9500 J. Phys. Chem. A998,102,9500-9506

Solvent Effects on Electronic Spectra at Liquid Interfaces. A Continuum Electrostatic
Model

llan Benjamin
Department of Chemistry, Usrsity of California, Santa Cruz, California 95064

Receied: April 29, 1998; In Final Form: June 17, 1998

The electronic absorption line shape of a model chromophore at liquid interfaces is numerically evaluated
using electrostatic continuum theory. The interface is described as a sharp boundary separating two bulk
media, each characterized by different optical and static dielectric constant. The chromophore is modeled as
a pair of spherical cavities in which two equal and opposite point charges are embedded, but more complicated
charge distributions are possible. All possible orientations of the two cavities relative to the interface are
properly weighted, including the cases where each cavity may be located in both phases. Comparisons are
made with experiments, approximate analytical results, and molecular dynamics simulations.

I. Introduction to relate the shift in the peak spectrum at the interface relative
Solvent effects on electronic spectra have been extensively!© the spectrum in bulk liquids to the dielectric property of the
studied in order to understand the nature of the condensed phaséduids and the position and orientation of the solute molecule.
environment and its effect on the structure and dynamics of Besides the practical use of continuum electrostatic models
solute molecule. The shift in the position of the peak spectrum  Of electronic spectra at interfaces, these models can help provide
taken in a given solvent relative to the spectrum in the gas phased simple theoretical interpretation of a large amount of
provides information about the polarity of the solvent and about €xperimental data. For example, recent experimental measure-
specific solute/solvent interactions. The shift of the spectra of ments of electronic spectra at several liquid/liquid interfaces
selected chromophores relative to the spectrum in a bulk suggest that the peak spectrum at the interface is very close to
reference solvent has been used to construct very usefulthe average shiftin the two bulk medfa.Could this surprising
empirical solvent polarity scalés.Various theoretical ap-  result be explained using simple continuum models? Molecular
proaches have been used to understand the effect of bulk liquidsdynamics simulations of electronic spectra at liquid interfaces
on electronic spectr&’ Continuum electrostatic models have recently reported by 4%!° show that the spectra are quite
been used to derive expressions for the position of the peaksensitive to the location of the probe. Can this effect be
spectré#® These expressions are useful for extracting solute Understood quantitatively by continuum models?
propertie3®~12 (such as excited state dipole moments) from the  In this paper, a continuum electrostatic model for calculating
wealth of available experimental data. the spectral line shape at liquid interfaces and surfaces is
In recent years, due to advances in experimental techniquesdeveloped. Although continuum models of liquid interfaces
such as non-linear optical spectroscopies, measurements ohave been used in the past to compute ionic adsorption free
electronic spectra in complex environments such as that of liquid energy® and reorganization free energy for electron tran¥fe¥,
interfaces have been reported. For example, the polarity of thethey have not been utilized to compute electronic spectral line
micelle—water interface has been probed by Saroja and Samantashape. As in these models, the interface is described as a
using a solvent-sensitive fluorescence prébeGirault and mathematically ideal plane separating two bulk dielectric media.
coworkers have measured the electronic spectrum of phenolHowever, unlike most applications to ET at interfaces, the model
and phenol derivatives at the air/water interf&tend Eisenthal described here allows for all possible solute locations at the
and co-workers have used second harmonic generation specinterface. The underlying theory and the specifics of the model

troscopy to determine the spectrun™NN'-diethyl{p-nitroaniline are discussed in section Il. The model is applied to the spectrum
(DEPNA) at the air/water interfaée and at the water/1,2-  of DEPNA at the water liquid/vapor interface and at the water/
dichloroethane (DCE) interfadé. DCE interface in sections lll.A and 11I.B. Although the resulting

One of the major goals of these and similar studies is to use model requires numerical techniques, a simple approximate
the extensive knowledge about the relationship between solventanalytical expression is also developed in section 1lIC. Sum-
effects on electronic spectra and solute/solvent interaéidns mary and conclusions are given in section IV.
developed from studies in bulk liquid to gain an understanding
of the nature of the microscopic environment at liquid interfaces. || Theory
As has been the case in studies of bulk liquids, an important
component of the study of electronic spectroscopy at interfaces A. Statistical Mechanical Background. The system under
is to derive simple expressions for the effect of the inhomoge- consideration consists of a single solute molecule (the chro-
neous environment on the spectra. For example, increasing themophore) in a bath of solvent molecule¥;(r) denotes the
polarity of the solvent environment will lower the transition total adiabatic potential energy of the system when the chro-
energy from the ground state to the excited state if the latter mophore is in its ground electronic state, angr) denotes the
has a larger electric dipole moment. Thus, it would be useful corresponding one for the excited statecorresponds to the
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positions of all solvent and solute atoms. Include¥ir) and (7

Vo(r) is the fixed gas phase energy difference between the

solute’s electronic states. In the FrariRondon approximation,  This simple relation, with its obvious geometric interpretation
the electronic absorption spectrum results from “vertical” given in Figure 1, gives the peak spectrum in terms of the
transitions between the ground state and the excited state ofreorganization free energy and the reaction free energy for the
the solute. Assuming that the transition dipole moment is corresponding ET reaction. Although the relationship given in
independent of solute and solvent positions, the absorption lineeq 7 does not assume a Gaussian distribution of the random

X, = AA,_,+ 2,

shape in the inhomogeneous limit (infinite excited state lifetime)
is given by the ensemble average:

Jolw — Q(r)]e ™ dr
f e Midr

wherehAQ(r) = V, — Vi is the energy difference between the
excited and ground states at a given atomic configurafion,
1/KT, ¢ is the Dirac delta function, and the energy units are
such thath = 1. Replacing the delta function by its integral
representationd(x) = / “.e ¥dt) and performing a cumulant

l1p(w) = Bw — Q)] = @)

expansion, one finds that, to second order, the line shape is given

by a Gaussiaf?26

1 e*(a)*a)l)2/2012

|y o) = = 2)
where
0, = @1
o, =020 — 0’ G=0QMN"F - 0;  3)

variable X(r), the identification ofX; = X(r)d with Aw; was
based on the second-order expansion of eq 1 for the line shape.
If we adopt this approximation for eq 4, we find that

1= X=X
2B0?

(8)

From eq 7 we find thaX; + X, = 4; + A,, and combining this
relation with eq 8 gives

P = )

which expresses the width of the absorption spectrum in terms
of the reorganization free energy for the forward and backward
ET reactions. Linear response theory assumesithat 1, =

A, which simplifies eq 9 to give

01=02=\/%

This equation was first derived by Marcus using a different
approach?
Calculating the reorganization free energy and the solvation

(10)

If the transition between the two electronic states is the result free energy from realistic Hamiltonians is a formidable statistical
of a charge transfer, one can use the formalism of electron mechanical task that has been attempted for bulk liquids 8nly.
transfer reactions to quantify the energetics involved. To this Thus, other than using computer simulations, the other option

end, it is useful to define solvent free energy functions for the
two electronic state&2° TakingX(r) = Va(r) — Vi(r) as the

“solvent coordinate”, the reversible work required to produce a

given solvent polarization (which corresponds to the va{(r¢
= x) for the system in théth electronic state is

for computing the spectra at liquid interfaces is to use a
continuum electrostatic model.

B. Continuum Electrostatic Model for AA—, and A.
Equations 7 and 10 express the peak position and width of the
spectrum in terms of the reorganization free energy and the
solvation free energy. These can be evaluated by the following

A(X) = =B InBIX(r) — X5 (4) equations using continuum electrostafiés:
relative to some star_ldard state. The reorganization_free energy 1= if[eo(E‘z’ _ E‘l’)z — S(ES - Ei)z] dr (11)
for the statei is defined as the free energy associated with 8
changing the solvent coordinate frofn= X(r)Gl(which is the
equilibrium value ofX(r) in the state) to the equilibrium value AA, L, =AZT— AT
of X(r) in the second state. Thus,
1
eq_ _+ fr_SEs.
Ay = AX) — ALK A= 87'['?{[6 E>E] dr (12)

Ay = AfX) = ALX) ®)

Note that the equilibrium valug; is simply the peak of the
spectrumhw; in the Gaussian approximation. It is important
to stress thafl is a free energy difference that involves one
nonequilibrium state. In contrast, the equilibrium free energy
difference between the two states is given by

JeMar
—p 7 In———=—p " Ine "2~ (6)
JeMar

After simple manipulations of the delta function in eq 4 and
using eqgs 5 and 6, one finds tfat

AA,

wheree™ is the dielectric constant of the medium;= 0 or s,
standing for the optical and static dielectric constants; Bfid

is the electric field induced in this medium by the charge
distribution of theith electronic state. The calculation of the
volume integrals in eqs 11 and 12 is straightforward in a
homogeneous medium. For interfacial systems, one must
specify a proper model for the solute and the dielectric constants.
A simple and widely used choice is to model the interface as
an ideal plane perpendicular to tAeaxis and located & = 0
separating two bulk homogeneous medi’ is the dielectric
constant for medium | (which occupies tée< 0 region), and

€ is the dielectric constant for medium 1l. The solute is
described by two nonoverlapping spherical cavities of radii
andb. The two cavities have point charges of magnitda@;
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J = (1/87)f[¢E-E]dr. Each of the integrals in egs 11 and 12
can be written as a sum of expressions lkér each elec-
tronic state and for the optical and the static response. The
equivalent surface integral can be written as a sum over the
surface of all the spherical cavities. Each cavity can be either
totally in medium |, or totally in medium IlI, or partially in
both media. IfS{ is the part of thejth spherical cavity in

2 medium | andq, is the part of thejth spherical cavity in

Solvent Coordinate .
. . . : medium I, then
Figure 1. A schematic representation of the free energy associated

with electron transfer and optical electronic transitions.

Free Energy

1 o ) .
J=— I f‘ﬁjlv‘#l dS+ ¢ f Ve, dS (14)
87112 Es{ ‘ s

whereg! is the electric potential on the portion of cavjtyhat
is in region | due to all the charges in region | and their images
in region 1l (as given by eq 13). Similarlyy), is the electric
potential on the portion of cavitythat is in region Il due to all
the charges in region Il and their images in region |I.

Because of the form of the potential in eq 13, each surface
integral in eq 14 can be written as a sum of terms of the form:

o’ —yNo® —Zsing — z;z

Figure 2. A schematic representation of one possible orientation of
the chromophore (represented by a pair of spherical cavities with point
charges) at the interface between two dielectric media.

in the ground electronic state ag), in the excited state. The
two cavities may have a large number of distinct locations 1.1 - .
relative to the interface plane, depending on the location of their  §{=V—dS= - “dz o dg

centers (both centers may be in one medium or each center may Fa g rarﬁ

be in a different medium) and whether or not the interface plane (15)
goes through none, one, or both cavities. One possible location

is depicted in Figure 2. wherer? = 02 + Y2 + Z — 2y,Vo*—Zsin ¢ — 2z,z, with a

Approximate analytical expressions for the reorganization free similar expression forrf,. The surface integral is over a
energy and the solvation free energy for an ion pair at the liquid/ spherical sectiors whose radius isr = a or b. The limits of
liquid interface was first calculated by Khark&tfor the case the integral oveg, zyin andznax, are determined by the distance
where the centers of the two cavities are located along the lineh, of the center of the cavity from the interface. For example,
perpendicular to the interface. Marcus has extended theseif the sphere’s center is in region |, the limits of the integral
calculations to the three-dimensional c&8assuming that each  over the part of the sphere that is in region | afg = —min-
cavity is wholly restricted to one medium and can't cross the (h,,0), Znax = o, and the limits ar&@min = —0, Znax = —mMmin-
interface. Thus the orientation of the vector connecting the two (h,,0) over the other part. The integral in eq 15 is evaluated
cavities is restricted to an angular cone whose size depends omumerically using a two-dimensional Gaussian quadrature.
the size of the cavities and the distaitbetween their centers.  Examples of the explicit expressions for the integrals that
Benjamin and Kharkat$éhave calculated the reorganization free contribute to the reorganization free energy and the solvation
energy for all possible locations in 3D by numerically evaluating free energy for the particular configuration of Figure 2 are given
the integral in eq 11. These results, together with a similar in the appendix. A listing of all the cases, in the form of
approach for calculating the solvation free energy in eq 12, are computer code that evaluates the electronic line shape, can be
used here to compute the electronic line shape. obtained from the author. web sitehttp://www.chemistry.

The electric fields in eqs 11 and 12 are determined from the ucsc.edu/benjamin/research/codes.html.
potential ¢(r) generated by the charge distribution in each ~ C. The Spectral Line Shape. As will be demonstrated
electronic state usinde = —V¢. The potential due to a  below, for a chromophore model consisting of two spherical
particular charge distribution can be written as a sum of the cavities, the reorganization free energy and the solvation free
contributions from all point charges. The potential at any point energy in eq 7 depend on the positidrand the orientatiord
which is a distance away from the point chargg, which is of the solute relative to the interface is the distance between
located in regia | a distancéen from the interface, is given 5% the center of mass and the interface, énsl the angle between

the solute dipole and the normal to the interface. Because we

gl 18~ €y . , are interested in the electronic line shape at a given dist&nce
a\r + . inregion | an ensemble average over the different orientations must be
¢= q 2 (13) performed. If

re + e’ in region Il

! I AE,_(Z,6) = AA,_,(Z,0)+ A(Z,0) (16)
wherer' is the distance from the point of interest to the image
point of the charge. A similar expression in which “I” and “II”
are interchanged may be written if the charge is located in region 2P
Il. To use the potential of the charge distribution, one may 5
replace the volume integrals in eqs 11 and 12 by surface |, o _ [ B ex%—ﬁ[w — AE(Z,0)] } 17)
integrals using the identity[(Ve):(Vo)ldV = #(¢Ve)-dS, which - 472(Z,0) 47A(Z,0)
is correct in the region of zero charf§dthe region outside the
cavities). Specifically, consider the general volume integral To obtain the orientational average line shape, we use:

is the energy difference for a givéhand#, the linear response
proximation for the line shape at thdsand 6 is given by
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T

Ce NEN) (,2,60)sin 6 do

£1e_ﬂA1(z’0)sin 6 do

T(w,Z) = (18)

A, (kJ/mol)

whereA(Z,0) is the free energy of the ground state given in eq
12. This integral can also be evaluated numerically at each
value ofZ.

A
[=]

'OMO(JI
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A. Absorption Line Shape at the Water Liquid/Vapor
Interface. A typical application of continuum electrostatics to
electronic spectra in bulk liquids involves estimating the excited
state dipole moment of a chromophore from a series of spectra
taken in different liquids. The cavity size is regarded as a free
parameter, although estimates of this quantity from molecular
size have also been attempted. Here one first finds the best
cavity size that reproduces the peak position of the experimental
absorption line shape of DEPNA in bulk water and then uses
this cavity size to study the spectrum at the interface. The values
of the ground and excited state dipole moments of this
chromophore are taken from a recent fit of molecular dynamics

SImuI.atlons. to the experimental Sp_eCtra in bulk water. Figure 3. Calculated solvent contribution to ground state free energy
Using this approach, the following parameters were found (a), the reorganization free energy (B), and the orientationally averaged

to give a reasonable fit of the peak position of the spectrum of absorption line shape (C) for DEPNA at the water liquid/vapor interface.

DEPNA in bulk water, and they are used in the calculations The line shape is normalized at each position and the frequency scale

reported below. The chromophore is represented by two sphereds linear in energy, not wavelength.

of identical radiusa = b = 2.64 A. The distance between the

centers of these two spheresRs= 6 A. The charges in the

A (kJ/mol)

Absorption
cooo

of 6 will make the orientation dependenceMiE; ., similar to,
. but somewhat weaker, than that of the solvation free energy.
ground_and excited states ae = 0.3% and g - 0'_703' Given AE;-»(Z,0), one may now calculate with the aid ofgy
respectively. For the calculations at the water liquid/vapor eq 17 the absorption spectrum at eatrand 6 and, more
interface, the dielectric constants of the two media usedﬁgre importantly, the orientationally weighted spectrum. This is
= 1.78, €1 = 78, €555 = €45 = 1, and the temperature ©= shown in part C, where the spectral line shapes (calculated using
298 K. eq 18) are given aZ = —8, -2, 0, 2, 4, and 8 A. First, the
Figure 3 presents the results of the calculations with the abovespectrum in the bulk peaks at the valueugfax = 428.4 nm, in
parameters. In part A, the solvent contribution to the free energy agreement with the experimental value ©f.x = 429 nm.
of the ground state is shown as a function of the position and (Recall that the radius of the cavity was selected to give this
orientation of the pair of charges. The anglés measured  value.) The width of the line shape (half-width at half-height)
between the line connecting the two charges (which correspondsis Aw = 18 nm. The experimental value is abohi = 30
to distanceR in Figure 2) and the normal to the interface (the nm. This discrepancy is probably due to other broadening
chromophore is parallel to the interface whén= 90). mechanisms (vibronic, lifetime) which are missing from the
Obviously, there is no orientation dependence when the solutecurrent treatment, as well as to higher order corrections to the
center of mass is in the bulk water phage<t 0) or the gas  expansion in eq 1 that leads to the Gaussian expression in eq 2.
phase Z> 0), but it is interesting to note that the bulk behavior The current model gives rise to a delta function lineshape in a
of water is already achieved At= —6 A. In contrast, thereis  vacuum (note the narrow lineshape &t= 8 A), and the
a strong orientation dependence near the interface. The solutqinderestimation of the width in the bulk is therefore not
prefers to be parallel to the interface when it is on the water surprising.
side, and perpendicular to the interface when it is on the vapor As one moves from bulk water to the interface, there is a
side. The strong orientation dependency will markedly influence sjow shift to the blue in the peak position, in agreement with
the weighting of the contribution of different orientations to  experiments. Although the shift is monotonic, it significantly
the absorption line shape (see below). The excited stateaccelerates as the chromophore crosses the interface. This
solvation free energy as a function &fand 6 will have the marked sensitivity to the location of the probe is a direct
same exact shape as that of the ground state, but with a largegonsequence of the discontinuous jump in the dielectric proper-
energy scale because of the larger charge. Indeed, accordingies of the medium. Because of the rapid change in the peak
to eq 24 (in the appendix), for the present solute model= position near the interface, it is somewhat difficult to compare
Q%/Qf A the result with the experimental value. The experimental value
Part B gives the reorganization free energy for the “electron of wmax = 377 nm is reproduced if one takes the position of
transfer” reaction RB~% — A%B~Q, Here again there isa the chromophore to b = 1.5 A, which is slightly into the
significant orientation dependence. When the solute is on thevapor phase. Experimentally, the second harmonic signal is
liquid side of the interface, the reorganization free energy of produced by all the molecules in the interface which are
the parallel orientation is greater than that of the perpendicular distributed according to their adsorption free energy profile. If
orientation. The behavior is opposite when the solute is on the one uses the electrostatic free energy of adsorption from the
vapor side of the interface. Because the transition energy is model to ascertain the average peak position, the result is near
AE;—» = AEgas+ A2 — Ay + A, the behavior ofl as a function wmax = 390 nm. However, this neglects the hydrophobicity of
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Figure 5. The peak spectrum as a function of solute position along
the interface normal. Thick solid line: DEPNA at the water liquid/
vapor interface. Dotted line: DEPNA at the normal water/DCE
interface. Dashed line: DEPNA at the water/DCE interface in which
the optical dielectric constant of both media is set to 1. Thin solid line:
approximate result for DEPNA at the water liquid/vapor interface, based
on an analytical expression of the energy gap.
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the particular value of the solute charge. Thus, part C shows
that the electronic spectrum exhibits only a very small shift (a
few nm) as the probe is moved across the interface. Experi-
mentally, the peak of the electronic absorption spectrum of
DEPNA shifts fromwmax = 398 nm in bulk DCE towmax =
415 nm at the water/DCE interface égnax = 429 nm in bulk
water. The small interfacial effect is simply the result of the
overestimation of the spectral shift in DCE. The fundamental
the probe, which when properly taken into account should problem is that the cavity size is selected to match the spectrum
increase the weight of those probe locations which give rise to in bulk water, and the different solvation structure of DEPNA
smaller values (blue shifted) for the peak position. Thus, one in DCE must result in a different sized cavity. Indeed, in typical
can conclude that, for this case, the continuum model gives applications of continuum models to the calculation of electronic
qualitatively reasonable results for the frequency shift of the spectra, the cavity size is taken to be solvent dependent.
electronic absorption spectrum. Additional support for this view comes from recent molecular
B. Absorption Line Shape at the Water/1,2-Dichloro- dynamics calculations of the electronic spectrum of DEPNA at
ethane Interface. The same parameters used in the previous the water/DCE interfac®, which are in good agreement with
section are used here, except that instead of water vapor theexperiments. In this molecular model, the cavity size estimated
second medium is bulk DCE, for whiatf.. = 2.5, andep ¢ from the radial distribution functions is indeed larger in DCE.
= 10. Note that although the static dielectric constant of the It is of course possible to modify the continuum model to take
second medium (DCE) is significantly smaller than that of water, into account the different cavity sizes in each liquid if each
it is much larger than in the previous case. In addition, the cavity does not cross the interface. However, as will be clear
optical dielectric constant is larger than that of water. Both of below, most of the changes in the spectrum relative to the bulk
these will affect the spectrum in a significant way. come from configurations in which at least one of the cavities
Figure 4 is analogous to Figure 3. It shows the (total) solvent is located partially in both media.
contribution to the solvation free energy of the ground state  Figure 5 summarizes the main results discussed above by
(A), the reorganization free energy (B), and the electronic showing the peak position of the spectrum as a function of probe
spectrum for the same chromophore parameters at the waterlocation along the interface normal. In addition to clearly
DCE interface. The solvation free energy is entirely determined summarizing the results discussed above, it also shows the data
by the static dielectric constants of the two liquids, and thus for the artificial case where both the water and DCE optical
the general shape and the qualitative behavior are similar todielectric constants are taken to be 1. The result of this
the plot obtained at the water liquid/vapor interface. In calculation (shown as the dashed line) clarifies the importance
particular, the orientation dependence is similar: the solute of the optical response of the liquids. The entire difference
prefers the parallel orientation when it is in the high dielectric between this case and the normal water/DCE system is in
medium (HO) and the perpendicular orientation when it is in making the reorganization free energy larger by a factor of
the lower dielectric medium (DCE). However, because the Born almost two. In addition to the obvious shift to lower energies
solvation free energy is inversely proportionaktan the bulk that this makes, the omission of the optical response makes the
medium, the energy scale in panel A of Figure 4 is much DCE phase less polar and results in a more significant variation
reduced compared with the one in Figure 3. The electrostatic of the transition energy and the peak position with the location
free energy of transfer between vacuum and bulk water35 of the probe.
kJ/mol compared with-3 kJ/mol from DCE to bulk water. C. An Approximate Analytical Model. A simple analytical
The changes in the reorganization free energy as the chro-expression for the energy gapE; ., can be derived if one
mophore is moved to the water/DCE interface involve a delicate assumes that no cavity can be located partially in one medium.
balance between the changes in both the static and opticalAs a result, for the case of a dumbbell solute (AB) with cavities

Absorption
cooo

Figure 4. Same as in Figure 3 for DEPNA at the water/DCE interface.

dielectric constants. The reduction ilnwhen the solute is
transferred from bulk water to bulk DCE is qualitatively the

of sizesa andb which are separated by a distarRRethere is a
restriction put on the allowed values of the distaddeetween

same as in the previous system, but it is less dramatic and lesghe center of the AB bond and the interface. Three cases can

orientation dependent. The combined valuespf A; andi

be identified: (i))Z < —min(a,b); both cavities are in medium

turn out to be very insensitive to the probe location because of . All the values of the anglé between the interface normal
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and the solute bond are alloweddf< —max@b). (i) |Z| < additions also involve using a larger number of parameters and
R/2 — max(@,b); one cavity is in medium A and the other in  therefore represent a substantial increase in the complexity of
medium B. In this case the values of the anglere restricted the model.

for eachz. (iii) Z > min(a,b); both cavities are in medium II.

Marcug? derived a simple analytical expression @y, A, Acknowledgment. This work has been supported by a grant
and A for the second case. Using the same approach, thefrom the National Science Foundation. (CHE-9628072)
expressions fo#;, A, andZ in the other two cases, (i) and _

(iii), can be easily determined. The complete result for the Appendix

energy gap for all cases is Given here are the formulas for the integrals that appear in
) ) 5 the expression of the solvation free energy and the reorganization
AE; = (0, — q) (I, — 19 + (0 — (I — 1/2a — 1/2b) free energy for the system depicted in Figure 2. The electrostatic

(29) potential at any field point in regions | and Il is
where ¢m:gl+77_m_l_’7_m =qf"
1,1, U 2 B CRRC N T

_ + + m m ,

" 2" 2 4, 4eh, R+ € gro—20 (1 1)_ (21)
(AinlandBin Il S VR A
11,1 oy e 1 m , wherem = o, sandnym = (¢ — €)/(¢]" + ¢). The distances
2¢Ma b 2h, 2h, R /R4 + h hy ra andry’ are between any field point and the center of sphere
a

. A and its image, respectively, and similarly for sphere B (see
(AandBinl) (20) Figure 2). Next one defines

andym = (" — eN/(" + €) with obvious permutations of W= FEMVEmdS
“I” and “II” for the other two possibilities (A in “Il” and B in AT A

“I"or Aand B in “Il"). Because the derivation of eq 19 neglects

cgrtam flnlte_-S|zed effects, the_re is a small d|fference t_)etv_veen wg — f@lmvélm.dsB (22)

this expression and the numerical results obtained earlier in the ' B

region where eq 19 applies, but the difference is quite small

(less than 1% for the water/DCE system). However, because Yo = [ EMvEm-ds,

of the strong angular dependence near the interface, the spectral " B,

line shape calculated using eqs—120 will differ from the

numerical one for solutes located very near the interface, wheredSy = 2xr ,dz dSg = 27r,dz with r, andry, being vectors
especially for a system where the dielectric constant of the two from the center of each sphere to a point on the surface of that
media is very different. This is shown in Figure 5 for the water sphere. Each one of the integrals in eq 22 can be written as a
liquid/vapor interface. The thin solid line is the peak spectrum sum of the expressions given in eq 15 and thus reduced to a
calculated from the analytical expression (compared with the quadrature. Usingy = Q; andq = Q, for the ground and
thick solid line determined numerically). The thin line is excited states of the solute, respectively, one finally obtains
discontinuous because f&2 < |Z| < a one or both cavities

crosses the interface and the approximate solution is not valid. (Q,— Q) 6 0. 0 0 o o s s
The numerical and analytical results agree well for locations 4 =g L& Ya T €/ ¥g + €y Y5, — € ¥a—
far from the interface, but there is significant deviation as one s s s S 1 (2
approaches the interface, especially in case ii. Interestingly, € Ve ~ € WBH] (23)
and fortuitously, the approximate analytical result for this case ,
agrees far better with the experimental valug.{x = 377 nm) Q5 ]
than does the exact numerical value. A= @[ﬂs Yateays teypl i=10r2 (24)
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