oa and dg using the parameterg andyg = 1 — ya, state intramolecular charge-transfer complex following photo-
whereya andyg are considered to be local compositions of the excitation of the anthracene moiety. The position of the exciplex
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Figure 1. Structure of ADMA (R= N(CHjz);) and APP (R= H). See
Figure 3 for representative structures.
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charge-transfer excited state. This state is the low energy excited-
state conformation in nonpolar solvents and in solvents of
modest polarity { = 5—20). In nonpolar solvents the LE state
must attain the folded conformation before charge transfer
occurs. The rate of charge-transfer state formation is limited
by conformational diffusion, and exhibits a power law depen-
dence on solvent viscosity:?* The SH configuration has the
lowest energy in solvents of modest polarity, but an extended
charge-transfer configuration (the LH state) is the low energy
form in highly polar solvent3>28As a result, the charge-transfer
band shown in Figure 2a is extremely weak in highly polar
solvents such as acetonitrdg(The LH state has a very low
fluorescence quantum yield, though it can be observed by
transient absoban@e?% In solvents of modest polarity, the LH
can form directly from the LE state, and subsequently Cou-

emission peak depends on solvent polarity. We first demonstratelombic attraction between the charge-separated moieties results

that the exciplex peak energy is linear in the Lippevtataga
solvent polarity functiotf in neat solvents, but not imhexane-

in accelerated formation of the charge-transfer statéCom-
petition between the diffusive and accelerated pathways is

ethanol mixtures. The mixture results are then analyzed accord-mediated by solvent polarity through its influence on the energy

ing to the theory of dielectric enrichment to determine the local
composition, demonstrating that dielectric enrichment is the
mechanism of preferential solvation in the system.

Il. Experimental Section

ADMA and APP (1-(9-anthryl)-3-(phenyl) propane, Figure
1) were synthesized according to methods outlined previdéisly.
All solvents were obtained in the purest form available from

Aldrich. They were degassed by bubbling argon and used

without further purification. All sample concentrations were30
M

The fluorescence spectra of the solutions where collected in

a home-built scanning T-format fluorimeter. The emission was
collected with a photomultiplier tube through one arm, and the

fluorescence at a fixed wavelength was collected synchronously

and simultaneously through the other arm to correct for
fluctuations in the emission intensity due to sample and

instrumental conditions. The emission slit widths were set at
1.5 nm, giving 3-nm resolution. Samples were thermostated at
25 °C, unless noted otherwise. Dielectric constants of solvent
mixtures were obtained from capacitance measurements usin

a thermostated capacitance cell and a capacitance instrume
of our own desigrf°

Ill. ADMA Charge Transfer State Formation: Dynamics
and Spectroscopy

Figure 2a demonstrates two distinct contributions to the
fluorescence spectrum of ADMA dissolved in tetrahydrofuran
after excitation of the anthracene moiety at 387 nm. The
emission at wavelengths450 nm resembles the anthracene

of the LH intermediate, as illustrated in Figure 3.

The spectrum of ADMA is influenced by solvent polarity in
two ways. First, the intensity of the charge-transfer band depends
on the rate of SH formation and on the energetics of the LH
intermediate, as already discussed. Second, the peak position
of the charge transfer band is governed by solvent stabilization
following the formation of the charge transfer band. The
absorbance spectrum of ADMA undergoes a very small shift
(~2 nm) when the solvent is changed froninexane to ethanol,
indicating that the dipole moment of ADMA in the ground state
is small. On the other hand the excited state dipole moment is
large after formation of the charge-transfer state, and the energy
of this configuration is expected to depend strongly on solvent
polarity. The resulting solvatochromic shift is dynamic because
the solute dipole is created instantaneously when the charge
transfer occurs. In neat solvents we expect the dynamics to be
governed by solvent rotational motion, with a time scale that is
short compared with the rate of charge transfer state forma-
tion.29-32 In solvent mixtures, on the other hand, the dynamics
of solute stabilization is governed by diffusion of the polar

q:‘olvent component into the solvation sphere of the SH config-
n

ration of ADMA, and is expected to occur on a nanosecond
time scalé®1” This fact complicates interpretation of time-
resolved emission from ADMA. However, the SH state is
extremely long-lived $100 ns in the absence of molecular
oxygen).1925-27 Thus, the time-integrated charge-transfer emis-
sion peak energy is representative of the equilibrium stabilization
experienced by the solute and is therefore an excellent probe
of dielectric enrichment.

We characterize the peak position as follows. Spectra of APP
and ADMA are collected under identical conditions. The APP

spectrum. These emissions are observed_in_both ADMA and spectrum is subtracted from the ADMA spectrum, and the
APP spectra and have been assigned to emission from the locallyesulting difference spectrum is representative of emission from

excited anthracen@.The broad emission in the 45@00-nm

the charge-transfer complé%2*We model the resulting charge-

range is only observed in the ADMA spectrum and has been transfer band as a Gaussian peak using nonlinear regression

assigned to emission from a folded charge-transfer excilex.

These spectral features mimic those of the bimolecular an-

thracene-dimethylaniline compleX® Fluorescence lifetime

(SigmaPlot), as shown in Figure 2b. Peak positions thus obtained
are given in Table 1, and the uncertainties are dominated by
the 3-nm resolution of the fluorimeter. Peak energies of the

studies of both features have elucidated the mechanism forADMA charge-transfer band measured in neat solvents are

charge-tranfer formation illustrated in Figuré®22428 Three

plotted in Figure 4a against the solvent dependent term in the

important solute configurations are identified in Figure 3 as the Lippert—Mataga peak energy equatidn

locally excited (LE) configuration, the loose heteroexcimer (LH)

configuration, and the sandwich heterexcimer (SH) configura-

tion. The LE configuration is an extended conformation

representative of the solute conformation in the ground state.

W1 f2Ae—1) w2

o -1
)= a® 4meg| 2¢ +1 2n2+1]+‘]° (2)

The SH configuration represents the conformation of an emissive Hereafter we refer to this type of plot as a LippeMataga
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Figure 2. (a) Fluorescence spectra of ADMA and APP in tetrahydrofuran (THF), illustrating their similarity in the48@0nm region. (b)
Difference spectrum after subtraction of the APP spectrum from the ADMA spectrum. The circles are difference data points, and the line is a
regression fit to a Gaussian peak shape. Center frequencies are taken from the results of the regression.
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Figure 3. Energy level scheme that governs excited state isomerization kinetics of ADMA. The scheme demonstrates that sandwich heteroexcimer
(SH) state formation is mediated by both solvent viscosity and solvent polarity. In polar solvents, the favored pathway to the SH state is through

the charge-separated loose heteroexcimer (LH) intermediate. The weakly emissive LH state becomes the low-energy configuration in highly polar
solvents. Solvent relaxation occurs after formation of the charge-transfer state of the molecule.

(LM) plot and to the bracketed term as the LM polarity function. is provided for the isomerization reactié®. Peak energies

In eq 2,J is the peak energy, anld is the vacuum energy, and measured im-hexane-ethanol mixtures are also given in Table
e andn are the solvent dielectric constant and refractive index, 1. Comparison of these results with the neat liquid regression
respectively. The plot is linear, consistent with previous line is shown in Figure 4b, which demonstrates a marked

reports?! The slope of the plot (51.1 kJ/mol) jg/(2a%) and deviation from linearity. In Section VI we analyze the mixed
the measured dipole moment is 11.7 D (3%91073° C-m), liquid results using the theory developed by Suppan and co-
obtained from electrooptical emission measuremé&nihis workers, and demonstrate that the deviation from linearity results

value givesa = 4.45 A, which is within 3% of the van der  from dielectric enrichment of the solvation sphere.

Waals radius-4.32 A) obtained using the method of Borli, , , , i

assuming that the solute is spherical. The intercept of this plot V- ldeal Mixture, Single-Shell Theory of Dielectric

predicts a peak energy in a vacuum of 457 nm, which is in Enrichment

excellent agreement with the peak position measured in  The following is a concise summary of the theory of dielectric
supersonic jet spectra of ADMA when sufficient internal energy enrichment as developed by Suppan and co-workgts35:36
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TABLE 1: Peak Positions of the ADMA Sandwich and nonpolar mole fractions, respectively. Figure 5 depicts a
Heteroexcimer (SH) Emission Peak in Pure Solvents and in model of the local solvent environment in which a solvent shell
n-Hexane-Ethanol Mixtures of thicknessAr located at a distancefrom the cavity center
SH peak fitting error  peak energy interacts with the point dipoleAr = 2b, whereb is the van der
solvent (nm) (nm) (kJ/mol) Waals radius of the solvent). For the first solvation shes
n-hexane (1) 474.6 0.4 252 a + b. A finite dipole causes demixing of the solvent in the
cyclohexane (2) 473.2 0.5 253 vicinity of the solute, especially in the first solvation shell. The
g:g:‘g’:gmg: g; ggig 8-% 22?7’ equilibrium composition of the shell is obtained by minimizing
t-amylalcohol (5) 514.6 0.6 532 the fr_ee energy expression against the Onsager solvent polarity
n-butylchloride (7) 509.00 0.03 235 function,
ethylacetate (6 522.6 0.2 229
tetrg\hydrofurgar? ®) 523.9 0.1 228 d(AE) _ _dAS _ 0 5)
methylenechloride (9) 526.1 0.2 227 dF dE
isoamylalcohol (10) 522.9 0.2 229
ethanol (11) 537.1 0.3 223 The entropy of mixing is given by
10% ethanot-n-hexane 492.2 0.4 243
19.8% ethanetn-hexane  502.0 0.2 238 (Xn) (Xp)
28.7% ethanetn-hexane  513.0 0.6 233 AS=y.RIn|—|+ yRIn|-— (6)
40.9% ethanetn-hexane  516.8 0.2 231 Yn S
50.2% ethanotn-hexane  520.5 0.2 230
60.8% ethanotn-hexane  523.7 0.1 229 whereR is the ideal gas constant aiyd andy, are the mole
80.1% ethanotn-hexane  528.7 0.2 226 fractions of the nonpolar (n) and polar (p) solvent components

aThe numbers beside pure solvents match the number labels inin the local ) vicinity of the solvent. The binary solvent is
Figure 4a. Peak energies are given in nm and in kJ/mol. The error considered to be an ideal dielectric if the following relations

listed in the table is the standard error of the peak position from the hold:
nonlinear regression analysis. In all cases, this error is small compared

with the monochromator slitwidth of 1.5 nm and the spectral resolution Fiouk = XoFn T X,Fp (7a)
of 3 nm. Error bars in plots are based on the resolution uncertainty,
which corresponds to an uncertainty-sf.5 kJ/mol. Fiioca = YaFn T YoFp (7b)

The molecule in solution is approximated in the Onsager dbdel whereF, andF, are the solvent polarity functions of the pure
as a point dipole of magnitude located at the center of a  polar and nonpolar components of the solvent, respectively, and
spherical cavity of radiua, immersed in a continuous dielectric  Fipuk @andFijoca are the ideal mixture polarity functions of the

medium. Suppaii defines the stabilization energyU relative solvent in the bulk and in the near vicinity of the solute,
to the vacuum as respectively. The entropic term is evaluated with the aid of eq
8:
2 2
1 (2(e—1)
Auz_u_pz_u__.(_ 3 A
2a° 23| dmeg \ 2 + 1 (3) a9 =RIn ﬁ) (8)
dyp XY

whereF is the Onsager solvent polarity functianis the solvent
dielectric constant, aney is the permittivity of free space. If
the electronic spectrum of the molecule is taken in two different

Applying a chain rule for the derivative in eq 5, the shell
contribution to the entropic term is obtained as follows:

solvents, the difference in the peak energies of the molecule in d(AS _ 4zRPOAr, [XYp
the two solvents isA(AU) = (—u?a®)AF, where AF is the dE ~ MAE In{— 9)
difference between th& values of the two solvenfS. It is p-n \o¥n

interesting to note that Suppan uses an expression for the peaiﬁvhereAFp _n=Fp— Fn, andM and are, respectively, the
energy that does not include the polarizability of.the sol\_/ent, mean molecular weight and density of the two solvent compo-
which is the second term of the LM solvent polarity function. hants. The solvent shell with an Onsager polarity funcfion

However, this term is effectively constant for all solvents .qnyipytes to the stabilization of the dipole via eqs 10 and 11:
depicted in Figure 4 (0.12 0.01), and therefore has no effect

on AF, the solvent dependent factor in Suppan’s theory. This —3 24
fact is an essential eIeFr)nent of the analysis I:[:))Fr)esented inySection AE = AU(r) = AU(r+Ar) = oM roArE (10)
V.

Qualitatively preferential solvation occurs when the composi- @ = _—?’ﬂzr"‘Ar (11)
tion of the binary solvent in the near vicinity of the solute differs dF 2

considerably from the bulk value. Thermodynamically prefer-
ential solvation is the result of two competing phenomena;
stabilization of the dipole, which prefers to be solvated by the

Equations 9 and 11 lead to the following expression for the
local composition at:

polar component of the solvent mixture, and entropy, which Y, X,

opposes any local variation from the bulk composition. This —=_exp(-Z,) (12)
competition can be quantitatively defined from the free energy Yo

expression, whereZsis the index of preferential solvation and characterizes

AA= AE — TAS @) the local solvent composition (as discussed later):

2
Consider the effect of a dipole on a binary solvent mixture = % 13

i oS 5 (13)
of bulk compositionx, andx,, wherex, andx, are the polar TROr
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Figure 4. (a) LM plot of the ADMA sandwich heteroexcimer (SH) emission in pure solvents. Numbers in the plot match the solvents given in
Table 1. The linear relationship indicates that solvesglute interactions do not significantly distort the solute charge distribution in the SH
configuration. (b) LM plot of the SH emission mhexane-ethanol mixtures. Deviation from linearity indicates preferential solvation of the SH

state by ethanol.

One Solvation Shell
Al = 2b b

Figure 5. Model of the local solvent environment. Parameters illustrate
the quantities of interest in Suppan’s modeis the distance from the
center of the spherical cavity to the center of the solvation shell of
interest;Ar = 2b is the width of the solvation shell of interest, and is
twice the radiush, of the solvent molecules; and the first solvation
shell hasr = a + b.

The constan€ is a numerical constant formally equal to 3#§8
when both the solvent and solute are spherical. The conGtant
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Figure 6. Solvent polarity function calculated from measured values
of permittivity (¢) and refractive indexn) for n-hexane-ethanol
mixtures versus ethanol mole fraction. The line represents the prediction
for an ideal dielectric mixture with pure solvent properties identical to
hexane and ethanol.

second equality reflects the value Bfs in the single shell

is sometimes considered to be an empirical parameter of theapproximation for an ideal mixture. The parameZgg can be
system that depends on the shape of the solvent and soluteevaluated from solvent and solute parameters (eq 13) by

molecules:12 In our analysis, we us€ = 3/(8r).

assuming that = a + b for the first solvation shell. If one

Equations 12 and 13 are analytical results obtained for a singleknows u, a, and b, then AU can be calculated directly and

solvent shell around the solute. To find the total stabilization
energy, an integration over all solvent shells is required. The
integration does not yield an analytical result. Suppan and co-
workerg-35:36have examined the numerical integration in some
detail, and have concluded that in genera®0% of the total
solute-solvent interaction energy is accounted for by the first
solvent shelf. In the remainder of this section, the single shell
approximation is made, and the analytical solution for the
stabilization energy due to the first solvation shell can be written
as

AU

2 2 -1
2asFeff ~— %3 F+ (1 + Xﬁpexp(—zps)) AF, n] (14)

HereAU is the equilibrium dipole stabilization energy aRg
is the actual solvent polarity experienced by the dipole. The

compared with measured peak energies. A detailed analysis of
our data based on eq 14 will be made in Section VI.

V. Preferential Solvation in Nonideal Mixtures

Equation 14 is derived under the assumption that the solvent
mixture is ideal (i.e., eqs 7a and 7b are correct). We have tested
this assumption by direct measurement of solvent dielectric
constants fon-hexane-ethanol mixtures. Ethanol is a hydrogen-
bonding liquid and, intuitively, we expect that ethanol and
hexane will form a nonideal dielectric system. The theory of
significant structure® predicts that the compositional depen-
dence of the dielectric constant of mixtures with hydrogen-
bonding components can be expressed in terms of a third-order
polynomial. Using our experimental values obtained from
capacitance measurements, the dielectric constantnelfiex-
ane—ethanol mixture can be expressed as
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ey = 1.943— 1,120(p + 16.89<p2 4 6.605<p3 (15) function calculated from measured bulk solvent properties,

Refractive indices fon-hexane-ethanol mixtures have been 2 f (Frmeas,buk— Fipuid 8%
interpolated from the data of Orge et38IThese results have Pni = AF (29)
been used to calculate the Onsager and LM solvent polarity p—n

functions versus composition forhexane-ethanol mixtures,
and the results are plotted in Figure 6. Clearly, hexane and
ethanol do not form an ideal dielectric mixture. Note, however,
that the peak energies in Figure 4b are plotted versus measure
values of the solvent polarity function, and in the absence of
preferential solvation the peak energy will still be linear in this
function. Thus, the results of Figure 4b are an unambiguous
reflection of preferential solvation around the ADMA molecule.
On the other hand, the results in Figure 6 call into question the
ideal mixture approximation, and therefore the validity of eq Zf(Fi,|oca| — FipuddX,
14. Suppan addresses this issue in the following manner. A Pps™ AFE
quantity referred to as the nonlinearity ratjn,expresses the

mean deviation of the measured Onsager Polarity Function from\here eqs 7a and 7b are used for the quantities in the integral.
the linear prediction based on eqis defined in general as it the aid of eq 12, the integrand can be written in terms of

Xp and solved analytically to give
. 2‘/](Fmeas_ Fi,bulk)dxp

p AF

This integral reflects the area between the line and the curve in
Figure 6. The difference betwegpnand p,; gives pps, Which is
éhe quantity of interest in this study.

The previous discussion indicates thgdis the nonlinearity
ratio of the system after subtraction of the contribution from
nonideality. Thus, we can now interprggs within the ideal
mixture approximation, beginning with the expression

(20)
p—n

(16) 1+e% | —2Ze ™
p—n Pps = — + — 7.2 (21)
1—e? (1-—e)

where Freas iS @ measured value of the Onsager Polarity

Function versus mixture compositiors;puk is the ideal, where the prime oy indicates that the index of preferential

calculated quantity versus composition based on eq 7a, andsolvation is calculated via the nonlinearity ratio method. Thus,

AF, _ , is the difference between the value of the quantity in pps can be extracted from measured valuesoénd pni, and

pure polar (p) and nonpolar (n) solvent components. The Zps can be calculated fromys using eq 21. In principleZps is

difference between the measured and ideal quantity is integratedequivalent toZys if the single shell approximation is correct.

over the entire range of possible compositions from 0 to 100% . "

polar component. An ideal, linear response results in a nonlin- V1. Analysis of Local Composition

earity ratio of zero, and any deviation from a value of zero  Calculation of Zsis tantamount to finding the local composi-

reflects the nonlinearity of the measured quantity. tion of the solvent around the solute molecule through eq 12.
The parametep can be decomposed into a sum of two The theory just described offers two independent methods for

contributions; pnipuk resulting from the nonideality of the  calculatingZ,s This parameter can be calculated in the ideal

mixture in the bulk, angysresulting from preferential solvation  mixture—single shell approximation directly from eq 13, and it

in the local solvation sphere. Thus, the total mean deviation can be calculated after correction for solvent nonideality using

from linearity is given by egs 17-21. In addition, a direct method to determine an effective
_ I (17) experimentalZ value €exy) can be developed by inversion of
Pt = Pribulk T Pps eq 14. The latter method gives a quantity that is conceptually

d similar to the value ofp; in the sense that it includes
contributions from both preferential solvation and solvent
mixture nonideality. We evaluatg by these methods in this
section and discuss the relationship between each measure of
Z.
_ Zf (Imeas ™ Jpu) % (18) Calculation ofZys via eq 13 requires the estimation of several

Pr (AJ parameters, including solvent density, solvent molar mass,

M, and the distance between the cavity center and the center of
whereJneasis the measured peak energy in the solvent mixture, the first solvation sphera, Suppan uses mean values fdr
andJ; pui is the ideal mixture peak energy calculated from the and o, which for then-hexane-ethanol system are 66 g/mol
LM plot, assuming eq 7a is valid. It differs formally from and 0.723 g/cr) respectively. We have chosen to use the bulk-
Suppan’s expression, eq 16, in that it includes a polarizability mole-fraction-weighted molar mass, and the mixture densities
term. In practice, however, the difference in the polarizability are interpolated from measuremefftsTable 2 present&ps
terms between hexane and ethanol in the integrand and in thevalues determined for three separate measurebetause is
denominator is extremely small, on the order of 0.5% of the the parameter whose value most strongly influenggsWe
permittivity term, and therefore is negligible. Thus for binary suggest that the most objective measure isfthe bulk-mole-
solvent systems in which the component refractive indices are fraction-weighted van der Waals radius of the solvent compo-
nearly equal, the definition given by eq 18 collapses into eq nents. Though this value does not reflect the influence of
16. In rare instances where solvents of substantially different preferential solvation on the width of the solvation sphere, it
refractive indices are used, one must exercise care in the use oprovides the most realistich®rder approximation to the correct
solvatochromic peak enegies to characterize solvent stabilizationshell width. We have also calculat&gs using the ethanol van
energies. der Waals radius and the hexane van der Waals radius because

Similarly, the nonlinearity resulting from bulk solvent non- these two values must bracket the correct radfiugable 2
ideality can be determined from the values of the solvent polarity indicates thatZys calculated using the bulk-mole-fraction-

where p; is reflected in the measured peak energy compare
with the linear prediction based on bulk neat solvent properties.
We calculatep; from spectral energies as

pfn)
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TABLE 2: Calculation of Z by Equation 13 versus Bulk
Mole Fraction of Ethanol?

EtOH, M o)
mol % radius value b(A) (kg/mol) (kg/mP) z

10 EtOH radius 2.03 0.082 660 0.74
hexane radius 2.58 0.082 660 0.45
bmfw radius 2.52 0.082 660 0.47

19.8 EtOH radius 2.03 0.078 666 0.70
hexane radius 2.58 0.078 666 0.43
bmfw radius 2.47 0.078 666 0.47

28.7 EtOH radius 2.03 0.075 670 0.67
hexane radius 2.58 0.075 670 0.41
bmfw radius 2.42 0.075 670 0.47

40.1 EtOH radius 2.03 0.070 682 0.62
hexane radius 2.58 0.070 682 0.37
bmfw radius 2.36 0.070 682 0.45

50.2 EtOH radius 2.03 0.066 692 0.57
hexane radius 2.58 0.066 692 0.35
bmfw radius 2.30 0.066 692 0.45

60.8 EtOH radius 2.03 0.062 706 0.53
hexane radius 2.58 0.062 706 0.32
bmfw radius 2.24 0.062 706 0.43

80.1 EtOH radius 2.03 0.054 735 0.44
hexane radius 2.58 0.054 735 0.27
bmfw radius 2.13 0.054 735 0.41
mean parameters  2.31 0.066 723 0.42

@ The molar mass\) is calculated as mole-fraction-weighted mass
of the mixture, and densities) are determined from measurments. In
all cases, the cavity radius, is given the ADMA van der Waals radius
of 4.32 A.Zis calculated for three values of the solvent shell halfwidth,
b: (1) b = ethanol (EtOH) van der Waals radius (2.03 A); &2
n-hexane van der Waals radius (2.58 A), andy(3) bulk mole fraction
weighted (bmfw) radiusZ was also calculated for mean (arithmetic
average) parameter values.
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Figure 7. Inverse peak shift (measured against thhexane peak
position) of the ADMA sandwich heteroexcimer (SH) versus ethanol
mole fraction. Equation 22 predicts the observed linear dependence.
Deviation from linearity occurs when specific interactions contribute
to preferential solvation.

of 1/A(AU) versusxy/x,. Suppan and co-workers have pointed
out that specific interactions will cause a sizable deviation from
linearity in this plot23 Thus, the linear result is also consistent
with our conclusion that dielectric enrichment is the mechanism
of preferential solvation. The slope and intercept in Figure 7
give experimental values @, = 1.448 anda = 4.73 A. The
value ofa is within 6% of the value obtained from the slope of
Figure 3 and it is within 10% of the van der Waals radius. The
parameteZey, is a composite of preferential solvation and the
nonideality of the solvent. The fact that we obtain a linear plot

weighted radius has an average value of 0.45, and only varieswhen solvent nonideality is known to exist suggests thag
by + 5% across the entire composition range. It is also nearly can be decomposed into a sum of contributions from preferential

identical toZys calculated from mean parameter values.

Note that eq 13 is based on the ideal mixture assumption,

and the resultingZys value only reflects the contribution of

solvation and mixture nonideality,

Zexp = Zps + Zni (23)

preferential solvation to the solute charge-transfer emission peak

energy.

Comparison ofZ,s with the Z,s determined via the nonlin-
earity ratio concept is instructive. Using eq 18, we obtain a
nonlinearity ratio of p; 0.383 from our spectroscopic
measurements. Application of eq 19 to the calculatioppf

Note that when eq 21 is used to relgig and Zys, a linear
relationship between these parameters exist fer f,s < 1.5.
(The linear relationship can be written ps = 0.31:Z,, with
a correlation coefficient of0.99) Thus, eq 23 suggests that a
similar linear relationship may exist betweg&g, and p, and

using measured values of bulk refractive indices and dielectric betweenZ, andpni. As a first approximation we use the linear

constants givepn = 0.22. From these values and eq pds=
0.163, and eq 21 can be solved to fidgk = 0.5. From the
nonlinearity ratio methodZps is in excellent agreement with
the value ofZys calculated in the ideal mixturesingle shell
approximation. Agreement betwegpy, which is derived from
experimental data, and,s which assumes that dielectric
enrichment is the sole contributor to the solvatochromic shift,
confirms that dielectric enrichment is responsible for preferential
solvation around the ADMA sandwich heteroexcimer. Note that
in the absence of a thorough analysis, the influence of

relationship

p=0.31z (24)

to calculateZ, from p, = 0.22, and a value of, = 0.7 is
obtained. If we add,; to previously determined independent
measures 0Zps given in Table 2 Zey, will range from 1.2 to
1.5, which is in agreement with the value determined from
Figure 7.

VII. Discussion

nonideality can be misinterpreted and lead one to conclude that

specific interactions are at play.

Equation 14 can be written as the differenaéAU), between
the hexane peak position and the mixture peak position.
Inverting the resulting expression gives

—Ze
e

1 B 2a3[

= 1+
AAV) AR, |

(22)

We have substitutedey, for Zysin eq 22 to emphasize the fact
that this expression defines the valueZgf, Figure 7 is a plot

Table 3 gives local mole fractions of the polar component,
Yp, of n-hexane-ethanol mixtures around the ADMA sandwich
heteroexcimer calculated frordys using eq 12. The local
composition is calculated for eadys value given in Table 2,
with the exception oEps calculated from mean parameter values.
Calculations based on the bulk-mole-fraction-weighted (bmfw)
radius illustrate the magnitude of dielectric enrichment around
ADMA and its dependence on bulk composition. Note, however,
that essentially identical values will be found at all bulk
compositions by using the value @fs determined from mean
parameter values. Calculations based on the radii of hexane and
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TABLE 3: Local Compositions Around the ADMA 260
Sandwich Heteroexcimer (SH) Dissolved in ®  Measured Peak Energies
n-Hexane—Ethanol Mixtures? | o Calculated Peak Energies
Yo Yo Yomean Yo - N Preferential Solvation Only
Xp (Zps Mexand (Zps reton) (Zps rbmiw) (fromeq 1) g S~ - Linear Prediction
0.100 0.15 0.19 0.15 0.31 3
0.198 0.28 0.33 0.28 0.47 =
0.287 0.38 0.44 0.39 0.64 2 2407
0.401 0.49 0.55 0.51 0.70 S
0.502 0.59 0.64 0.61 0.76 =
0.608 0.68 0.72 0.70 0.81 € Ll
0.801 0.84 0.86 0.86 0.88
aLocal polar mole fractionsyf) are calculated from eq 12 using
the Z,s values given in Table 2. Th&,svalue calculated using the bulk 220 _ i _

mole fraction weighted (bmfw) radius is presented as the best estimate 0.0 02 04 06 08 10
of the local composition, and tf#s values calculated using the hexane .
radius and ethanol radius give extreme values of the local composition. Bulk Ethanol Mole Fraction

These extreme values are presented to characterize the uncertainty ifrigure 8. Peak energy of the ADMA sandwich heteroexcimer (SH)
the estimated local compositioy, was also calculated using eq 1. Note ~ Versus ethanol mole fraction of tinehexane-ethanol solvent mixture.

that eq 1 overestimates the local composition by as much as 100%. The filled circles are measured peak energies and the open circles are
calculated peak energies. The solid line reflects the contribution of

. . . : preferental solvation to the peak shift relative to the linear prediction,
ethanol give estimates of the uncertainty in the calculated and the open circles include a contribution from mixture dielectric

compositions. Also included in the table are local compositions pgpigeality. The dashed line is a linear prediction that is expected in
calculated using eq 1. Several trends and conclusions can behe absence of both effects. See Section VII for details of the calculation.
drawn from these results. First, it is clear that the excess local

polar mole fraction (calculated as the ratio of the local increase sglvation for the ADMA sandwich heteroexcimer dissolved in
over the bulk polar mole fraction) is greatest at the lowest bulk n.hexane-ethanol mixtures. This point is illustrated in Figure
polar mole fraction, as is expected on physical grounds. The g \where the experimental peak energies are compared with peak
analysis indicates that the local polar composition can be energies calculated with eq 14. Equation 14 is modified to
augmented by-50% at low polar bulk mole fraction. Second,  jncjyde the influence of mixture nonideality by substitutifiga

the local composition based on the bmfw radius gives a lower — Zps + Zui (see eq 23) in place ofys a parameter that
limit to the extent of dielectric enrichment at low bulk polar  -haracterizes only preferential solvation. We have @&ge-
mole fractions. Note that, though the hexamthanol system g 7 getermined experimentally as described in Section VI, and
is important from a practical point of view, it represents a e cajculated the peak energies for several bulk compositions.

particularly d'ff'CUI.t system to analyze on the basis of eq 13_’ The contribution of dielectric enrichment is characterized at each
because all of the important solvent parameters that characterlzeoulk composition UsiN@,s values given in Table 2. Th&
Ps . PS

each component have substgnt[ally different values. Nevgrthe value based on the bmfw radius results in the calculated peak
less, our analysis in Table 3 indicates that eq 13 can provide a : R
; - o\ ! energies, shown in Figure 8, and thg values based on other
meaningful estimate of the local composition. The third trend - . . .
. . - radii are used to determine the error bars shown in the figure.
that is apparent from Table 3 is that estimates of local .
We obtained excellent agreement between calculated and

composition based on eq 1 grossly overestimate the local polar d val by thi thod of vsis. T lusi
mole fraction in this system and these estimates exceed everjneasured vaiues by this method ot analysis. Two conclusions

the limiting maximum values by 50%. We surmise that the linear can be_drawn from this figur_e. First, ?t _is clear that specific_:
assumption of eq 1 overestimates the local polar mole fraction interactions do not play a role in determining the solvatochromic

because it does not properly account for mixture nonideality. pe_ak position becagse such interactions normally cause a_red
Thus, analysis based on eq 1 is likely to attribute mixture shift of ~30 nm relative to the values calculated from dielectric
nonideality erroneously to specific solversiolute interaction, ~ €nrichment equatior’s:>3Second, this analysis is based on a
which highlights a major limitation of eq 1; that is, it is only postulate that eq 23 can be used to represent the measured peak
valid for ideal dielectric mixtures. energies when preferential solvation results only from dielectric
The plot obtained in Figure 4a is linear for neat solvents. enrichment. The success of our analysis based on this postulate

This result is not true for all chromophores and fluorophores; SU99ests that a theoretical basis for eq 23 may be found. We

in fact, other analogues of ADMA demonstrate a marked ar€ currently studying this possibility.
deviation from linearity?! Mataga has studied the correlation ~ In summary, we have applied Suppan’s theory of dielectric
of the LM solvent polarity function with solvatochromic shifts ~enrichment to ADMA dissolved in-hexane-ethanol mixtures.
and concludes that a linear plot is obtained when the electronic The analysis of the results by several related methods is
structure of the probe is not altered by its interaction with the completely selfconsistent, indicating that dielectric enrichment
surrounding solvent molecules and the solute excited state isis the mechanism of preferential solvation in this system.
stabilized solely by the electrostatic interaction with the Considering the geometry of the emissive state (folded config-
solvent!® Generally speaking however, solutolvent interac- uration) and the fact that dimethylaniline is a tertiary amine,
tions can cause the electronic structure of the probe to changethe dielectric enrichment mechanism appears to be physically
which would be manifested in a sizable curvature in the energy reasonable, and specific interactions do not appear to be at play.
versus solvent polarity function plét. This fact highlights We would not necessarily expect this behavior if the solute
another caution in the application of eq 1; that is, it is only contained hydrogen-bonding moieties, such as primary amines
valid when the spectral property of interest is linear in the or alcohols. We are currently designing new studies to examine
solvent polarity function. the influence of specific interactions on solvatochromic peak
Dielectric enrichment is clearly the mechanism of preferential energies in hydrogen-bonding analogues of ADMA. Based on
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our analysis, the solvation shell around ADMA is enriched by
>50% over the bulk mixture composition. We have demon-

strated that eq 1 is inapplicable to studiesiihexane-ethanol
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(16) Petrov, N. K.; Wiessner, A.; Fiebig, T.; Staerk, €hem. Phys.
Lett. 1995 241, 127.

(17) Petrov, N. K.; Wiessner, A.; Staerk, Bl.Chem. Phys1998 108

mixtures because it is a nonideal dielectric mixture. We have 2326.

confirmed previous reports that the sandwich heteroexcimer

(18) Mataga, N.; Kubota, TMolecular Interactions and Electronic

emission peak of ADMA exhibits a solvatochromic peak energy SpectraMarcel Dekker: New York, 1970.

that is linear in the LippertMataga function. ADMA is more

soluble in hexane that ethanol, suggesting that in its ground g1, 2233
state, ADMA is nonpolar. Thus, we anticipate that dielectric
enrichment is dynamic in this system. These results demonstrat
that ADMA is an ideal candidate for studies of dynamics of

dielectric enrichment in complex media.
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