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A theoretical expression for the spectral solvent shifts of an anion has been presented by assuming the system

to consist of a large anion, its counter cations, and numerous solvent molecules.
ponent particles in the system do not interact with one another.

In the zeroth-order all the com-
The interaction energy among the particles for the

ith-excited state of the system, in which only the anion is in the ith-excited state, is calculated by the second-order

perturbation treatment as the sum of electrostatic interaction energies between pairs of particles.

The expression

derived from the difference between the interaction energies of the ground and excited states of the system contains
the dipole-dipole and dipole-induced dipole interaction terms and the dispersion force terms and is somewhat

different from the previous results for neutral solutes (Bull. Chem. Soc. Jpn., 38, 1314 (1965)).

Effects of the counter

cations are discussed. This expression is applied to the spectral shifts of an Eosin-Y2- anion, a Meisenheimer

complex, and Janovsky complexes.

Many theories have hitherto been proposed for
spectral solvent shifts of neutral organic molecules.)
There are, however, only a few theories relating to

anions.>® Miertus and Kyse\i‘l) have calculated frequen-
cies of some anion radicals in solvents by incorporating
the solvent effects into the Hamiltonian operator for
the radicals in the restricted SCF MO method. Hirano?®
has extended McRae’s theory® for neutral molecules to
organic anions by considering the effects of their
counter cations. Hirano has obtained a general expres-
sion involving no dipole-dipole and dipole-induced
dipole interaction terms but only the dispersion force
contribution. According to his theory, the effects of the
counter cations can be ignored.

In order to compare results with Hirano’s expression,
the author has attempted to derive an expression for
the spectral solvent shifts of anions on the basis of the
previous theory®® for neutral molecules. The previous
expressions®® will be somewhat improved. Moreover,
an attempt has been made to clarify the similaritities
and differences between McRae’s theory® and the
author’s.%:9)

Theoretical

Model. Electronic spectra of solutions are
generally measured at very low concentrations of
solutes. Let us, therefore, consider a system consisting
of a large anion (A”"), its n counter cations (M), and
N identical neutral solvent molecules. The anion is
not an anion radical or a small anion solvated by
coordination of solvent molecules. The cations are
monatomic. In the zeroth-order, all the component
particles in the system do not interact with one another.
Let us consider the ion-pair formation between the
anion and the n monovalent cations, because such
formation is well-known. The solvent molecules are
assumed to form no hydrogen bonds and no complexes
with the anion and to have small enough dipole moments
that they are not tightly oriented with respect to each
other. For convenience, let the origin of the coordinates
be the center of mass of the anion. In the spectral
measurements of solutes in solutions, one usually
chooses solvents that absorb light at much shorter

wavelengths than the solutes do. The monovalent
cations such as Nat and K+ require transition energies
considerably higher than those of the anion and the
solvent molecule. One therefore assumes that the
solvent molecules and the cations remain in their
ground states when a transition from the ground state
to the ith excited state occurs in the anion.

The Wave Functions and Energies of the System. Let
us write the ith electronic state of the system in the
zeroth-order as follows:

n N
07 =gt 11 63 11 6. M

Here the zeroth-order wave functions of é2, ¢35, and ¢}
denote the ith state of the anion, the ground state of
the cth counter cation, and the ground state of the
sth solvent molecule, respectively. In the present paper,
the suffices and shoulders of A, ¢ and s denote the
anion, the cth cation, and the sth solvent molecule,
respectively. The ground state of the system is obtained
by replacing 7 by 0 in Eq. 1. Let us assume orthonor-
mality for all the zeroth-order wave functions.

The energy of the ith state of the system in which
all the particles interact with one another can be
written by the second-order perturbation theory as

E; = E} + (07%|H'|0%)
(03X H'|07) (04| H'|03)

* X E;—ES, > @
where E? is the unperturbed energy corresponding to
07, E. is an unperturbed energy of the mth excited
state of the system, and H' is the perturbation due to the
interactions among the particles in the system. It may
be sufficient to consider transitions only in the anion
and the solvent molecules for the mth excited states of
the system, because the cation requires much high
transition energies, as mentioned above.

A General Expression for the Spectral Solvent Shift.
The transition energies from the ground state to the ith
excited state of the anion in the vapor and in the
solution are denoted by the frequencies of »7, and »;,,
respectively. The total interaction energy among the
particles in the system of the :¢th state is obtained by
(E;—E?) according to Eq. 1. The difference between
(E;—E;) and (E,—E3) is equal to that between
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stabilization energies of the ith-excited and ground
states of the anion in the solution, because all the
counter cations and the solvent molecules are in their
ground states in both the ground and ith-excited states
of the system. The spectral solvent shift (v;q—w;,) of
the anion is due to the difference between the stabiliza-
tion energies of the ith-excited and ground states of the
anion. Accordingly, the spectral solvent shift is given
by (1/R){(E:—E?)—(E,—E3?)}, where h is the Planck
constant. '

The Frank-Wen model? has been accepted for
hydration in aqueous solutions. However, solvation
numbers of the large picrate anion in organic solvents
such as methanol, acetone, acetonitrile, and 1,2-
dichloroethane are zero at 25 °C.®) As described above,
the solvent molecules are assumed not to be oriented
with respect to each other. The value of (E;—E?) for
the large anion may, therefore, be averaged over all
orientations of all the solvent molecules. Thus, one
obtains the following expression for the spectral solvent
shift:

vio = Via = - A<E, — By >0y — <By— B >0}, ()
where < >,, denotes the average over all orientations
of all the solvent molecules.

An Expression for the Perturbation of H'. According
to Bottcher et al.,? the general expression for the electro-
static interaction energy W,, between two unpolarizable
particles denoted by 1 and 2 is written as

_ 1 2,0, Rm
Wi = 4'7’30{ R, 2 (Q1py — Qopy) -
— (Q46: — p1py + Q:6,) :le}’ 4)

where g, is the permittivity of vacuum, Q,, p,, and 6, are
the electric charge, permanent dipole moment, and
quadrupole moment of particle 1, respectively, and R,
is the distance between the centers of masses of the two
particles. Here Ty, is the charge-quadrupole and
dipole-dipole interaction tensor of Ri3(I—3R71iR1.R;;)
where I is a unit tensor and R,,, the position vector
from 1 to 2. The dipole and quadrupole moments of the
monatomic cation are zero.

On the assumption of the two-body interaction
among the particles in the system, one can write H' as

=H£5+H.IA0+H§3+H{:5+H{‘.C' (5)

Here Hjs, Hic, Hés, Hts, and H{¢ are perturbations
due to the anion-solvent, anion-cation, solvent-solvent,
cation-solvent, and cation-cation interactions, respec-
tively. From Eq. 4, these perturbations can be
written as follows:

1 &
Hiys = 4nso.§1{R§XP R+ne0 Ty +P, T,,-P } (6)
H, = }'j{_’”er X Py R, — AT } )
AC 4ﬂ€oc=1 Rc Rs A Ae
H! L $1$15,.1,,.5 8
55—87:80:_21}:2;'1 s Lat ()
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s = 4ne, E :z=1 { i, cs ed*: ﬂ} ©)]
= 8ne czdz—l ¢ (10)
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Here ¢ is the elementary charge, a ripple mark denotes
an operator, R, and R, are the distances from the anion
to the sth solvent molecule and the cth cation, respective-
ly, R, is the distance from the sth solvent molecule
to the #th solvent one, and R_;, the distance from the
cth cation to the dth cation.

Average Values of the Second and Third Terms in Eq. 2.
Using Egs. 5—10, one can calculate average values of
the second and third terms on the right hand side of
Eq. 2 as below. Here the suffix of double zeros, such
as pgo and 0y, denotes the moment of the ground state,
and p; and 0; denote the dipole and quadrupole
moments of the ith state. All the dipole moments of
the solvent molecules are the same as p.

In the calculation of <{E;—E7>,,, one may always
neglect terms containing powers higher than the sixth
power of 1/R, because contributions of these terms to the
whole are probably negligible. Moreover, for con-
venience one writes only terms contributing to the
frequency shift. The terms are restricted to those
surviving through the calculation of <E;,—E{>,, —
<E,—Eg>,,., Common terms appearing in both
<Ey—Eg>,, and <E;—E{>,, will vanish through
the calculation and may be omitted in the expression of
<E;—E?>,,. In the calculation of <E,—E7?>,,, the
Boltzmann factor for the ground state of the system
is applied even to the distribution of orientations of
solvent molecules for the ith-excited state of the system,
because the electronic transition in the anion is much
faster than reorientations of the solvent molecules
according to the Franck-Condon principle.

Paying attention to the assumption of orthonormality
for all the zeroth-order wave functions, one obtains
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||M=
i

1Ry

Then one obtains
(0P| H'|09) >0
= (07| H | 07) exp {— (0| H'|@5) [k T} >,
+ (03| Hc|07) ‘
+ <(OF*|Hs| 0F) exp {— (O3*|H'| @) (KT} >,
+ <(OF¥|His|03) exp {— (0¥ H'|@5) (KT} >,
+ (07| Hc|07), (12)
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where £ is the Boltzmann constant and T is the thermo-
dynamic temperature. For example, calculation of the
first term on the right hand side of Eq. 12 is performed
first by expanding the exponential part in a Taylor
series and then by averaging all the resulting terms over
all orientations of the solvent molecules. Thus one
obtains

(O |09 >

(4ne, l)sz S <(Ddo Tay*Plo) (P2 + Tas Do) >av

=~ —

1 n
Py {Rs X pfy R, — e@}y: TAc}

47!80 c=1

_ 2(p50) % (PP & 2
3(4ne®)%kT = ,“

(13)

e & pft'Rc_ AT }
+ m.,cgl{——kg 0% T,

In view of the mode of transition from the ith
state to the mth-excited state, the average value of

I=<3)(05X |H'|09) (05* | H'|05)[(ES— E3) >, s calcu-

latcd as the sum of three values, i.e., I=I+1,+1,.
Each value results from a different mode of transition
and is calculated individually in the manner described
below.

The first case is a transition mode in which the anion
is excited from the ith-excited state to the jth-excited
state and all the other particles remain in their ground
states: Let us denote the average of all values of
(E}—E%) by AE%, where E} is the energy of the jth
state (@) of the anion except for j=:i. In this case one
obtains E;—Eg=E4—E%} and
(0°*IH ‘|0?)

ZPU *Tpe*Po + 7— 4’7’580 ‘g {EURT‘C‘

~ 6ly: Tuc}, (14)

where pl; =($4*|p*|4;) and 0% =($4/6*|4}). Here

one denotes an isotropic electric polarizability of the

anion in the ith state by a9¢=(2/3)¥(]p§‘,- |2[4me, AES)
J*i

in the units of m3. Then one obtains

1 7| MmO O av
=-< ;‘tm (07| H'|0F)* exp {— (05* | H'| @) [k T} >,,

1

~ R EaE 2 <P Ta i
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The second case is a transition mode in which the
anion remains in the ith state and one of the N solvent
molecules is excited to the lth-excited state: Let us
write the average of all values of (Ei—E3) as AES,
where Ej and E7 are energies of the ground and Ith-
excited states, respectively, of the solvent molecule.

- m (% (%‘ (15)
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One obtains E{—E%=E;—FE} and

(03| H'|07)

+ 8me, i=1 171
___¢€ 3 & pl')l'Rc: s . }
oo 23 (e + O T (16)

Then one obtains

l O: ’ O
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where aj, is the isotropic electric polarizability of the
solvent molecule in the ground state.

When any two of the N solvent molecules are simul-
taneously excited, no terms contributing to the frequency

shift appear, because (0p*|H'|0F)=(1 /ano)é é! D
T, -ps in this case. When more than two of the
solvent molecules are simultancously excited,
(05| H'|03) is always zero according to Egs. 5—10.

The third case is a transition mode in which the anion
in the 7th state and one of the N solvent molecules in the
ground states are simultaneously excited:  Since
E;—E;=E}—E4+E;—E7 and

(07| H'|03) = Epu Tys+ Pos (18)

in this case, one obtains

1

L~ = ey AEST AET)

X < IE'“; (Epl,j TA: Pot) >-.v
__SAE3AE}ageaf, & 1 (19)
Z(AE +AEA) s=1R RY

Simultaneous excitations of more than two of the N
solvent molecules together with the excitation of the
anion lead to (05,*|H’|07)=0.

An Expression for vyo.
and 19, one obtains

From Egs. 3, 13, 15, 17,

h(vio — v%0)
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Both the first and second terms on the right hand side
of Eq. 20 are due to the anion-cation interactions and
are independent of the solvent. The second term is
probably much smaller than the first, because the
former contains coefficients of the sixth power of 1/R.,
while coefficients of the latter are of the third power.
The second term may therefore be ignored. The third,
fourth, fifth and sixth terms are due to the anion dipole-
solvent dipole interactions, the solvent dipole-anion
induced dipole ones, the anion dipole-solvent induced
dipole ones, and the anion-solvent dispersion forces,
respectively. All these terms relating to the solvent
contain coefficients of R;%. Therefore, the solvent
molecules mainly contributing to the frequency shift
are attributed to those around the anion. Here one
may approximately consider only the closely neighboring
solvent molecules. According to the previous
treatment,®% this approximation leads to

(1)

n (471NA)2/3( a8 )2/3
(”A‘H's)4 3 M; ’
where N, is Avogadro’s number, 7, and rg are radii
of the anion and the solvent molecule, respectively,

and 4% and MS, the relative density and molecular
weight, respectively, of the solvent. For example, rs is

given by
3Ms \13
s = <4nN d5> : (22)
Thus, Eq. 20 is reduced to
. (d5/M3)*/2(p50)* (45| M3)* /a5,
vo=vip+ 4X ————('A+'s)4 + B X it
(23)
where
Vie = vio + 4716 CZ"RS{(”” Pj) R,
+Oh—o0:(1- ZrE)]  en
A= r MA) e [2X {([’oo) (PGo- Pii)}—l- (af}o—oq‘i)
h 3 3(4ney)%kT 4ne, )
(25)
and
B="= 4N, i [(l’oo)2 (p3)?
A\ 3 e,
AE}ad, AE2ab,
rox (Tamam Tramam))
Although AEj§ varies with the solvent, AE§ is for

convenience replaced by the average AES of values of
AE3$ in Eq. 26. Then, 4 and B may be approximately
characteristic of the anion. Equation 24 indicates that
!, is independent of the solvent. According to Eq. 23,
therefore, values of v/, 4, and B can be estimated by
the least-squares method from experimental frequencies
of the anion in several solutions. From Eq. 24, effects
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of the ion pairings between the anion and its cations
are shown by the second term in Eq. 24 and can be
regarded as being involved at a constant magnitude
in the experimental frequency (v40).

Discussion

As shown by Eq. 20, the solvent shift is due to the
dipole-dipole interactions, the induced dipole-dipole
ones, and the dispersion forces between the anion and
the solvent molecules, because the first and second terms
are independent of the solvent. On the other hand,
Hirano’s expression for the same shift involves only
the dispersion force terms.® The essential difference
between the present treatment and Hirano’s seems to
arise from the different results of calculations of the
first- and second-order terms of Eq. 2. Moreover,
according to Hirano, the effects of the counter cations
on the frequency shift can be approximately ignored,
while in the present treatment the effects are included
approximately at a constant magnitude in the experi-
mental frequency. The difference may be attributed
to the operation of averaging over all orientations of the
counter cations. Hirano has performed this operation;
it is not done in the present treatment.

Equation 23 can be applied not only to the large
anions but also to neutral molecules, because the
effects of charge of the anion are not involved in Eqgs. 25
and 26 and v{, is equal to »% in the absence of the
counter cations. The previous expressions®% have been
derived from assuming van der Waals’ equation at the
beginning for interactions between the neutral solute
molecule in the ith state and the solvent molecules.
The present treatment is the theoretical basis of the
previous theory:5® If the first and second terms are
omitted and (pf-ph) is replaced by (p4)? in Eq. 20,
Eq. 20 is essentially the same as the previous expressions.
Accordingly, the previous expressions can be derived
in the same way as in the present treatment, if the
Boltzmann factor of exp {—(07*|H'|07)/kT} is used
instead of that of exp {— (0¢*|H’|®3)/kT} for the ith-
excited state of the system. This leads to the conclusion
that the Franck-Condon principle has not been con-
sidered in the previous expressions. When the principle
is considered in the previous expressions,5® the value
of (p%)? appearing in the solute dipole-solvent dipole
interaction terms should be replaced by (pd-p%).

In McRae’s theory® the Hamiltonian operator in
Eq. 2 consists of instantaneous dipole-dipole interactions
between two neutral molecules in the system. In the
case of the neutral solute molecule (U), H' is written
from Eq. 4 as

N
= Sgliu- Tys P (27)
Equation 27 is the dipole-dipole interaction operator.
Accordingly, the previous treatment?:® is fundamentally
similar to that of McRae, as also described by Amos
and Burrows.!?  An essential difference between
McRae’s theory? and that of the present author lies
in the following point: In McRae’s theory the second
and third terms in Eq. 2 have been concretely calculated
by using reaction fields of the Onsager type,'® while
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in the present treatment these terms have been con-
sistently obtained in terms of the two-body interactions
among the particles of the system. Although the value
of local relative permittivity in the neighborhood of the
solute differs from that of the bulk relative permittivity
of the solvent, the local permittivity is not considered
at all in deriving the Onsager reaction field. In order
to consider the local permittivity, the Block-Walker
reaction field) should be used instead of the Onsager
one in McRae’s theory for the neutral molecule. For
the description of experimental results for solvent effects
on several phenomena, the Block-Walker reaction field
is much superior to the Onsager one.!? In McRae’s
theory, another problem arises due to the following
assumption: A time average of a square field at the
solute dipole owing to the presence of permanent
dipoles of surrounding solvent molecules is arbitrarily
assumed to be equal to three times the squared value
of the reaction field. On the other hand, the present
treatment is not accompanied by such problems,
because the relative permittivity and the reaction field
are not used.

Hirano® has extended McRae’s theory for the
neutral molecule to the anion, using the Onsager
reaction field. Both the Onsager reaction field and the
Block-Walker one are derived from the assumption that
the solute molecule has no excess charge and from solving
Laplace equations. These reaction fields can not be
applied to the anion, because a reaction field for the
anion must be derived by solving a Poisson equation.
Instead of the Onsager reaction field, the Kirkwood
reaction field®14 consisting of the Born charging
energy!® and the Onsager reaction field should be used
for the anion, but this field is also derived after neglecting
the local relative permittivity. Beveridge and
Schnuelle'® have theoretically treated the polarization
energy of a charged solute and have presented a general
expression definitely containing the local relative
permittivity. One, however, finds difficulty in applying
the expression, because it is hard to determine values of
the local relative permittivity and thickness of a local
solvent shell. These values are necessary for applying
the expression. Thus, the solvent shift of the anion has
been studied by the present treatment.

In the present calculation of the interaction energies
between the solute and the solvent molecules, a serious
problem arises from the evaluation of the ‘‘average
energies” such as AE§, AE}, and AE3. It is found that
AE% and AEj are approximately equal to ionization
potentials (I§ and I5) of the solute and solvent mole-
cules, respectively, in their ground states.!® The
replacement of the average energy by the ionization
potential has not been justified theoretically.2.1) At
the present stage, however, there is no approach to this
problem other than the replacement. The value of
AE? may be replaced by I4=I8—hev), as in the
previous papers,®® where ¢ is the speed of light in vacuo
and I%, an ionization potential of the anion in the ith
state. Amos and Burrows!3? have stated that approxi-
mately the same average energies should be taken for
both the ground and excited states. So far as the
average energy is assumed to be approximated by the
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ionization potential, the assumption of I} =14 —hev$, is
valid for a low-lying excited state: The energy of the
ground state of the solute molecule is denoted by E(¥,).
The energy of the ith-excited state (¥;,) resulting from
a transition of an electron from the highest occupied
MO (¢,) to the ith vacant MO (¢;) is written as

EQT,) = E(W,) + ha,. (28)

According to Roothaan,'® a singly ionized state (3¥,)

obtained by removing either of the two electrons
occupying ¢, has an energy given by

EC¥,) = E(¥o) — &(¥o) = E(T) + L,  (29)

where &,(¢,) is the energy of ¢, and I is the ionization

potential of the ground state of the molecule. From

Eqs. 28 and 29, one can write the ionization potential of

¥, as

Iy = ECWy) — E(W ;) = Iy — hev},. (30)

If the anion is small and is solvated by coordination
of the solvent molecules, the second and third terms in
Eq. 2 must be calculated without the operation of
averaging over all the orientations of all the solvent
molecules. Of course, Eq. 23 can not be applied to
such a small anion. In the case of a small solvated
anion, one may calculate the second and third terms by
considering only the solvating solvent molecules
surrounding the anion.

Since a molecule generally has a dipole moment
larger than its quadrupole moment, Eq. 24 may be
approximated by
(31)

Vi = v + Avg,
where

e & (P} —pd) 'Rc_
4ye, 51 R?

Avg = (32)
Here Ayg is a frequency shift due to the ion pairings
between the anion and its counter cations. Equation 32
shows that Aye becomes smaller with increasing values
of R, i.e., with an increasing radius of the cation. As
described above, Ay is contained in the experimental
frequency (v;0). Consequently, as the radius of cation
increases in the same solvent, a wavelength correspond-
ing to w;, will shift to the red if (p& —pb):R.>0,
because Ay decreases in this case. If (pf; —pb ) R.<0,
the shift of the wavelength will be toward the blue,
because Ayg increases. Because of the negative charge,
the dipole moment of the anion varies with the way of
setting the origin of the coordinates,'® and often takes
a minus sign, as exemplified below. Accordingly, the
minus sign as well as a plus one must be considered
for values of p§, and pfy which satisfy an inequality of
(D% —p&) R, =0. Such red shifts seem to be seen
in the cases of xanthene and thioxanthene in 2-methyl-
tetrahydrofuran.29  For example, xanthene shows
absorption maxima at 413, 436, 470, and 482 nm owing
to the ion pairings with Lit, Nat, K+, and Cs*, respec-
tively.20

The ion pairings of 4,4-dimethoxy-1,3,5-trinitro-2,5-
cyclohexadienide anion with (n-C,H,), N+, Nat, Ca?+,
and Ba?t in methanol show the first bands at 480, 490,
490, and 500 nm, respectively, and the second bands at
418, 412, 404, and 405 nm, respectively.?)) The first
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and second bands tend to shift to the red and to the
blue, respectively, with an increasing radius of the
cation. In the solution the counter cation is probably
held by the four oxygen atoms of two methoxyl groups
and two nitro groups on the 3,5-positions.2) Moreover,
a symmetrical structure of crystalline potassium salt
of the anion has been determined by the X-ray
method.?? In view of the symmetrical structure of the
ion pair between the anion and its cation, all p$, p%,
and R, probably lie along the same axis of the C,,-
symmetry. In the anion, the position vector of the center
of negative-charge distribution is much greater in
magnitude than that of the positive-charge distribution,
though the former magnitude depends on the way of
setting the origin. The dipole moment of the anion may,
therefore, be in the direction opposite to that of the
neutral molecule. One may, therefore, assume that
D& and p?; are in the opposite direction of R, in this
case. Consequently, one obtains inequalities of P >P#
and P >P%, from the red and blue shifts, respectively.
Thus, the dipole moment of the ground state of the
anion may be larger than that of the first-excited state
but may be smaller than that of the second-excited state.

Equation 32 also shows that, in the case of the same
solvent, the shift does not vary with the cation if P3=0
and P% =0 or if P§, =~ P%. Such behavior seems to
appear in the case of the triiodide anion.?® The first
and second excited states of the triiodide anion as well
as its ground state are likely to be nonpolar since their
structures consist of three identical iodine atoms. For
example, the triiodide anion in diethyl ether shows the
first absorption bands at 366.5, 366.7, and 366.4 nm
owing to the ion pairings with (CoHj) N+, (CoH;) AsI+,
and Cs*, respectively.2®)

In applying Eq. 23, it is convenient to use a wave
number o¢,, instead of »;,, because the former is calcu-
lated with somewhat greater ease than the latter from
the ;0 wavelength observed. Then, %/, and »}, are
replaced by ¢i, and ¢f,. The value of 1;, measured
with a spectrophotometer is not a wavelength in the
solution but is approximately converted into a wave-
length in vacuo. In Eq. 23, therefore, »;, can be replaced
by ¢o;0. If Aio is a value in the solution, »;, should be
replaced by (c/ng)d;0, where ng is the refractive index
of the solvent.

Applications

All the dipole moments and polarizabilities of the
anion and the solvent molecule in Eqs. 23—26 are
values measured in vapors, because in the zeroth-order
approximation all the particles in the system are
assumed not to interact with one another. In applying
Eq. 23, the temperature was always assumed to be
20 °C and the dipole moments (p3) of the solvent
molecules in vapors were taken from Refs. 24 and 25.
Dipole moments of N,N-dimethylformamide, N,N-
dimethylacetamide, dimethyl sulfoxide, 1,2-dimethoxy-
ethane and diethyloxalate were values measured in
benzene,?® since their moments in vapors were not
found. Values of a5, were calculated from sums of bond
refractions.  Unfortunately, few systematic experi-
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Fig. 1. Correlation of 6y, o109 With Gy, gpeq for the first

band of Eosin-Y?- anion.

mental studies have been reported on the spectral
solvent shifts of anions.

Eosin-Y2— Anion. Values used for o, of Eosin-
Y2~ were those measured by Hirano.» He did not
report the kind of counter cation used. The value of r,
was assumed to be 0.56 nm from the molecular volume
(0.7—0.8 nm?) estimated in footnote 25 in Ref. 3. These
results were obtained: ¢/,=18990 cm-1, 4=>5.60 x 1012
J7*'m? and B=-5.75x10%m2  The frequencies
(F:0.ca1ca) calculated by using these values are plotted
in Fig. |1 against the 6, osa Observed. The correlation
of G;0.carca With 09 oneq is as good as that in the applica-
tion of Hirano.? The value of ¢}, is smaller than
that of 63, (19300 cm~!) obtained by Hirano, though
g}, is interpreted to involve a constant shift due to the
ion pairings with cations.

The Meisenheimer Complex of 1,3,5- Trinitrobenzene with
Cyanide Ion. An application was made to spectral
solvent shifts of the first and second absorption bands
of the tetrabutylammonium salt of 4-cyano-1,3,5-
trinitro-2,5-cyclohexadienide (1).22 The value of r,
was assumed to be 0.44 nm from crystal data?? of the
potassium salt of 4,4-dimethoxy-1,3,5~trinitro-2,5-cyclo-
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Fig. 2. Correlations of 0y, ea1ca With 6y gpeq for the first
(O) and second ((®)) bands of 1.
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hexadienide. These results were obtained: ¢;,=18200
cm-l, 4=-9.32x 10! J-'m? and B=-—2.271x10-¢
m? for the first band, and o{,=23260cm™!, A=
—1.153x 10 J-1 m?, and B=—2.571 X 10-¢ m? for the
second band. The frequencies calculated by using
these values of 67y, 4, and B are roughly correlated with
thcse observed, as shown in Fig. 2.

Putting the above values of 4 and B for the first
band into Eqs. 25 and 26, respectively, one obtains
the following equations:

{(68)* — (Pho-pt)} + 6.17X 10721 I X (afy—afy)
— —0.20% 10~% J m? (33)
AE}ab, AE}ad;
AV _ (pA)2 _
{(0d0) 8?2+ 1.5x <1+AE3/AE_3 1+AE§‘/AE§,)
= —77.49% 10~ J ms. (34)

Generally, upon an electronic excitation from a ground
state to an excited one, an increase in polarizability
might be expected, because an orbital of the excited
state is larger and more diffuse than that of the ground
state. Actually, such increases in polarizabilities have
been confirmed experimentally for several neutral
molecules.?®  An inequality of of; >af, may also be
expected for the anion under consideration. Since
(1 Debye)2=1.000x 10~ J m3, —77.49x10-4° Jm? in
Eq. 34 is rather large. This large negative value is
probably due not only to af; >af, but also to [ph|>
|po|, because AES is larger than AE?%, according to
Eq. 30, and the second term on the left hand side of
Eq. 34 is probably not so large that the value can be
attributed to it alone. On the other hand, the absolute
value of —0.20x10-4Jm?® in Eq. 33 is relatively
very small. This small negative value should be due to
cancellation between the first and second terms on the
left hand side of Eq. 33. This leads to the inequality of
{(9%)% — (Pbo- P )} >0, since afy >afy. Changes in
dipole moments between the ground and excited states
of the anion are probably due to those of the s-electron
system of 1,3,5-trinitro-2,4-pentadien-1-ide. In view
of the symmetric structure of the m-electron system,
both p§, and p#;, are approximately in the same direc-
tion. Therefore, the inequality of {(pd )2— (pd: 0% )} >
0 comes probably from the relation of p4 >0 and 0>
P, since | pl|>|ph). Thus, the positive dipole
moment of the ground state of 1 is larger than the
negative dipole moment of the first-excited state, while
the absolute value of the latter is larger than the former.
In a similar way the relative large values of both 4 and
B for the second band lead to the opposite conclusion,
that the dipole moment of the second-excited state is
larger than that of the ground state.

These conclusions are supported by the results
(pho>pt (the first-excited state) and ph<ph (the
second-excited state)) obtained above from the red and
blue shifts due to the ion pairings of 4,4-dimethoxy-1,3,5-
trinitro-2,5-cyclohexadienide anion, because the changes
in the dipole moments between the ground and excited
states of both the anions can be attributed approxi-
mately to those of the same s-electron system of 1,3,5-
trinitro-2,4-pentadien-1-ide.

The conclusions obtained above from the spectral
solvent shifts of 1 are also supported by calculating the
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dipole moments of the n-electron system. Hosoya et al.?9)
have reported the SCF MO’s and atomic coordinates
for the m-electron system of 1,3,5-trinitro-2,4-pentadien-
l-ide anion. Using their MO’s and coordinates, one
obtains the dipole moments of —7.2, —12.2, and —0.8
Debyes for the ground, first-excited, and second-excited
states, respectively, of the s-electron system in the same
direction of the y axis (the axis of C,, symmetry).
When the values of these dipole moments are divided
by —e, centers of negative-charge distributions may be
approximately obtained, because the magnitude of the
position vector of the center of the negative-charge
distribution is much greater than that of the positive-
charge distribution in the anion, as described above.
Even if the origin is shifted by y,, the positions of these
centers of the negative-charge distributions do not
change and their coordinates only change by y,. The
center of mass of 1 is apparently located above the
origin set by Hosoya et al. at the position of 1-carbon.
When their origin is shifted upward by 0.16 nm along
the y axis, one obtains the dipole moments of 0.5, —4.5
and 6.9 Debyes for the ground, first-excited, and
second-excited states, respectively. These dipole
moments of the m-electron system can explain the
conclusions obtained from the spectral solvent shifts of 1.
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Fig. 3. Correlations of 6,9, ¢g100 With 6y o9 for the first
bands of 2 () and 3 ((®).

Janovsky Complexes. Applications were tried
to the first absorption bands of the Janovsky complexes
of the potassium salts of 4-acetonyl-1,3-dinitro-2,5-
cyclohexadienide (2) and 4-acetonylidene-1,3-dinitro-
2,5-cyclohexadienide (3). As in the case of 1, r, was
assumed to be 0.44 nm. The values of 67,=18170 cm™1,
A=—2434x10%J1m? and B=-—2.636x10-%m?
were obtained for 2 and those of ¢}, = 20560 cm—1, A=
6.43x 1011 J-1m? and B=—2.453 x 10~ m? were ob-
tained for 3. The correlation of 69 caica With G40 opea 1S
fairly good, as shown in Fig. 3. The magnitudes of 4
for 3 and 2 correspond to those of the first and second
bands of 1, respectively. Accordingly, in a similar way
as in the case of 1, one will arrive at the conclusions
that in the case of 3 the dipole moment of the ground
state may be larger than that of the first-excited state,
while in the case of 2 the latter is larger than the former.
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