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On the assumption that the average energy for all transitions from a low-lying excited state to all other
states was approximately the same as that for all transitions from the ground state to all excited states, Abe’s
improved expression for the solvent spectral frequency shift (Bull. Chem. Soc. Jpn., 54, 327 (1981)) was applied
to spectral data for some neutral organic molecules in solution in order to estimate their excited-state dipole
moments and polarizabilities. The changes in the dipole moments and/or polarizabilities of these molecules
upon excitation were compared with those obtained from electrooptical measurements. Both methods give

results that are consistent.

Many theories!~1V have hitherto been proposed
regarding solvent spectral frequency shifts of organic
molecules. On the basis of some of these, dipole mo-
ments and polarizabilities have been estimated for the
excited states of organic molecules. Such detailed
information, which essentially leads to knowledge
regarding excited-state structures of organic molecules,
may help in the understanding of the photophysics
and photochemistry of such molecules. Alternatively,
changes in the dipole moments and/or polarizabilities
upon excitation have been obtained for many organic
molecules in the vapor phase, in solution, or in a crys-
talline host from electrooptical measurements. In par-
ticular, the magnitudes of the changes in the dipole
moments of some substituted benzenes, directly deter-
mined by a technique involving the optical Stark
effect!? in the gas phase, seem to be very reliable. On
the basis of a few assumptions, the values of the
excited-state dipole moments and/or polarizabilities
of molecules in solution or in a crystalline host have
been obtained using electric-field perturbation tech-
niques. Recently, Morales,'® Prabhumirashi et al.,14:19
and Koutek!® have tried to compare their results,
which were obtained from solvent spectral shifts, with
those obtained from electrooptical measurements. Their
comparisons appear, however, to be insufficient as
will be shown below.

Until now, there has been no detailed and systematic
study comparing the excited-state dipole moments
and/or polarizabilities estimated from the solvent
spectral shifts with those determined from electro-
optical measurements. Such comparisons are neces-
sary, in part, to justify the theoretical expressions
for the solvent spectral frequency shifts and, in part,
to confirm the reliability of the electrooptical mea-
surements or to reveal any inadequacies leading to
discrepancies in both methods of measurement and
in their variants. Electrooptical measurements are,
in general, difficult. In particular, the most reliable
technique regarding the optical Stark effect in the gas
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phase is confined to vaporizable substances, while
measurements of solvent spectral shifts are easy and
widely applied. It is, therefore, desirable to find a
solvent spectral shift theory that gives excited-state
dipole moment and polarizability values that are
comparable to those of electrooptical measurements.
This paper applies Abe’s generalized equation,® which
includes all interaction modes, to data for a repre-
sentative group of compounds. There is, generally,
reasonable agreement between the results of the
present type analysis and those for electrooptical
measurements. This shows that the use of a multiple
linear regression analysis to compute the excited-state
dipole moment and polarizability without introduc-
ing solvent macroscopic parameters, such as the rela-
tive permittivity and the refractive index, is certainly
an advantage.

Theory

According to Abe’s improved theory,? the wave number
(0,) of a transition from the ground state to the ith-excited
state of a neutral solute molecule in solution is given by:
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The corresponding transition energy (in cm™1) of the mol-
ecule in a vapor state is denoted by 0%. For example, the
superscripts/subscripts (A and s) denote the solute and
solvent molecules, respectively. The symbol ¢ is the speed of
light in vacuum, h the Planck constant, L the Avogadro
constant, & the permittivity of a vacuum, M, the relative
molecular mass, and d the density. Moreover, poo and aoo
denote the electric dipole moment and the electric isotrop-
ic polarizability, respectively, for the ground state. The
corresponding values for the ith-excited state are p; and ai.
The angle between p& and p? is denoted by 6. In addition,
AE, and AE; denote the average transition energies for all
transitions from the ground state and the ith-excited state,
respectively, to all other excited states. The average transi-
tion energy (AEo) is usually replaced by the ionization po-
tential (o) of the ground state. Similarly AE; is replaced
by the ionization potential of the excited state as given
by AE?=I8—hco3.41? However, Amos and Burrows!®® stat-
ed that the average transition energies in Abe’s previous
expression!? should be approximately the same for tran-
sitions from a ground state and an excited one. In ap-
plying Eq. 1, therefore, we have adopted this assumption
of Amos and Burrows:

AL} = AE} = I (6)

As is described in a previous paper,? Eq. 1 has been derived
on the assumption that a spherical solute molecule exhibits
no effective hydrogen bonds or complexes with spherical sol-
vent molecules.

Explicitly, we can rewrite Eq. 1 with the use of Eq. 6 as
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Unfortunately, except for nonpolar solute molecules, we
can not obtain directly reliable values for p‘.? and o4 by means
of a least-squares analysis of data regarding solvent spectral
shifts by means of Eq. 7. This is because a cubic equation
with respect to p‘&‘ must be solved in the case of polar sol-
ute molecules. Solving the equation is not practicable. We,
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therefore, proceed to obtain values of p4 and a% by the
following method for a polar solute molecule.

Calculation 1. At first we assumed (p&cosG)p‘f}-‘(l)={(p‘i?(l)}2
in Eq. 7 and obtained the first approximate values
of pﬁ(l) and af(1) by the least-squares method. Next, we
wrote the second approximate values as p4(2)=p5(1)+4(p)
and af(2)=af(1)+4(a) in Eq. 7. On the assumption that
2p§}(1) > A(p), values of 4(a) and 4(p) were then obtained by
the least-squares method as well as those of p?(?) and af(2).
The same calculation was repeated until both values for 4(p)
and 4(a) became smaller than 104 of a unit of measurement
of the electric dipole moment or the polarizability.

On the other hand, we adopted the following (Calculations
2 and 3) for a nonpolar solute molecule having no dipole
moments in either the ground or the excited states.

Calculation 2. When the value of g% was known, we
obtained a value for af by averaging the values of o for all
solvents by means of Eq. 7.

Calculation 3. When the oy value was unknown, at first
we arbitrarily assumed the first appropriate approximate
value of og(1) for 0% in Eq. 7and obtained a first approximate
value of a?(l) by the least-squares method. The second
approximate values for o3 and af were then given as
0%(2)=0%(1)+4(0) and a®(2)=af(1)+4(a) and the final
values for o3 and a were obtained by repeating the iterative
procedure adopted in Calculation 1.

In applying Eq. 7, we always assumed the temperature to be
20°C and, unless it is otherwise stated, that all the electric
dipole moments and ionization potentials for molecules in
the vapor phase were taken from Refs. 19 and 20. Values for
ago were calculated from sums of bond refractions. Moreover,
we excluded data for solvents lacking information regarding
their dipole moments and ionization potentials and of
solvents which are capable of forming hydrogen bonds and
complexes with solutes. We used the spectral data reported by
the same authors for solutes.

Results and Discussion

Benzene, Naphthalene, and Anthracene. The sol-
vent effects on the position of the L, transition of ben-
zene were investigated by Macovei.2d We have as-
sumed Macovei’s value of 39539 cm~! for 0§ and have
chosen data for 13 solvents (out of his reported total of
27 solvents) by excluding hydrogen bonding solvents.
This is because benzene is low in the scale regarding
hydrogen-bond acceptor strength determined by
Kamlet and Taft.22 Similarly, we chose data for only
10 and 9 solvents for the !L, and !L, transitions,
respectively, in naphthalene from the data of Weigang
and Wild.%:29  For calculations regarding anthra-
cene, data for 25 solvents were taken from the report
of Nicol et al.2® The values of af (estimated by Cal-
culation 2) are listed in Table 1, where Aa=al—ab.

Except for the expression for the dipole-dipole
interaction term between the solute and solvent mol-
ecules in Eq. 1, the latter is essentially the same as
Abe’s previous expression.!” Accordingly, the appli-
cation of Eq. 7 to a nonpolar solute gives the same cor-
relation between the experimental frequencies and
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TABLE 1. THE Aa VALUES FOR NONPOLAR SOLUTE MOLECULES
A A
Molecule Method e TA i Aa
10—24¢cm3 nm 10-24 cm3 10—24cm3
Benzene
1L, Calcd 2 10.38 0.328 13.96 3.58
Obsd — — — 1.240.6*
Naphthalene
1L, Calcd 2 17.04 0.354 22.13 5.09
Obsd — — — 1.940.3%
1L, Calcd 2 17.04 0.354 28.36 11.32
Obsd — - — 9.8+1.6%
Anthracene
1L, Calcd 2 23.69 0.384 42.89 19.2
Obsd - - - 16.7£2.3*°
Lycopene
Calcd 3 72.06 0.79 312.1 240.0
Obsd — — — 24614229

a) Ref. 26. b) This experimental value was reduced under the assumption that no change in polarizability
occurred in the direction perpendicular to the molecular plane. c) Ref. 27. d) Ref. 29. e) Ref. 28.

the frequencies calculated by Eq. 7 as was found us-
ing Abe’s previous expression. The latter correlation
was discussed in detail by Nicol et al.29

The observed Aa values for the aromatic hydro-
carbon molecules in Table 1 are those measured by
Mathies and Albrecht?® for molecules dissolved in
a rigid solution of 3-methylpentane at 77K and by
Liptay et al.?” for anthracene in cyclohexane at 25°C
by means of electric field techniques.

Table 1 shows that the large A« values estimated
using Eq. 7 for the 1L, transitions of naphthalene and
anthracene roughly approach those determined by
electrooptical measurements. The difference was a
maximum of 16%, and the small A« values estimated
using Eq. 7 for the 1L, transitions of benzene and
naphthalene were higher by a factor of ca. 3 than those
of the electrooptical measurements. The significantly
large differences in the Aa values for the 1L, transitions
obtained by using the two different methods may be due
to a number of causes: (1) The present theoretical model
for the solvent shift assumes spherical shapes for the
solute and solvent molecules. The estimation of ra
using Eq. 2 may, therefore, be inappropriate for plane
hydrocarbon molecules whose shapes considerably
deviate from the spherical model. This is why we
consider it inappropriate to extend the application
of Eq. 7 to largely plane polynuclear hydrocarbons
such as tetracene and perylene, although the Aa values
for these molecules have been obtained from electro-
optical measurements.2? An arbitrary choice of smal-
ler ra values for benzene and naphthalene in our calcu-
lations minimized the differences in the Aa values
obtained from both methods. (2) It has been reported
that some excited-state polarizabilities vary with sol-
vents to some extent.2’:2® The Aa values of Mathies
and Albrecht are those for the hydrocarbons in 3-methyl-
pentane at 77K, while the Aa values in our present
estimation correspond to those for the hydrocarbons
in a vapor phase at 20°C. Moreover, the electro-

optical measurements of Mathies and Albrecht con-
tain a few assumptions. Accordingly, some difference
in the Aa values obtained by both methods may be
unavoidable. (3) The differences may also result, in
part, from the present assumption regarding Eq. 6.

In Table 1, the application of Eq. 7 gives Aa val-
ues which are larger than those determined by Mathies
and Albrecht by less than 3)X10~2¢ cm3. This means that
the excited-state polarizabilities estimated using Eq. 7
may be larger than those of Mathies and Albrecht by
less than 3X10-2¢cm3. Compared to the polarizability
values, the difference of ca. 3>X10~24¢cm3 is small. Thus,
we may conclude that our present application of Eq.
7 gives a reasonable estimation of the excited-state
polarizabilities for the aromatic hydrocarbon mole-
cules and that the estimation is better with a larger
Aca value.

Lycopene. The 7a value of lycopene was taken
to be 0.7nm, the value that Myers and Birge2? esti-
mated for B-carotene from crystallographic data, as
both lycopene and B-carotene have the same mole-
cular formula (C4Hs) and are similar in shape. The
ionization potential of the ground state of a lycopene
molecule having 11 conjugated double bonds was
extrapolated to be 7.48eV (1eV=1.602X10-1]) from
the linear relationship3® between the observed ioni-
zation potentials and the Hiickel HOMO energy levels
for ethylene, s-trans-1,3-butadiene and hexatriene.
We used the reported spectral data3? for the first
transition in lycopene. The oj value of 23050 cm—!
and the Aa value in Table 1 were estimated according
to Calculation 3. Obviously, the Aa value so estimated
from solvent frequency shifts closely agrees with that
obtained from the electric field-induced spectral change
of lycopene in 3-methylpentane at 25°C by Seibold et
al.?® (Table 1).

Chlorobenzene. Macovei3? has investigated in
detail the effects of a solvent on the 0-0 vibrational
component®® of the 37052-cm~! mr-7r* band of chloro-
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TABLE 2. THE DIPOLE MOMENTS AND POLARIZABILITIES
OF THE FIRST EXCITED STATES OF CHLOROBENZENE
AND FLUOROBENZENE

Chlorobenzene Fluorobenzene
P%/D 1.782 1.66
ab5/10~2¢ cm3 12.30 10.29
cos 6 1 1
PE;/D 1.47 1.42
a;;/10724cm3 16.11 13.48
Ap/D —0.31 —0.24
| Ap| obse/D 0.2440.08% 0.30£0.07"
Aa/10~24cm3 3.81 3.20
a) Ref. 12e. b) Ref. 12d.
36900 —— ;
o
T @, ©
g e
X 36800 |- o _
)
% £o
é?
o o
36700 —
1 1
36700 36800 36900
d;o(obsd)/cm™1

Fig. 1. A plot of the experimental frequency of the

0-0 band of the first transition of chlorobenzene vs.
the frequency calculated.

benzene in the vapor phase. We chose data for 13
solvents from his spectral data involving 27 solvents.
The data for carbon tetrachloride as a solvent were
excluded since this molecule forms weak donor-
acceptor complexes with benzene and substituted
benzenes.3® The values of p# and af estimated by
means of Calculation 1 are shown in Table 2. Even if a
value of —1.0 was used for cos8, we still obtained.the
same excited-state values recorded in Table 2, where
Ap=|p%|—|pbl|. By using the p% and af values so
estimated, one can calculate the frequencies according
to Eq. 1. We show in Fig. 1 the correlation between the
experimental frequencies (oo (obsd)) and the calculated
ones (oo (calcd)) for the 'L, band of chlorobenzene,
as a representative example for the polar solutes. On
the whole, the correlation is good.

The observed |Ap| values (Table 2) determined by
Lombardi et al.1? by means of the optical Stark effect in
the vapor phase are very reliable. As Lombardi!?*©
clearly described, however, the sign of Ap cannot be
determined using their experimental method. In the
case of chlorobenzene, therefore, the two possible val-
ues of 2.03 and 1.55D (1 D=3.333X10-30Cm) are con-
sistent with each measured splitting.?® By compar-
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ing the changes in rotational constants upon excita-
tion, Wu and Lombardi'?® expected the larger value
for p4=2.03D to be correct one. Their choice of
2.03 D, however, is not consistent with the theoretical
results predicted by Kimura and Nagakura3® by means
of an MO calculation. Their theoretical results show-
ed that the electron density on the chlorine atom in the
first excited state of chlorobenzene should be slightly
less than that of the chlorine atom in the ground state.
This means that the value of p# is slightly less than
that of pf, since the substituent is the negative end of
the dipole in both the ground and the excited states.
Accordingly, the smaller value of p#=1.55D should be
the preferred experimental value of Wu and Lombardi.
Our estimation of p‘,-?=l.47 D closely agrees with their
reliable experimental value. By applying McRae’s
equation® to the solvent spectral frequency data for
chlorobenzene, Macovei3? also obtained a good result
of pﬁ=l.526 D. Thus, the comparable results on
chlorobenzene, as determined by the electrooptical
measurement and our present analysis, show that up-
on the assumption of Eq. 6, Eq. 1 can be applied
for estimating the excited-state dipole moment of a
polar solute molecule.

Fluorobenzene. There is a limited amount of
data regarding polar solvents which do not form hy-
drogen bonds with fluorobenzene. Unfortunately, no
desirable data regarding solvent effects for the 0-0
band (37829cm™1)37 of the first w-7* transition in
fluorobenzene in a vapor state are available. We were,
therefore, restricted to using the undesirable data of
Bowden and Braude3® who reported that fluorobenzene
in both cyclohexane and ethanol showed the 0-0 band to
be at the same position (37590 cm™!).

We wrote an equation for each solvent (cyclohexane
or ethanol) according to Eq. 7. By solving the two
equations simultaneously, we first obtained the two
possible p# values, 1.42 and 242.70D. For probabilis-
tic reasons, however, the smaller value (1.42D) was
adopted as p4 and the af value was obtained as shown
in Table 2. Huang and Lombardi'?® determined the
two possible excited-state dipole moments to be 1.37
and 1.96 D. They selected the larger value of 1.96 D as
they did for chlorobenzene. According to Kimura and
Nagakura,3® the theoretical results regarding fluoro-
benzene are similar to those for chlorobenzene. If, by the
same reasoning as we adopted in the case of chlo-
robenzene, we select their smaller value of 1.37D as
the experimental excited-state dipole moment of
fluorobenzene, the pf value of 1.42D estimated by
the present method agrees well with the experimental
value of 1.37D.

Aniline. We chose the solvent spectral data
of Mataga3? for the first absorption band (35490 cm—1)37?
of aniline in vapor: 34800 (cyclohexane), 34700 (1,2-
dichloroethane) and 34600 cm~! (acetonitrile). In the
present case, the angle 8 between pf and p4 was
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TABLE 3. (CHANGES IN THE DIPOLE MOMENT AND POLARIZABILITY

ON EXCITATION IN ANILINE?

cos 0 P‘:‘/ D Ap/D Aa/1072¢ cm3
1.0 1.35 —0.13 9.56
0.8 1.69 0.21 9.46
0.5845 2.33 0.85 9.22
0.4 3.48 2.00 8.60
0.2 8.19 6.71 3.50
0.0 8.43 6.95 37.42
—0.2 —8.07 6.59 3.98
—0.4 —3.48 2.00 8.61
—0.5845 —2.33 0.85 9.22
—0.8 —1.69 0.21 9.46
-1.0 —1.35 —0.13 9.56

a) 74=0.331nm, P5%=1.48D, and af%=11.73X10-2¢ cm?.

unknown. Consequently, we calculated the excited-
state values for the possible values of cosf according
to Calculation 1 and give examples of the results in
Table 3. By varying 74 in steps over a range from 0.2 to
0.4nm, we found that Ap varies little with our choice
for ra. However, Aa depends on ra considerably. Ac-
cording to Lombardi’s experimental result of | Ap|obsa=
0.85%0.15 D,'* the value for p# should be either 0.63 or
2.33D. In Table 3, the larger value (2.33 D) was repro-
ducible by the present method to give cosf=20.5845.
The angle of p# when the value of the moment is
2.33D and cos#=0.5845 is the same as when the p%
moment is —2.33D and cos6=—0.5845=cos(180°—
54.23°). However, the direction of the former mo-
ment is different from that of the latter moment, as are
shown in Fig. 2. Table 3 shows that the application of
Eq. 7 gives no excited-state dipole moment smaller
than 1.35D in absolute value. Accordingly, the smaller
(0.63 D) of the two possible experimental values pro-
posed by Lombardi may be discarded on the basis of
disagreement with the results of the solvent spectral-
shift method. Lombardi!® also explained his pre-
ference for the larger value of the excited-state dipole
moment. Thus, the angle between pé and p? is expect-
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ed to be 54.23°. There is, therefore, two possible direc-
tions for the excited-state dipole moment as are shown
by p2#=42.33D in Fig. 2. The frequencies calculated
using estimated values of p# and o for cosf==0.5845
were 34820 (obsd, 34800), 34680 (obsd, 34700) and
34600 cm™! (obsd, 34600 cm™1) for the solvents of cyclo-
hexane, 1,2-dichloroethane, and acetonitrile, respec-
tively.

The ground-state dipole moment of aniline was
calculated by Hehre et al.49 to be 1.44 D by means of ab
initio MO theory. Their calculated components for the
dipole moment and the direction of the ground-state
dipole moment (pbo) are shown in Fig. 2. All the MO
calculations of Baba,*? Mataga,?® and Hirota and
Nagakura*? show a decrease in the 7-electron density at
the nitrogen atom in the excited state of aniline. This
decrease only increases the magnitude of the excited-
state dipole moment component parallel to the plane
containing both the benzene ring and the nitrogen
atom in the same direction as that of the corresponding
ground-state dipole moment component. Accordingly,
the positive and negative terminals of the dipole
moment component in question will not change sign
upon excitation. In Fig. 2, only the positive mo-
ment (p3=2.33D) of the two possible moments of
+2.33D for p# does clearly not change the sign of the
dipole moment component. Thus, the direction of
the excited-state dipole moment may be predicted as
shown by p#=2.33D in Fig. 2.

The p# value for aniline has been estimated by
Mataga (2—2.5D),3® Murrell (5D),*® Iweibo et al. (a
value nearly equal to p&),*® Suppan (5.2D),9 and
Prabhumirashi et al. (2.12 D)4:19 from solvent shifts of
absorption and/or fluorescence spectra. Mataga and
Murrell used an equation for solvent shifts of ab-
sorption and fluorescence spectra.45-4® Suppan used
a similar equation. Iweibo et al. and Prabhumirashi
et al. used an approximation (Eq. 46 of Ref. la)
of McRae’s general expression.3® Since such an ap-

P}, = -2.33p

A
Doo = 1.44 D

54,23°

1.32p

0
% 180°-54,23° /

Fig. 2. The predicted directions of the ground- and excited-state
dipole moments of aniline. The direction of the arrow denotes
a moment from a positive charge to a negative one.



3420

TABLE 4. 'THE EXCITED-STATE DIPOLE MOMENT AND
POLARIZABILITY OF RETINAL

Ponder and Mathies®

Present

work”  solid matrix® gas phase
/1024 cm? 102.26
Aa/10-24 cm3 66.37 180120 60°
Ac2/10-2 cm? 600100 20020
PYD 7.82 19.8+0.7 7+1
a) ap=35.89X10-2¢cm? and cos 6=1. b) Ref. 48. ¢)
In poly(methyl methacrylate) films. d) A change ina
long-axis polarizability on excitation. e) We so

estimated this value that the ratios of Aax/Aa became
the same for both the solid matrix and the gas phase.

proximation obviously neglects the dispersion effect,
the excited-state dipole moments estimated from such
measurements will, for less polarized molecules, show
sufficient departure from those of the electrooptical
measurements. The fortuitously good estimate of
Prabhumirashi et al. seems to be due to their choice
of a rather small value of 0.146nm for ra. Except
for Suppan, all of the above authors assumed col-
linear ground- and excited-state dipole moments. In
view of the molecular structure4? and the ab initio
calculation®® of the ground-state dipole moment for
aniline, it seems difficult to assume such collinear
dipole moments.

Retinal. Recently, Ponder and Mathies*® have
obtained the excited-state dipole moment and polar-
izability of all-trans-retinal from measurements of elec-
tric-field-induced changes in its optical absorption
spectrum. We attempt to estimate the values of p% and
o’ for retinal by applying Eq. 7 to the available spec-
tral data of Corsetti et al.4® We chose 9 data points
including those of 5 polar solvents from a total of 16
data points. From an extrapolation of a good linear
relationship between absorption maxima (in cm™?) of
retinal in various nonpolar solvents and refractive
indices of the solvents, we estimated the 0% value of
retinal to be 29210 cm~!. The ionization potential of
the retinal was estimated to be 8.31eV as in the case
of lycopene where parameters of the coulomb and
resonance integrals for an oxygen atom were those
referred to in Ref. 30. We used values of 4.55D for pho
and 0.458nm for ra. These values were obtained by
Myers and Birge5® upon assuming a spherical model.
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Following Ponder and Mathies,® we assumed that
both pé and p% were parallel. Listed in Table 4 are
the values of p% and A« estimated by means of Calcu-
lation 1, in addition to the experimental results of Pon-
der and Mathies. The former values which were esti-
mated by the present analysis agree well with the lat-
ter ones which were obtained from electrooptical mea-
surements in a gas phase.

Azulene. The excited-state dipole moments
and/or polarizabilities of azulene were obained from
electrooptical measurements51-59 as listed in Table 5.
Hochstrasser and Noe,5? Barker et al,5? and Clark and
Small5® applied the Stark spectroscopy of mixed
molecular crystals to the absorption systems of azulene.
Mathies and Albrecht5? adopted electric field broad-
ening experiments for the absorption spectrum of
azulene in 3-methylpentane at 77K. Using reaction
fields, Baumann®¥ analyzed data obtained from elec-
trooptical absorption and dielectric measurements
for azulene in cyclohexane at 298 K.

We estimated the first and second excited-state dipole
moments and polarizabilities of azulene by applying
Calculation 1 to the available spectral data.29 as
shown in Table 5. We chose'11 data points including 6
for nonpolar solvents and 5 for polar ones. For ra we
used the value of 0.308 nm, whose cube was already
estimated by Baumann3¥ for the spherical model of the
azulene molecule. In the case of azulene, cos@ obviously
takes a value of either 1 or —1. Setting cosf=1, yielded
negative excited-state dipole moments. We, therefore,
assumed that cosf=—1.

As shown in Table 5, the present analysis gives the
first and second excited-state dipole moments that are
opposite in direction to that of the ground state. This
result agrees with that obtained from the electroop-
tical measurements. The present analysis gives a far
smaller decrease in the polarizability of the first excita-
tion than do the measurements of Baumann. The first
excited-state dipole moment estimated in the present
analysis agrees roughly with those obtained from
the electrooptical measurements. However, the pres-
ent analysis shows that the magnitude of the second
excited-state dipole moment is larger than that of the
first excited state; electrooptical measurements show
a reverse situation. The above differences between the
present solvent shift method and the electrooptical

a)

TABLE 5. THE EXCITED-STATE DIPOLE MOMENTS® AND POLARIZABILITIES OF AZULENE

Present Baumann® Clark and Mathies and Hochstrasser,
work? Small? Albrecht® Noe et al.?
The first excited state
P'A-‘/D —0.817 —0.564 —0.26 — —0.42
a;;/10~2¢cm3 15.80 11.44 — — -
The second excited state
Pﬁ,«/D —2.124 —0.348 —0.17 —0.44 —0.31
a;/1024cm3 22.00 — — — —

a) The signs of P4 were determined relative to P8. b) 7a=0.308nm, P%=0.795D, ab=16.664X10-2¢ cms,

and cos 6=—1.

c) Ref. 54: af=15.52X10-2¢cm3. d) Ref. 55. e) Ref. 53. f) Refs. 51 and 52.
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TABLE 6. THE EXCITED-STATE DIPOLE MOMENT AND
POLARIZABILITY OF p- NITROANILINE

Present work® Electrooptical
measurements
cos 6 P o PA
D 10~2¢cm3 D
1.0 9.21 62.39 14”, 15.5+2.8°
0.9 10.32 60.40
0.8 11.75 57.51
0.7 13.68 53.05
0.6 16.41 45.59
0.5 20.59 31.57

a) P5h=6.29D, af=13.983X10-2¢cm? and r4=0.336 nm.
b) Ref. 56. c¢) Ref. 57.

measurements may be ascribed to the same reasons
preferred for the aromatic hydrocarbons above. More
reliable excited-state dipole moments for azulene must
wait for determinations regarding the optical Stark
effect in the gas phase.

p-Nitroaniline. From the electrooptical
absorption measurements, Czekalla and Wicks® and
Liptay et al.5? obtained the p# values listed in Table 6.
In order to make a comparison with their values, we
applied Eq. 7 to the solvent spectral shift data of Kamlet
and Taft?? for the observed 34210 cm~! absorption
maximum3® of p-nitroaniline in a vapor phase. We
chose 7 data points relative to their 9 non-hydrogen-
bonding solvents. The value of 6.29 D% was used for
pvo. The direction of the ground-state dipole moment
may obviously not lie in the plane of the benzene ring
of p-nitroaniline for the same reason as described in
the case of aniline. In using Calculation 1, therefore,
we changed the value of cosf to be within the range of
0.5—1.0. The results of the calculation are shown in
Table 6.

The electrooptical measurements made by both
Czekalla and Wick% and Liptay et al.5” assumed that
the ground- and excited-state dipole moments were
parallel to each other. With this assumption, the results
of their measurements can be compared with our pre-
sent calculation only when cosf=1. Their values are
considerably higher than that estimated by the pre-
sent analysis. Czekalla and Wick completely neglect-
ed the effects of the ground- and excited-state polariza-
bilities of p-nitroaniline, while Liptay et al. neglected
only the contribution of its excited-state polarizability.
The large difference in the p# value using the two
methods seems to be mainly due to their neglect of
the contributions due to these polarizabilities. Thus,
at the present stage, we have no reliable value for
an electrooptically determined excited-state dipole
moment in the case of p-nitroaniline.

The p‘,? value has been estimated by Abe (10.26 D),69
Suppan (16.3 D),8» Millefiori et al. (10.13—10.50 D),58.62
and Koutek (15.5D)1® from solvent spectral-shift theo-
ries. Koutek has applied the local reaction fields of
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Block and Walker®® and Wertheim®? to the already pre-
sented equations based on McRae’s theory.3® The
expressions used by Suppan and Millefiori et al. lack
any consideration of the polarizabilities and are based
on the assumption that the ground- and excited-state
dipole moments were parallel to each other. Koutek’s
treatments are also insufficient regarding these points.
Thus, much weight cannot be credited to results from
such computations.
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