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Theory of the Salt Effect on Solvatochromic Shifts And Its Potential Application to the
Determination of Ground-State and Excited-State Dipole Moments

1. Introduction

Electric dipole moments may be derived from the application
of an electric field to molecules in the gas phase, which is
studied using the microwave technique, by observing the normal
Stark effect. More commonly, however, experimental dipole
moments are obtained in the liquid phase from measurements
of dielectric constants. In addition to ground-state dipole
moments, excited-state dipole moments are of considerable

interest!

Experimental methods for the determination of dipole mo-
ments in their electronically excited states are based on the
knowledge of the experimental ground-state dipole moment and
a change of the position of a band in the electronic spectrum,
external (electrochromism) or internal (solvatochromism). Sol-
vatochromic methods, also known as solvent-shift methods, are
simpler because they do not require the use of an external field.
However, they are less reliable and less accurate because thei
use involves numerous simplifications and approximations. The
various solvatochromic equations make use of ground-state
dipole moments and shifts of the absorption and emission
(fluorescence, phosphorescence) maxima in solvents of different
polarities! The most commonly employed theoretical expres-
sions are those derived by Kawski, Chamma, and Viaftetnd
by Bakhshie$ for compounds that fluoresce or phosphoresce.
The McRaé and Suppah® equations are used for nonemitting

compounds.

Several simplifications and shortcomings of these theoretica
treatments will be mentioned here. First of all, it is usually
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The theory of solvatochromism based on a dielectric continuum description of the solvent and the classical
Onsager cavity model is revisited and extended to include the effect of an added 1:1 salt. An expression is
derived for the reaction field inside the solute cavity, which is applicable in the limit of low salt concentrations.
Using this result, expressions are obtained for the shifts in th@)@bsorption and fluorescence maxima on

the basis of Marcus’ approach to the calculation of the medium reorganization free energy in the ground state
and excited (FranckCondon) state of the solute molecule. The lifetime of the excited state is assumed to
exceed the longest relaxation time characteristic of the medium. For the salt-free case, our equations differ
markedly from several others reported in the literature dealing with the pure solvent effect, and the origin of
the discrepancy is clarified. Finally, it is shown how the new equations can be used, in principle, to obtain
estimates for the Onsager radius, polarizability, and dipole moments in the ground state and the lowest excited
state of a solute molecule from a simple analysis of absorption and fluorescence data only, except in cases
where the dipole moments are noncollinear. Completion of the analysis then requires an independent
measurement of the ground-state dipole moment.

assumed that ground- and excited-state dipole moments are
collinear, although an effort has been made to introduce a
correction for noncollinear dipole momenfsEven in the case

of collinear ground- and excited-state dipole moments, parallel
and antiparallel orientations are possible. Furthermore, specific
solute-solvent interactions on absorption and emission profiles
are generally not taken into account. The possibility of
incomplete solvent relaxation prior to emission is not considered
either, although some attempts to improve the theory in this
regard can be found in the work of Bakhshfe¥. Also,
improvements in the determination of the effective molecular
size in terms of the Onsager cavity radius, which is needed in
solvatochromic equations, are desirabl&inally, the use of
solvatochromic equations may result in negative or imaginary
values of excited-state dipole moments for some compounds.

In solution chemistry, one of the important effects upon
?Iectronic absorption and emission spectra is exhibited by
dissolved salts, resulting in a shift of the maxima to different
wavelengths and in changes of the intensity of absorption or
emission.

The importance of salt effects is well known, as demonstrated
by such diverse phenomena as the dependence of solubility on
ionic strength, salting out, et cetera, although organic chemists

tend to be more concerned with specific salt effééts.
In this contribution, we have set out to explore the theory of
solvatochromism on the basis of a dielectric continuum descrip-
| tion of the solvent and the Onsager cavity métiénd in
particular to investigate the role of added salt in producing
“ionochromic” shifts.
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the 0-0 absorption and emission maxima. It will be shown that

10.1021/jp0265050 CCC: $22.00 © 2002 American Chemical Society
Published on Web 11/13/2002



Salt Effect on Solvatochromic Shifts J. Phys. Chem. A, Vol. 106, No. 49, 2001933

the equations obtained for solutions without salt are different b4

from most of those reported before and used in the analysis of - -
experimental results but vindicate and generalize the approach - - -
taken by Lippef® many years ago. It will then be demonstrated

how these new equations could be used to estimate the Onsager

cavity radius, polarizabilities, and ground- and excited-state &
dipole moments along with their relative orientation using

absorption and fluorescence spectra and an independent mea-

surement of the ground-state dipole moment.

2. Salt Effect on the Reaction Field of a Polar Solute
Molecule

Consider a dipole = qo (q = chargey = distance between
+qg and—q) in a vacuum. In Sl units, the potential at distance
r and colatitude? with respect to the direction @f is given by

Figure 1. Onsager cavity model and coordinates used in the description
o(r, 0) = ucosé 1) of potential distributions.
2

€of
approximation, a solution of the linearized Poiss@&vltzmann

in the limit 6 — O (i.e., for a point dipole). equation

Next, the same dipole is thought of as having been placed at
the center of a spherical cavity of radiag~molecular size) V2. = 2 (6)
in a solvent that is modeled as a continuous dielectric with a P2 =1 P2
relative permittivity ofe > 1 (see Figure 1).

In view of the axial symmetry of this system, two coordinates,
r and 6, suffice. Two regions will be distinguished: region 1
(the cavity: 0<r < a; ¢ = 1) and the outer region 2 (solvent >
+ salt;r = a). On the average, the molecule will induce an _ 2cF
axially symmetric charge distribution by polarizing the solvent a €€RT
and attracting/repelling ions. This polarized environment gener-
ates its own potential distribution in regions 1 and 2 corre- |t is important to note that eq 6 is of the Helmholtz type. Its

as long asF¢, < RT, on average. Here; is the Faraday
constant, and is the inverse Debye screening length given as

()

sponding to the reaction field(r, 6). general solution for an axially symmetric system is givelf as
The total dipole momeri can now be written as
- _ - I Hn+(1/2)(|Kr)
A= fip+ak @ o (r, 0) = Z)B \[ P,(cosd)  (8)
where i, is the permanent dipole moment amd is the r

polarizability of the solute molecule.

The potential distributiorp;(F) inside the cavity is equal to
the sum of the dipole potential (eq 1) and the contribution due
to the response of the medium, the latter obeying the Laplace

where theB,’s are, as yet, undetermined coefficients=i

v—1, and therﬂZ(l,z)(x)’s are Hankel functions of the first
kind, which are linear combinations of Bessel functions, as

equation, so that the potential distribution in region 1 can be OllOWS:
written as :
Hg(llz)(x) = Jr@z® — (1)) 9
e cos6
@4(r, ) =Y Ar"P,(cos6) + With x = i«r, this function can also be expressed as
= 4-J'L’60r

(r=a0=6=7x) (3 HE waficr) = — o/ %(gn(ixr) +if (ikr))e™  (10)

wherePy(x) is a Legendre polynomial defined as
All that we shall need to know about the functiofé) and

On(X) is that

n()—zn ,F(xz )" (ls=xs=1) @) |
=1 G=0  f=x" gK=1
These functions satisfy the orthogonality relationship (11)
1 2 Hence,
S P Pyx) dx = S 7O i .
(0pn=1andd,,=0if n=m) (5) @,(r, 0) =Y B(f (ikr) — ign(iKr))e—Pn(cosa)
The coefficientsA, will be determined later using the boundary " /Err >a0<6=<nx) (12)

conditions atr = a.

Next, we turn our attention to the average potential distribu- The unknown coefficients\, (eq 3) andB, must now be
tion in the exterior region, where a 1:1 salt is assumed to be calculated by substituting the general expressionspfoand
present at low concentratioos. Then ¢, is, to a good @2 into the boundary conditions at= a (i.e., the conditions of
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continuity of the potential and normal components of the

dielectric displacement):
¢1(a, 0) = @,(a, 0)
0, _ 09,
o @ 0) =@ 0)

(0=6=n)

Substitution of the series expansions and use the orthogonality
property of thePy,’s, eq 5, then lead to the two sets of linear

equations:
_ e—xa
Ao= By
Aa+—H— = —iBl(l + ia)e
4mre Kkal ka
. . . e*l(a
A, = B, (f(ixa) — ig,(ixa)) a
and
B,=0
A - i1+ E 2
4reqa ka  (ka)

n-1__
nAa -~ =Bk

e—;«a

ign(iKa))(l + Kia.)]

Ka

if '(ika) + g, (ixa) — (f,(ixa) —

(13)

(14)

(15a)

(15b)

(15c¢)

(16a)

(16b)

n=2 (16c)

from which it is immediately obvious th#&, =B, =0 if n= . .
1, and as a consequence, the potential of the reaction field insideEN€rgyhvo when present in the gas phase and emits the same

the cavity,@((r, 0), takes the simple form

@ (r, 6) = Ajr cosf

which implies that the reaction field is uniform inside the cavity

17)

and equal toE; = —Aqu/u. Solving eqs 15b and 16b fok;

finally yields

2 -1

ST dmegi 2041

wheree’ denotes an “effective” relative permittivity:

ea)?
1+«

€ =e|ll+

Equation 18 is recognized as a modified version of the
familiar Onsager formula for the reaction field acting on a dipole
immersed in a continuous dielectric, which is retrieved upon

settingcs = O.

(18)

(19)
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Figure 2. Schematic representation of the sequence of absorption,
emission, and relaxation processes for transitions between the lowest
vibrational levels corresponding to the electronic ground state and the
first excited (singlet) state of a solute molecule-@transition). Also
indicated are the dipole moments at the various stages.

one arrives at the approximate expression

e _RTY, . 3 0@
E = 3|:::(2(6 D+p g, @<y

2¢ + 1)

3. Solvatochromic Shifts in the Presence of a 1:1 Salt

When a polar molecule in its ground state with permanent
dipole momeniji,, polarizability o, and total dipole moment
is promoted to the lowest vibrational level of the first excited
(singlet) state (characterized Iy*, o*, and zx*), it absorbs

energy in the fluorescence step~@ transition), as illustrated
in Figure 2.

In solution, we need to distinguish between four total dipole
moments:

. Ground state, in equilibrium with medium (solvefit
ions).

U«*: After absorption of a photon with enerdiya, the lowest
excited state is reached with the permanent dipole moments of
solvent molecules and averaged ionic distribution remaining
“frozen”. Only the electronic part of the medium polarization
responds (“optical”, infinite-frequency response).

u*: Provided the excited state is sufficiently long-lived, the
medium adapts to the excited dipole, and a new equilibrium is
established.

l: During the emission of a photon of enerlgye, there is
only an electronic response by the medium, so no equilibrium
and therefore no true ground state is attained at first. Then, the
dipole-medium system relaxes back to its ground state with
dipole momenii.

Throughout the subsequent discussion we shall assume that
the cavity radius is constant (i.@* = a). The angle between

By expanding eq 18 up to terms of second order in the small ground-state and excited-state dipole moments eduals

parameteka and introducing, for future reference, the dimen-

sionless quantity

3Fu
Ae(2¢ + 1)a’RT

u

(20)

The energyhva will be calculated next as the difference
between the amounts of work involved in forming dipoles
andy from a ground-state dipolgé, in a vacuum:

v, = Wi, — 7,%) Wi, —~ ) (22)
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The second contribution is simply the stabilization energy of In terms of the quantity (eq 20) and using the solution for the
the ground-state dipole momedat reaction field, eq 21, the expression for the magnitude of the
total dipole moment of the solute molecule in its ground state,

W(i, — @) = %aEOZW) — j;ﬂEo(ﬁ')'dﬁ' (23) u = up + oEy, is transformed into
3e

where we denote bf(i’) the equilibrium reaction field due U=u,+ 2—+1{ 2(e = Du+ 57 U(va) } (@7)
to the dipoled’.

The first term is equal to the work of polarizing the molecule defining the scaled polarizability’ = a/4eoa’. Here, only
in a vacuum, whereas the second represents the reversible workerms up to orderx@)? have been retained, which requires the
performed in an imaginary process in which the positive and introduction of the zeroth-order solutiam of this equation,
negative charges on the dipole are merged in a vacuum andcorresponding ta = 0:
subsequently separated again in solution.

The nonequilibrium excited dipolé..* can be formed from u (2¢ + 1)y, 28)
Up following the sequence of steps shown below, wiifi, — 0~ 2¢+1—-2d'(e—1)
") being equal to the sum of the corresponding energy ) _ . )
contributions: Solving u from eq 27 and reverting t@ yields the following

explicit form of the latter up to first order inc)%
Excite the molecule in vacuurhy, () RT
1 2¢+1+ 4neeoa2a'?u0(/ca)2/yp

Polarize the excited moleculga* E*(zi,*) (ii) = e+ 1 2a(c — 1) fp (29)

Here,E@m*) is the reaction field produced by the medium in  Substituting this into the equation for the equilibrium reaction
the nonequilibrium state described earlier. It can be written as field Eo(z) yields
the sum ofE(x) and the response to the “excess” dipole moment

(tie* — 27) by a uniform medium with relative permittivity? 2(e — 1)/4;150:;13 + %reuo(/ca)zlﬂp
(using Onsager’s equation; see also eq 18): E(1) = a m 30
o) 2¢+1—2a'(e — 1) Hp  (30)
E@m*) EoCM) + 2 M n_l (24) If egs 29 and 30 are then substituted into eq 24, then the result
4@’ 20+ 1 is a relationship betweeB(ii*) andi»*. These quantities are

o o ) of course also related according to
Collapse the dipoléi.* in vacuum and rebuild it in solution.

During the second stage, the work is done with the dipole Ho* =" +o* E(ii..*) (31)
exposed to the fieldg(s') from g’ = 0 toa' = u: ~
- which allowsE(zi..*) and ti.* (and henceAv,) to be expressed
_f/‘ E (@)-da' (iii) directly in terms ofi,, ip*, @, o*, a, €, N, andcs. Introducing
0 0 . . . . .
the approximatiom* = o (as is usually done in the literature),

From then onwardEo(f) remains a fixed component of the ~©N€ obtains, after some lengthy algebra,

reaction field while only the electronic response variegias - - {2(6 4 8nFa4u0cJ/J¢pﬂ

increases further fromi to zi.*: A= — ,up* Uy . 2
2¢+1-20'(e—1) "°

3
h
I ey rehe o
= RN ) (iv) (0" — D@y — )
4re@® 20"+ 1 > > (32)
2n"+1—20'(n"— 1)

Adding up the contributions {iiv), subtracting eq 23, and  (, o first order in the salt concentratics) and, in an entirely
defining the solvatochromic shift for the-® absorption aava analogous manner

= (va — vo)lc gives

i — 7, |2(— 1)+ 8rFaus*cdu,*
B N S e Ap= o "t 0 7P 2% _
hCAVA_Ea E(luoo) EO”EO (lu) EO(A“) (luoo ;u) VF 4.7'[60a3hc 26+1_2a'(6_1) ‘up
I ) 2 — % =
(o, it) n2—1 (25) (n" = 1)@y — fp) (33)
4rea® 200+ 1 2’ +1—20'(n° — 1)

For reasons of symmetry, the corresponding expression for the It is well known that other factors also contribute to the
shift in the fluorescence wavenumber is found by simply wavenumber shifts; for example, a dynamic effect, which can
interchanging “starred” and “unstarred’s and g’s in this be interpreted within the context of classical dispersion theory
equation: as being a consequence of the high-frequency reaction field
induced by vibrating electrons, needs to be taken into consid-

_ 5 = TyE2 *E 27K _ B (TR . (T — T eration. This field counteracts the “restoring force” on each
heA = aE () = a Bo () — Bo(@®) - (e = %) electron and hence gives rise to a red shift in the case of
(i, _ﬁ*)z -1 absorption, which is separate from and independent of the
- 3 > (26) spectral shifts discussed so far. Both the classical model and a

dmega”  2n"+1 detailed quantum mechanical analysis of the problem lead to
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the following expression for these dynamic shifts: enough, different forms of the distance dependence ludive
) been suggested, and there seems to be some difficulty in
farp P —1 assessing their relative merits quantitatively.

AV = —constx =
‘ Voo 2n? + 1

34
(34) The primary objective of this investigation, however, is to

establish the influence of added salt on the reaction field (inside
where f is the oscillator strength (positive for absorption, the cavity) and, by extension, on the position of absorption and
negative for emission). fluorescence peaks, in particular those corresponding to-tfe O
For polar molecules, this correction is usually relatively small transition (which coincide for molecules in the gas phase). This
and is therefore not taken into account, as is an additional shift study was motivated by the desire to introduce a controllable
associated with dispersion interactions between the solute andength gauge, in the form of the Debye screening length, which
solvent. could be used to “measure” the Onsager cavity radius indirectly.
Assuming the latter types of shifts to be comparatively |nthe absence of salt, this radius is the only characteristic length
insignificant and specific interactions such as hydrogen bonding in the model system, which is the reason that solvent studies
to be absent, eqs 32 and 33 suggest the following procedureallow only certain combinations of parameters, such @3

for analyzing absorption and fluorescence data. or a/a3, to be determined from spectroscopic data.

First of all, in the absence of salés(= 0), 74 and 7r are It should be stressed that our result for the reaction field, eq
measured for the-0 transition in two different solvents. The 21 is exact only in the limit of low salt concentrations, as the
differencé'> use of the PoissonBoltzmann equation implies. At the same

=2 time, this restriction serves to suppress complications that would
55— 20y — i) { e—1 _ otherwise have arisen as a result of ion ass_ocie?ﬂuvhich
A 4neoa3hc \26 +1—20'(e — 1) can be expected to be quite extensive, especially in solvents of
5 low relative permittivity such as the ones that are commonly
n"—1 (35) used in investigations of this kind.
n°+1-— 20L'(n2 —1) Our analysis of the reorganizational free-energy changes

accompanying absorption or emission of radiation leads to egs
32 and 33, where the applicability of the second is obviously
limited to those cases where the excited singlet state survives

is evaluated for each. Dividing one by the other, an equation
results from whicha' can be solved. Subsequentlyi,( —

Fp)la® = (up? + up® — Qupuy* cos £)/a’ is obtained. long enough for the medium to adapt to its corresponding dipole
Next, for each solvent, moment{i,*. The slowest process is most likely the rearrange-
~ - %2 2 ment of ions, with a characteristic time on the order of the
VAT Ve _ 5t e—1 (36) double-layer relaxation time of the salt solution. Of course, it
2 0 4neoa3hc 2« +1—2d'(e—1) needs to be decided in each individual case how reasonable the
assumption of medium equilibration is. Corrections for solvent
is calculated, which yields values foio and f,*2 — up?)/as. relaxation in the case of short-lived excited states typically
In particular, the above relationships can be used to calculateinvolve the use of the Debye model. No attempt to include
(p* — fip) * ig/a®. For one solvent, the salt effect ég is then  corrections for medium relaxation has been made in the present
measured. The limiting slope of thg versuscs relationship, study.
along with the value obtained fofif* — zp) - zip/@, is now From numerical estimates, it can be inferred that the
used to obtain the Onsager cavity radaend, from the known magnitude of the salt-induced shifts in wavelengihls =
value ofa’, the polarizabilitya. as well. A3|AT4, in many cases can be expected to be very (even
From the values o8, (up*2 — upd)/as, and fip* — up)iad prohibitively) small in the limit of small £a)2. High accuracy

found earlier, the magnitudes of the dipole moments in the in determining the variation of spectral shifts with salt concen-
ground and excited states can be calculated only in the caseration (which even in favorable cases may amount to no more
that these are collinear. Otherwise, the arigleould appear as  than a few nanometers) will then be required. The application
an extra unknown, and insufficient information is contained in of this method will therefore probably be limited to molecules
the spectral shifts to determing, up*, and { separately. In  that are not too large (sinag is proportional toa2, the salt-
those situations, a separate measuremengofior some induced shift varies according #01; see eqs 32 and 33) with
combination ofu, anda) is necessary. However, it is entirely  large dipole moments exhibiting strong charge transfer at long
possible that an improved approximation beyond the linearized wavelengths (as in certain dyes). For example, a preliminary
Poissor-Boltzmann level (eq 6) will render the solvatochromic  experiment shows that a maximum at 275 nm ¢ag= 3.57)
data sufficient again to determine all individual parameters, for a 1 x 1074 M solution of methyl red in methanol is shifted

including ¢, without the need for additional experiments. to 271 nm (logea = 2.61) for 1x 1073 M methyl red in 0.1 M
. ) methanolic lithium perchlorate.
4. Discussion A comparison of our results for the purely solvent-induced

The present treatment of the influence of the medium on shifts with expressions that have been published in the past by
absorption and fluorescence spectra through local orderingseveral workers in the field (and which are still widely applied)
follows the Onsager model in that it assumes that spectral shiftsreveals a surprising disagreement, considering that all treatments
are due mainly to nonspecific, electrostatic interactions. In are essentially based on the same simple electrostatic picture.
accordance with this model, the solvent is described as aOne therefore should not expect to find any ambiguity in the
continuum, characterized in terms of a refractive indend a implications of such a model.
bulk permittivity . Since it was first proposed, the model has First of all, authors usually choose a value tdra priori,
been extended to account for dielectric saturation in the vicinity typically o/ = 0 or 1/,,6.7.21.22whereas we prefer to leave it
of the solute dipole by allowing to approach the bulk value  unspecified, as an adjustable parameter. The choice of solvent
more gradually81° Although this modification is reasonable then manifests itself in the form of “solvent functions” that



Salt Effect on Solvatochromic Shifts J. Phys. Chem. A, Vol. 106, No. 49, 2001937

depend solely om andn?. Our egs 32 and 33 are equivalent to Acknowledgment. We are grateful to Mr. Omar Mdrtez

expressions derived by Lippéftwho assumed that = 0 (and, for carrying out preliminary experiments and to Profess@zl@

of coursecs = 0) and the ground-state and excited-state dipole v. Szentply and Dr. Ratna Ghosh for their continued interest

moments are collinear, but differ substantially from those arrived and helpful suggestions.

at in later papers by other authérs.

The source of the discrepancy can be traced to an erroneousReferences and Notes

notion about the or|entat|ona}l contrlbutlon of permanent solvent (1) Pakanyi, C.; Aaron, J. J. Dipole Moments of Aromatic Hetero-

dipole moments to the reaction field. In both earlier and current cycles. InTheoretical Organic ChemistryPakanyi, C., Ed.; Elsevier:

theoried3 of solvatochromism, this contribution is isolated from AmS(tZG)rd;IImt, }_992: ppk23f§8-N rforsch.. A: Phys. S962 17, 621
L . . . - ilot, L.; Kawski, A.Z. Naturforsch., A: Phys. f .

the net cavity field by simply subtracting an electronic contribu _(3) Kawski. A.; Bilot, L. Acta Phys. Pol1964 26, 41.

tion that is postulated to possess the same form as Onsager's (4) Kawski, A. Acta Phys. Pol1966 29, 507.

equation, withe replaced by the square of a zero-frequency (5) Chamma, A.; Viallet, P. GCCompt. Rend. Acad. Sci. Paris, Ser. C

ive i i i 197Q 270, 1901.

[efragt;]ve Indtt)elxno. U_tshutarlj!y,no IS com;enﬁ]nttlytt_akeln .tt? be equal (6) Bakhshiev, N. GOpt. SpektroskL964 16, 821. Bakhshiev, N. G.

on. 1he problem wi IS argument s that It IMpliCItly aSSUMES gt Spectrosc. (Transl. of Opt. Spektrosiop4 16, 446.

that the continuity conditions on potential and dielectric (7) McRae, E. GJ. Phys. Cheml1957, 61, 562.

displacement at the cavity boundary are imposephratelyon (8) Suppan, PJ. Chem. Soc. A968 3125.

: ; ; (9) Suppan, P.; Tsiamis, Gpectrochim. Acta, Part A98Q 36, 971.
each one of the components (i.e., dipolar and electronic) of the 15 iy Vi G ; Kirillov, A. L.; Bakhshiev, N. GDokl. Akad.

polarization field. Clearly, there is no good physical reason that Nauk SSSR984 275 1463. Siretskii, Yu. G.; Kirillov, A. L.; Bakhshiev,
this should be so, and indeed it would be highly fortuitous if it N. G. Dokl. Fiz. Khim.(Engl. Trans.)1984 275, 369.
were. (11) Bakhshiev, N. GJ. Opt. Technol2001, 68, 549.

. . . L (12) Suppan, PChem. Phys. Lettl983 94, 272.
Our method of calculation avoids this flaw by exploiting the - 13) [ 5py A : Tchoubar, BSalt Effects in Organic and Organometallic
close analogy between the nonequilibrium solvent configuration chemistry VCH Publishers: Weinheim, Germany, 1992.
that occurs in response to a sudden change of the solute dipole 83 E)_nsagerl,E LZJ.I;\mk. Chﬁm- 1353792? 59%21436-
; e ippert, E.Z. Elektrochem 61, .
moment (consequent _upon absorpt_lon or emission of a pho_ton) (16) Stakgold, I.Boundary Value Problems of Mathematical Physics
and that due to a rapid loss or gain of an electron by an ion. yacmillan: New York, 1968: Vol. 2.
The solvent reorganization free energies in the latter case are (17) Bayliss, N. SJ. Chem. Phys195Q 18, 292.
calculated using the well-established method first employed by ~ (18) Block, H.; Walker, S. MChem. Phys. Letl973 19, 363.
Marcus in his general theory of fast electron-transfer processes (o) Errenson, 8J. Comp. Chemi98l, 2, 41,
usinhis g heory ¢ _ p (20) Mulder, W. H.; Dasgupta, T. P.; Stedman,Iforg. React. Mech.
(for a concise and enlightening recent overview, see ref 24), (amsterdamp00q 1, 257.
and it is essentially this approach that has been adopted in this (21) Koutek, B.Collect. Czech. Chem. Commuf78 43, 2368.
paper (22) Prabhumirashi, L. S.; Kunte, S. Bdian J. Chem., Sect. 2990
L . 29, 215,
Experimental tests of the new equations are currently under ~>3) | ombardi, J. RJ. Phys. Chem. A998 102, 2817.

way, and we expect to present the results in a future publication. (24) Marcus, R. AJ. Electroanal. Chem200Q 483 2.



