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A method for estimating the angle between the ground- and excited-state dipole moments is presented on the
basis of Abe’s improved expressions for the solvent frequency shifts of absorption and fluorescence spectra (Bull.

Chem. Soc. Jpn., 54, 327 (1981); 58, 3415 (1985); 61, 3797 (1988)).

Applications of the method to N,N-

dimethylaniline and aniline give angles of 39.5° and 40.0°, respectively; the excited-state dipole moments are both
smaller than the corresponding ground-state dipole moments.

On the basis of theories regarding solvent effects on the
frequency shifts of absorption and/or fluorescence, the
dipole moments and/or polarizabilities have been
estimated for the excited states of organic molecules.!)
There have, however, been a few attempts to estimate the
angles between the ground- and excited-state dipole
moments due to solvent spectral shifts, except for solute
molecules in which both the dipole moments are
obviously collinear. On the basis of the Omnsager
model,’® Suppan®!9 has presented a method used to
obtain the angles between the ground- and excited-state
dipole moments due to the solvent shifts of the
absorption and fluorescence spectra for such organic
molecules as aniline. His method requires data
concerning the solvatochromic shifts in two solvents of
nearly the same refractive indices. Recently, Ayachit!?)
has improved Suppan’s method. Upon modifying
McRae’s expression!”? for solvent absorption-spectral
shifts, Prabhumirashi et al.1%19) attempted to estimate the
angles between the ground- and excited-state dipole
moments. Later, Ayachit et al.®) improved the method
of Prabhumirashi et al. and obtained several angle values
for nitroanilines.

Abe’s improved expression®2? for the solvent absorp-
tion-spectral shift gave excited dipole moments and/or
polarizabilities that were comparable to those found by
electrooptical measurements.’> Moreover, on the basis
of the same treatment as in the case of the improved
expression, an expression for the solvent fluorescence-
spectral shift has been presented.?!) In this paper,
therefore, an attempt has been made to present a method
for estimating the angle between the ground- and excited-
state dipole moments by combining the improved
expression for the solvent absorption-spectral frequency
shifts with that for the solvent fluorescence-spectral
shifts.

Theory

The wave numbers of a transition from the ground
state to the ith-excited state of a neutral solute molecule
(A) in vapor and in a solvent (S) are denoted by 65;. and
00i2 (cm™), respectively.  The wave numbers of the fluo-
rescence frequencies of the solute molecule in the vapor

and in the solvent are denoted by o%; and ox; (cm™),
respectively. The ground and ith-excited state dipole
moments are denoted by Poo and Py, respectively; aoo and
a; are the isotropic electric polarizabilities of the ground
and ith-excited states, respectively. The superscripts/
subscripts (A and S) denote the solute and solvent
molecules, respectively. Suffix f in ag; and «f; indi-
cates that these polarizabilities are not those which
correspond (af,, and ajf, respectively) to absorption, but
to fluorescence. Here, the dipole moments of the
ground and ith-excited states concerning the fluorescence
are assumed to be equal to the corresponding dipole
moments regarding absorption, as has usually been
assumed in all previous theories concerning fluorescence.
This assumption is approximately fulfilled if the nuclear
equilibrium configuration of the i-th excited state does
not significantly differ from that of the ground state, as
described in a previous paper.?) The improved expres-
sion for i, is given by320

Ooia = 00ia + FX (p5)2 X A + F X ayX B,, e
where
n [ 4nL 3 (pS] MS)¥?
F =
he ( 3 ) (ratrs)? @
4= Hpr—papi} | od.—ai 3
¢ 3(4meo)2k T 4meg
and
Bo= X {(pl)r — (i + 2
47[80 00, ii 2
I§- 13 A A
[g +IG X (UOO,a aii,a)}- (4)

Here, ¢ is the speed of light in vacuum, A Planck’s
constant, L Avogadro’s constant, k Boltzmann’s con-
stant, 7 the thermodynamic temperature, & the permit-
tivity of a vacuum, M, the relative molecular mass, p the
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density, r the radius of a spherical molecule, and I, the
ionization potential of the ground state. On the other
hand, the expression for oy is given by?!

Ons = 0%s + F X (D)2 X As + F X ayy X B, )
where
A= 2{17(%'1’&)_(173)2} a&,f—ai?,f )
f 3(4neo)k T 4nmeo
and
3
— Ayy Ao =
Bf 47[80 X {(Poo) (pu) + 2
IS'IA
X ﬁx (atos — ai9}h )

By combining Eq. 1 and Eq. 5, one can easily obtain the
following equations:

Ooia t ons=a+ AX b+ BXd, ®)
and
Ooia— Ons—a + CXb +BXd, )
where
_ 2(17080)2 Zago ]
A=FX { S ®T + amg (10)
3ag 51 }
_ s 00 0 1o
B—FX{(P00)2+‘ 5 X e Sk (11)
e 2P
C= FX 3 neopk T ° (12)

a = 06, + ohs, (13)

a = 0%ia — O 14

b= (poo)* — (P 15)

b = (poo)® — 2P P7) +(pi) (16)

d= . X {(@a — afia) T (abor — aiid}, 17
and

@=L {(aho — oh) — (abs — a9 (18)

From Egs. 13 and 14, one obtains
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0% = IEX @+ o), (19)
and
o 1
onf = EX (a — a). (20)
From Egs. 15, one obtains
i =&y — b3~ 2D

When one writes piypi =pés pi cos 0, the value of cos 6 is
obtained from Eq. 16 as

1 ( Db i v’ )
cosf =X - (22)
2 Di D% DP%Dh

The values for F, A, B, and C can be calculated. In
calculating these values, the values observed for poo and Ip
in the vapor phase are used, the values for aq are
calculated from the sums of the bond refractions and the
values for raons may be calculated according to
Faos=(3MAS | A LpAoS)13 as discussed in a previous
paper.?) Accordingly, the values for a, b, and d and
those for @', b, and d’ can be obtained by means of a least-~
squares analysis of data for the solvent absorption- and
fluorescence-spectral frequency shifts, according to Egs.
8 and 9, respectively. One can, therefore, obtain values
for 6%:., 0%s, P4, and cos 0 according to Egs. 19, 20, 21,
and 22, respectively. Thus, one can estimate the angle
of O between the ground- and excited-state dipole
moments.

Results and Discussion

The present expressions used for the solvent absorp-
tion- and fluorescence-spectral frequency shifts have
been derived on the assumption that the solvent
molecules form no hydrogen bonds or complexes with
the solute.?%2D)  In applying Eqs. 8 and 9, therefore, data
for solvents which are capable of forming hydrogen
bonds and complexes with solutes should be excluded.
When this restriction is taken into consideration, there is
no available data reported for interesting molecules,
except for data regarding only N,N-dimethylaniline.
The N,N-dimethylaniline molecule may be assumed not
to be coplanar, since it is well-known that in the similar
aniline molecule the plane containing an amino group
does not lie in the plane of the benzene ring.
Accordingly, the dipole moments of the ground states of
N,N-dimethylaniline and aniline do not lie in the planes
of the benzene rings. In view of this point N,N-
dimethylaniline is appropriate for the present purpose.

Therefore, Egs. 8 and 9 were applied to data reported
by K &hler?? regarding the solvent maximum absorption-
and fluorescence-spectral shifts of N, N-dimethylaniline
(22°). The data pointsfor 8 solvents were chosen, out of
his reported total of 12 solvents, by excluding protic
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solvents. Unfortunately, he did not give all of the
numerical values for oo, except for three values for
hexane, tetrahydrofuran and dioxane.. Therefore, the
00ia values for the 5 remaining solvents were obtained by
using the Stokes shifts (0o;a—00s), from which values
could be read off a magnified version of Fig. 1 in Ref. 22.
The following values were used for N, N-dimethylaniline:
ra=0.369 nm, pH=1.61D (gas)*® (1 D=3.333Xx1073°C
m), agy=155.69xX10"25 cm? (see Ref. 3) and [4=7.6 eV?*
(1eV=1.602X1071?J). For convenience, the tempera-
ture was assumed to be 20°C. Thus, the present
analysis by using Egs. 8 and 9 gives p3—1.02 D, §=39.5°
(cos 6=0.772), 06%,.—34100cm™ and o2s=31820 cm™L.
By applying the values of ¢%,.=34100cm™ and
cos 8=0.772 to Eq. 1, the same p% value of 1.02 D and the
af. value of 290.6X10725 cm? were estimated by means of
Calculation 1 in Ref. 3. A similar calculation, by
applying the values of p4=1.02 D and cos 6=0.772 to Eq.
5, gave the same o@%s value of 31820cm™ and
afy —af=—435.4X107%5 cm? by means of a least-squares
analysis. According to Egs. 1 and 5, the values for op;a
and opg, respectively, can be calculated by using the
values so estimated for o6is, 0%, P2, 4., (afh—a%) and
cos 0. The values (0oicaca) SO calculated for oo, and oy
were compared with those (oo;0bsa) Observed, as shown in
Fig. 1. The correlations between the experimental and
calculated frequencies are good. The estimated obia
value of 34100 cm™ agrees roughly with the observed
value? of 34700 cm™. These facts may support the
validity of Egs. 8 and 9.

The p# value of 1.02 D, estimated in the present work,
is smaller than the ground-state dipole moment of 1.61 D
by 0.59 D, while the p2 values of 3.58 D (0=66°)!® and
5.1D? and the (p5— pho) value of 2.0 D22 have been
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Fig. 1. Plot of the observed frequencies vs. calculated

frequencies for N,N-dimethylaniline. O, absorption
frequencies; @, fluorescence frequencies.
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estimated from solvent spectral-shift theories. Whether
pi>phy or pa<pé, is a serious problem for considering
the electronic structure of the excited state of N,N-
dimethylaniline.

In the case of a similar molecule, aniline, Lombardi?%
determined that the magnitude of the dipole moment
change is |p4—pho|=(0.8510.15) D by a technique
involving the optical Stark effect in the gas phase. As
mentioned above, aniline is not appropriate for the
present purpose, because the amino group of aniline is
capable of forming hydrogen bonds with aprotic solvents
which are high on the B scale regarding the hydrogen-
bond acceptor strength.?? For example, dioxane
(8=0.37), dibutyl ether (8=0.46), diethyl ether (=0.47),
tetrahydrofuran (8=0.55) and acetonitrile (8=0.31) are
involved in the solvents used by Kohler.?2) Never-
theless, an attempt has been made to apply Egs. 8 and 9
to the 8 spectral data points?? of Kohler for aniline in
similar way in order to compare the estimated value of
|pA—péo| with the reliable one of Lombardi. The values
used for aniline are the same as those given in a previous
paper:® r,=0.331 nm, pH;=1.48 D(gas), ah—117.3X10725
cm?, and I5=7.68 eV. According to Egs. 8 and 9, the
results of p5=0.75D, 6=40.0° (cos8=0.766),
09:,2=34630 cm™ and o%s=31810 cm™ were estimated.
By applying the values of 0%.:=34630cm™ and
cos 6=0.766 to Eq. 1, the same p% value of 0.75 D and the
af, value of 132.0X107%5 ¢cm? were estimated. A similar
calculation, by applying the values of p2#=0.75D and
cos 6=0.766 to Eq. 5, gave a % value of 34600 cm™! and
oy s— ot =—620.9X10"25 cm3. The correlations be-
tween the observed and calculated values for o¢;, and o
are shown in Fig. 2. On the whole, the correlations
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Fig. 2. Plot of the observed frequencies vs. calculated
frequencies for aniline. O, absorption frequencies;
@®, fluorescence frequencies.
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givenin Fig. 2 are good, but worse than are those given in
Fig. 1. The estimated 0%. value of 34630 cm™ con-
siderably deviates from the observed values of 354902829
and 355002 cm™!. Especially, the o%¢ value of
31810 cm™!, estimated according to Egs. 8 and 9, does not
agree with that (34600 cm™) estimated from Eq. 5,
although there is agreement between the corresponding
values for N, N-dimethylaniline, as shown above. These
worse results for aniline in comparison with the results
for N,N-dimethylaniline are probably due to the use of
data points for the aprotic solvents with which aniline is
capable of forming hydrogen bonds. However, the p%
and 0 values estimated by applying Eqs. 8 and 9 for
aniline may be roughly correct, since these values are
close to the corresponding ones for N, N-dimethylaniline.

Here, the reliability of the 6 value obtained by the
present method will be investigated. Baba et al.3)
reported on the solvent effects on the absorption and
fluorescence spectra of diazines, although data points for
only 3 solvents could be used for the present purpose.
Ony data for pyridazine are used, since the solvent
spectral shifts of pyrimidine are small and pyrazine has
no dipole moments in both the ground and excited states
due to molecular symmetry. Accordingto Babaetal.,3?
the cos 6 value for pyridazine should be unity, since the
directions of p§, and p$ for the molecule are the same.
By using ra=0.306 nm, p5=4.221 D,* a(;=91.75X10725
cm3 and I4=8.706 eV,2% Egs. 8 and 9 were applied to the
data for pyridazine in 2,2 ,4-trimethylpentane, in diethyl
ether and in acetonitrile (25°C). The result that
cos =1.098 was obtained. This cosf value is
approximately unity, thus leading to the suggestion that
the present estimation of 6§ may be fairly reliable.

The p4 value (0.75 D) estimated for aniline is smaller
than the p§, value (1.48 D), as in the case of N,N-
dimethylaniline. All of the pj values which have
hitherto been estimated for aniline from the solvent shifts
of the absorption and/ or fluorescence spectra are larger
than p4y: The p2value has been estimated by Mataga (2—
2.5D),*Y Murrell (5 D),3? Iweibo et al. (a value nearly
equal to pjy),3® Suppan (5 D),2%16) and Prabhumirashi et
al. (2.13 and 3.30 D, 6=14°).10.1819  Recently, Ayachit!'?
estimated the values of p4=5.3 D and 6=25° for aniline,
improving on the method of Suppan.'® In a previous
paper,3 the p% value of 2.33 D was alternatively estimat-
ed for aniline by applying Eq. 1 to only three data points
for solvents. Even though only three data points
are the minimum for applying the expression, it is
desirable to use at least several data points. The present
estimation of pfy—p#=0.75 D for aniline agrees well with
the reliable value (| p4§—pho|=(0.85£0.15)D) of Lombardi.
The discrepancy between the solvatochromic shift
measurements and reliable gas phase Stark effect
measurements is fundamentally due to insufficient
theoretical expressions for the solvatochromic shifts, as
pointed out by Lombardi*¥ As mentioned in a
previous paper,? comparisons between the excited-state
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dipole moments and/or polarizabilities estimated from
the solvent spectral shifts with those determined from the
electrooptical measurements are necessary in order to
justify the theoretical expressions used for the solvent
spectral frequency shifts. Among the many theoretical
expressions, those giving excited-state dipole moments
and polarizability values that are comparable to those of
the electrooptical measurements will survive. As de-
scribed above, Abe’s improved expression (Eq. 1) gave
excited-state dipole moments and/ or polarizabilities that
were comparable to those of electrooptical measure-
ments.? The present estimation that p§,>p?# for aniline
can be reasonably accounted for according to MO
calculations as follows: All of the MO calculations of
Baba,%) Mataga,?!) and Nagakura et al.?%3% show a
decrease in the m-electron density at the nitrogen atom in
the excited state of aniline. As described in a previous
paper,? this decrease only increases the magnitude of the
excited-state dipole moment component parallel to the
plane containing both the benzene ring and nitrogen
atom in the same direction as that of the corresponding
ground-state dipole moment component, the positive
and negative terminals of which do not change sign upon
excitation. Accordingly, the excited-state dipole
moment component should be larger than the cor-
responding ground-state dipole moment component.
The inclination of the calculated ground-state dipole
moment (1.44 D) was obtained by Hehre et al.3? to be 67°
to the plane containing the benzene ring by means of ab
initio MO theory. The corresponding inclination of p%
may be smaller than that (67°) of p}, by 40°, since both
the p, and pjjcomponents parallel to the benzene ring are
in the same direction. By using an inclination of 67°,
the p5, and p% components containing the benzene ring
were calculated to be 1.48 D cos 67°=0.58 D and 0.75 D
cos (67°—40°)=0.67 D, respectively. These estimations
satisfy the result of the above-mentioned MO calcula-
tions. Therefore, the result that the excited-state dipole
moment (0.75 D) is smaller than the ground-state dipole
moment (1.48 D) does not conflict with the result
concerning the above-mentioned MO calculations.
Accordingly, the p; value of 0.75 D estimated for aniline
is reasonable.

The MO calculation of Kimura, Tsubomura, and
Nagakura?®) for N,N-dimethylaniline similarly shows a
decrease of the n-electron density at the nitrogen atom in
the excited state of N,N-dimethylaniline. Therefore,
the circumstances of N, N-dimethylaniline are the same as
those of aniline. Based on the assumption of the same
inclination of 67° for N, N-dimethylaniline as in the case
of aniline, the p§, and p components parallel to the plane
containing the benzene ring were estimated as 1.61 D
cos 67°=0.63 D and 1.02 D cos (67°—39.5°)=0.90 D, re-
spectively. Also, these estimations do not conflict with
the MO calculation. Thus, the present estimation of
poo>ph for N,N-dimethylaniline may be reasonable.

As shown above, the 8 values have been estimated for
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N,N-dimethylaniline and aniline. Prabhumirashi et
al.’ estimated 6 values of 66° and 14° for N, N-dimethyl-
aniline and aniline, respectively. These 0 values seem to
differ too greatly. Ayachit!V) estimated a 0 value of 25°
for aniline. However, his estimation of p2=5.3 D is too
large in comparison with the magnitude of the dipole

moment change of Lombardi.2® The present

estimations using Eqs. 8 and 9 give similar 0 values for
similar molecules of N, N-dimethylaniline and aniline, as
does the |pj—pho| value, agreeing with the reliable value
of Lombardi for aniline, as described above. In con-
clusion, the angle between the ground- and excited-state
dipole moments may be estimated by applying Eqgs. 8 and
9 to data for the solvent absorption- and fluorescence-
frequency shifts of a solute molecule.
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