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Solvatochromic Shifts Reconsidered: Field-Induced Mixing in the Nonlinear Region and
Application to Indole
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In previous work we showed that the observed discrepancy between gas-phase Stark effect measurements of
excited-state dipole moments and those measured by solvatochromic shifts could be explained by possible
intervention of a nearby excited state. Field-induced mixing of the two excited states causes solvent shifts
that are linear in the high-field limit, where most solvent field studies are carried out, but the excited-state
dipole moment must be replaced by an effective dipole moment. This effective moment is a combination of
the excited-state dipole moments of both states as well as the transition moment between the two states. This
new moment may have effects both on the solvent shifts observed and on the intensities. In the low-field
gas-phase limit, the shifts are also linear but caused by the simple excited-state dipole moment. In the
intermediate field region, the solvent shifts are expected to be decidedly nonlinear. The effective dipole moment
is shown to be field-dependent near an avoided crossing of the two excited states, and this results in nonlinear
behavior of the solvent reaction field. By identification of the onset of nonlinearity or, even better, by the
fitting of the solvent shift observed to predicted expressions, the individual contributions to the effective
dipole moment can be unraveled. We show how this theory can be applied to observed solvent shifts in the
molecule indole, which has been observed throughout the nonlinear region. Consistent dipolar parameters
that reconcile gas-phase and solution-phase results are obtained.

Introduction nonlinear behavior of the observed spectrum. Since in both limits

N . . . the spectral response is linear, we recommended that before

The utilization of solvatochromic shifts to determine the value ¢qvatochromic shift results were interpreted as due solely to

of excited-state dipole moments in numerous molecules hasyhe ginole moment of the excited state, studies be carried out

resulted in a considerable body of literature. In two recent o g larger range of solvents to search for the onset of
paper$? we have shown that the usual interpretation of njinearity. By the study of the effect in the nonlinear region,
solvatochromic shifts as arising from a_S|mpIe change |n_d|pole it should be easy to sort out the low-field and the high-field

moment between the ground and excited states must, in manyjimis; as well as to extract all the needed parameters to apply

circumstances, be called into question. This is due to the severgy,o theory fully. In this paper we shall examine the theory in
discrepancies between the results of solvatochromic shift y,o onlinear region more carefully.

measurements and those obtained from the more accurate gas- -gnsiderable work has been carried out in recent years on
phase Stark effect measurements. We attributed those discrepghe molecule indolé&-17 for which it is well-known that the

ancies to the possiblg intervention of a nearby state, whi_ch MaY o lowest excited states, the, and thell y, lie quite close to
be coupled to the excited state by the solvent field. By estimating gach other. This is one of the cases in which the gas-phase dipole
typical density of states, we further showed that there is a high j,oment changé (Ax = 0.14 D) differs greatly from that
probability of encoqntering a nearby state for .mol.eculles of the reported from solvatochromic shift measurem&hiau = 1.04
size normally studied by solvent shifts. This field-induced py Fortunately, solvatochromic shift measurements have been
mixing of two nearby states may result in drastic changes in -;rried out® over a wide enough range of solvents to see a
the apparent solvent shift, requiring a reinterpretation of the gistinct nonlinearity in the observed shifts. Furthermore, they
solvatochromic shift as caused by efiectie dipole moment  jg4rly establish that the two excited levels are inverted by
that is a mixture of the dipole moments of the two excited states increasing solvent polarity. Thus, it might be expected that
involved. In the previous work, it was pointed out that typical hqqje will serve as a good test case of the solvent-induced
solvent fields are much larger than those used in gas-phase Sta”fnixing theory, especially in the region of state crossing.
studies. In the gas-phase Stark effect, very low fields result in
a linear spectral shift relatively unaffected by the nearby state Field-Induced Solvatochromic Shifts: Nonlinear Region
and we may assume no mixing is involved. The derivative of When a molecule comes under the influence of an electric
this shift with applied field is proportional to the dipole moment field, perturbations to the energy may be expressed as an added
of the excited state. In contrast, in the high-field limit, the term to the Hamiltonian operator:
spectral shift is still linear, but in this case, the derivative of
the shift must be interpreted as due to the effective dipole H' = —uF
moment. In the intermediate field region, we expect a rather

whereu is the molecular dipole moment arfdis the applied
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in spectral shifts. These shifts are then
AE=—Au-F

If the field is externally applied to a molecule in the gas phase, | cm—
then the direction and magnitude®inay easily be controlled.
However, when the molecule of interest is embedded in a
solvent, the field may be considered to arise from polarization
of the surrounding molecules by the dipole moment of the
molecule itself. This is called the reaction field, which may be
written

<0lpu|1> <0|pl2>

F = (u/a){f(D) — f(n)}

wherea is usually taken to be the molecular radilisjs the
static dielectric constant of the solvent, amés the refractive _ " o )
index of the solventf(D) andf(n?) are the “Onsager polarity ~ Figure 1. Energy level diagram for field-induced perturbations. The

o

; n i ground state (0) has an allowed transition to the excited state (1) through
functions” given by and [0|u|1C= uo1 and a second excited state (2) to which a transition from
— _ the ground state may or may not be allowed®l:|20= uq,. States
f(D) =2(0 = 1)/(2D + 1) 1 and 2 may be coupled by an external field onlylifu|20= u1, is
nonzero.

f(n?) = 2(n* — 1)/(2n* + 1)

It is also convenient to lef(D,n) = f(D) — f(n?).

It is usually presumed that excitation or emission, being
electronic in character, takes place rapidly on optical excitation, 1
while the polarized solvent shell, involving essentially nuclear E.= E(El + B = (uy tup)F) +
motions, is rather slow to respond, maintaining the orientation 1 5 o 112
corresponding to the polarization due to the initial ground (or SUEL = B = (1 = 1) F)" + 4y F)}
excited) state. Thus, the spectral shifts are caused largely by
the interaction of the change in dipole moment with the reaction  As a matter of convention, we will assunte > E;. If it
field induced by the molecule in the initial state of the transition. turns out thag, > s, then it can be seen that the states will
The leading term in the solvatochromic shifts may then be cross at g, — u2)-F = (E1 — Ez ) if ua2 is zero. The crossing
written for absorption (the ground state is designated 0 and thejs avoided forui, = 0, and the energy levels are decidedly
excited state is 1): nonlinear in their field dependence in this region. In the high-

field limit (and any value fo we obtain
AE ps= —tg*(uy — //to)c'af3 f(D,n) ( Yy 12)

while for emission the corresponding expression is

The excited-state eigenvalues of the perturbed Hamiltonian are
then

1 _
E, = E(El +E) — st °F

AE. = —u,(ug — u,)a > f(D,n _1
em= —H1"(tto — 1) (D.n) E = E(E1 +Ey) — they F

By measurement of solvent shifts as a function of solvent
polarizability, it is presumed that the dipole moment changes Where
can be extracted. This is usually found to be linear in most of
the solvents typically utilized in such experiments. The observed foii™ = %(“1 + ) £ %{(ﬂl — )’ + du A
dipole moment change is then obtained by measuring the shift
in the band maximurwyax andAu = — dwwuax/dF. Note that
Au = (u1 — uo) and thatF = uga—2f(D,n) for absorption and
F = wa 3f(D,n) for emission.

We now consider a molecule with a ground state (designated
0) and two excited states (1 and 2). Under zero-field conditions,
we assume a zero-order Hamiltonillp with eigenvalue<,

Itis clear that under these circumstances we must reinterpret
the results of solvatochromic shift measurements, replacing the
excited-state dipole moment with the effective dipole moment:

A= —dyax [OF = e — g

This is a restatement of the most important result of our previous
r|E.‘>aper1. In cases where the dipole moment of the perturbing state
"(u2) is quite different from that of the observed statg)( we
might expect the high-field (solvatochromic shift) results to be
quite different from the low-field (gas-phase) results. This is
H=Hy+H especially true if there is an avoided crossipg £ u1). In the
low-field limit the effective dipole moment is that of state 1,

and in order not to restrict ourselves to the low-field limit, we i-e-’lﬂeﬁ+ = U1, Wh”eli” the high-f;eld limit itl/izs given byuer"
will diagonalize the Hamiltonian in the basis of zero-order = (2)(u1 + p2) + (1){(us — p2)* + 4u12} V2 In both these

eigenfunctions of the excited states. The requisite matrix Iimit.s,.the energy Ievgl§ change Iingarly with field.ar?d thgre is
elements are no difficulty in determining the reaction field for emission, since

the ground state and the two (possibly nearby) excited states
On application of an electric field (either an externally applied
field or a reaction field), the new Hamiltonian is

Hu=E —uF Hp=E—usF  Hp=—uyF F= ey f(D)/E°
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However, in the region of an avoided crossing, near= u»)- 5 T T T T T T 15
F = (E;1 — E2), the energy levels are changing nonlinearly o1
with the field, and it is necessary to recognize that the effective 4 4
dipole moment is field-dependent. In this case we choose b
. E st 13
Uer (F) = —0E_I9F S
. <2 2
SinceE- = (1/2)(E1 + E2 - (/41 + ‘LL2)'F) - (1/2){ (E]_ - E2 - E
(11 — u2)'F)? + 4(u12F)3 12, taking the derivative, we obtain » ) )
+ _ 1 L ]
Hett (F) = —0E_/oF = é(ﬂl +;u2) + oL I | ] ] 1 1 190
1 5 02 04 06 08 1 12 14 16
E{ (uy = )[Eq — B — (g — o) Fl + 4y, F}H f(D.n)
2 2 1/2 Figure 2. Solvatochromic shifts for emission in indole. The solid curve
{(Ey — B, = (uy — up)*F)" + 4(uyF)} is a quadratic least-squares fit of the data. The parameters for the fit
) are 0.616+ 0.117 + 1.5(? with a confidence level of 0.92. Note the
For A(F) = E; — Bz — (u1 — w2)°F andB(F) = 2 ui°F, this onset of nonlinearity in the rangéD,n) = 0.6—0.8 (near the solvent
may be written more simply: ethyl acetate).
Meff+(F) = 05 T T T 1 T 7 09
1 1 / [ ]
s + 1) + [y — ) A+ 2u BI{A + B} I 7 04
. . _ e . f o ]
Note that at the avoided crossidgF) = 0, and if we expand S 03 L s 103
this expression in the vicinity of small values Af we obtain S :
= 02 F 4 02
1 1 = C ]
ﬂeﬁ+(F) = E(ﬂl +up) + (g — 5(/41 —w)E —E— @ [ o]
01 | ] 01
(g = 145) FI{ 2u1F} | + O(ATB?) N S

02 04 06 1.2 14 16

Remembering that at the crossikg — E; = (u1 — u2)-F, we O'Sf(D,nl)
obtain for the effective dipole moment«™ = (Y2)(u1 + w2) +

112 Thus, we may summarize our results in the three limits: Figure 3. Solvatochromic shifts for absorption to the, band of

indole. Note the onset of nonlinearity arouf(®,n) = 1.4 (near the

. solvent methanol).
low field: o = ptq

of the high-field and low-field straight lines, the crossing point
will be at their intersection. We then have at the crossing for

. . 1
at avoided crossing:ue; = Sy + 1) + emission

high field: egy™ = 5, + 1) + 31y = ) + 4 23 B, — By = (uy — 1) F*" = (g — ) theyr (F) TS(D )/

hat b fth | hromic shif wherefMis the value of®™at the state crossing. Carrying out
Note that by measurement of the solvatochromic shifts over a 5 gimijar procedure for absorption, we have at the crossing

wide enough range, it is possible to make observations in all

three regions. Since there are three parameters, namelys, E —E = — u)-Fs= — ) u(F) £.25D n)/ad

and 1o, it is possible to completely characterize the dipolar ~ + 2 (g = pz) (13 = 1) 1(F) (D)
properties of the excited states involved. However, under many Thus, assuming the cavity radius does not change much between

circumstances (e.g., when, = 0, the second excited state is  gh5orption and emission, we obtain the useful relation
hidden) the parametdt; — E,, which determines the avoided

crossing point, is also unknown. A good estimate of this +. 1 abs
parameter can be obtained by examining the valifebfvhich Hen €057, _ [(F)us + 1) izl COSye e
nonlinearity of the solvatochromic shifts occurs. We should Ho COSYo Ho COSYo A
remember that in absorption the solvent field is determined by
the ground-state dipole moment In this expressiotye andyg are the angles between the effective
excited and ground-state dipole moments and the direction of
AE = _ﬂo'(Aﬂ)a_3 f(D,n)  {Au= ﬂeﬁ+ — 1o} u1 — uz. This is especially valuable in that the parametéias
been eliminated.
while for emission the corresponding expression is Application to the Solvatochromic Shifts in Indole. The
spectrum of indole provides a good test of the theory, since the
AE, =t *(Aw)a > f(D,n)  {Au= ey — 1o} parameters are all known. Both good gas-phase measurements

exist and the solvatochromic shift studies cover a sufficiently
Sinceuet varies depending offD,n), we expect that the onset ~ wide range such that the nonlinear regions are clearly covered.
of nonlinearity may be observed at different points in absorption In Figures 2 and 3 we present the solvatochromic shifts for both
than emission. Itis also clear that there will be a region in which emission and absorptidfiln both cases, for low values &D,n)
the observed fluorescence shift is nonlinear. By extrapolation the shift is nearly flat. In absorption, the flathness extends all



6338 J. Phys. Chem. A, Vol. 103, No. 32, 1999

the way to rather high values &D,n). Aroundf(D,n) = 1.5
(corresponding approximately to 710"V cm~1 DY), sharp

Lombardi

a value ofu, = 5.16 D. (Note that this is not very sensitive to
the value ofui2.)

nonlinearity sets in. In fluorescence, by contrast, the entire curve We may now carry out an independent check on the theory

is quite nonlinear, and although it is difficult to pinpoint the
exact onset, it is clearly in the region 6:0.8. Lami and Glasser
estimate 0.8 (corresponding approximately to ©.90" V cm~1
D1). They take this to be the point at which the solvent polarity
causes a crossing of thle, with the L, state. The above theory
shows that this is in fact an avoided crossinguif, = O.
Assuming no change in cavity radius, we may irff@¢fem ~

2. We shall use this later as a check on the theory.

Before analysis of these results in light of the above theory,
it is worthwhile to discuss dipole moment directions. If we take
the long axis Q) of the molecule as the origin, dipole moment
directions may be expressed in termsipthe angle from this
axis in the direction of the N atom. Slater and Caflikave
carried out very reliable semiempirical calculations on indole
on the indo/s-sdci level. The valueséfor the ground (0)Ly
(1), andlL, (2) states are determined to b&t5°, —41°, and
—27°, respectively. Also useful from these results is the value
of u1» = 0.27 D, which is at-66°. Note that sincetw andu;
are nearly parallel, we will ignore the direction cosines between

by calculating the value qic" at the crossing. This is given
by (12)(u1 + u2) + p12, which is 4.05 D. We then may calculate
the ratioues™ coSyd/(uo COSY0) = teff o = 1.9. This is very
close to the value of2b¥fs™ = 2 obtained above. This gives
us added confidence that our analysis is correct.

We summarize the results on indole as follows. We have been
able to obtain an interpretation of the solvatochromic results
that is consistent with the gas-phase results as well as the best
available calculations under the assumption that the lowest two
excited states are coupled by a solvent field-induced mixing.
The resulting dipole moments are

o= 2.134+0.02D
1ty = 2.394 0.05 D
1, =5.1640.09 D
1y, =0.27+0.09D

them, and the direction cosine between those states and state 2 Nt only are these results internally consistent including both

is 0.97. Thus, we may replage by 0.9, without much fear

absorption and emission as well as with the gas phase, but they

of discrepancy. Note also that the gas-phase Stark effect value;re sypported by the excellent fits obtained to the data over a

for Au (0.14 D) is measured along the long molecular axis, e range of solvents, as well as the independent test provided
and if it is to be compared with solvatochromic shift measure- p, ihe ratio of the solvent fields at which an avoided crossing

ments or calculations, we must take it as a projection along the

A axis. Thus, we refer to the axis at45° by dividing by the
direction cosine, that ishu/cos 45 = 0.20 D.
Examining the curve for emission more carefully, we see that

occurs.
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