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Starting from Onsager model for solvent-solute system an expression for the
solvent shift in the molecular absorption and emission spectra due to dipolar
interaction has been deduced. The expression for the shift obtained in this
calculation is in many ways different from those given by other workers
starting with different sets of approximations.

When a molecule absorbs or emits light undergoing an electronic transition
from one state to another, it is important to realize that both the energy
and the electronic charge distribution in the molecule changes. As the
physico-chemical properties of a molecule depends upon the energy and the
charge density at various sites, many molecular properties are changed on
electronic excitation. The acid-base strength and the dipole moment are
the two important molecular properties which depend primarily on the
electronic charge distribution in the molecule, hence these quantities should
have different values in the excited and in the ground state of a molecule.
From the determination of pK values of aromatic acids and bases by fluo-
rescence measurement, Forster (1950) concluded that the acids are stronger
acids and the bases are stronger bases in the excited compared to the ground
state, a conclusion that is well substantiated by approximate theoretical
calculations. As the life-time of the excited state is about 1078 sec, conven-
tional methods cannot be used to measure the dipole moment of a molecule
in its excited state. This quantity must be estimated indirectly from some
other physical measurements. One such measurement is the solvent shift
in the absorption and the emission spectra of a molecule in different solvents.
The solvent shift arises from a difference in the interaction energies between
a solute molecule and the solvent molecules surrounding it, in the ground
and in the excited state of the solute, as the two states have different dipole
moments. So if a theory could be developed relating the solvent shift to
the dipole moment of the solute molecule ifi the ground and in the excited
state, an indirect method of determining the excited state dipole moment
could be worked out.

The quantum mechanical perturbation theory has been used to get a
theoretical expression correlating the magnitude of spectral shift associated
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with vapour-solution transition and the extent of solvent-solute interaction
in general (Ooshika 1954; MacRae 1957). Unfortunately, the expression
contains so many undetermined parameters that the authors were forced
to use Onsager (1936) model for solvent-solute system to simplify the relation
and express it in terms of experimentally measurable quantities. The object
of the present paper is to show that if we acoept Onsager model at the very
outset then the expression for the solvent shift due to dipolar interaction
could be obtained very easily, which in many ways differs from the expression
given by other workers.

As already mentioned, in the process of light absorption and emission,
of a quantum of light of frequency ¢ = Ee;E" ; where the subscripts ¢ and g
refer to excited and ground state respectively, a redistribution of charges takes
place. 1In the former case the dipole moment changes from p; to pe and in the
latter from pe to pg. When the molecule under investigation is mixed with
some solvent there is some further change in the system associated with the
electronic transition in the solute molecule, namely the configuration of the
solvent molecules around the solute in its ground state is in general different
from that in its excited state. According to Frank-Condon principle, the con-
figuration of the solvent molecules around a solute does not change during
light absorption, hence the dipole moment and the interaction energies refer to
equilibrium ground state and the Frank-Condon excited state for this transition.
But the Frank-Condon state is not the most stable equilibrium state for the
excited solute molecule. The equilibrium excited configuration is reached by
the reorientation of the solvent molecules which requires about 10711 sec at
room temperature. The life-time of the excited state, on the other hand, is
about 1078 gec, which is long enough for the equilibrium counfiguration to be
realized prior to the emission of a light quanta. Similarly for the emission
process, the solvent configuration does not change and the instantaneous ground
state is the Frank-Condon ground state, which is different from the equilibrium
ground state.

The average interaction energy, < Ky >, of the solute molecule with the
surrounding solvent is determined by the dipole moment, ui, of the solute
in the corresponding state and by some internal field acting on the solute
molecule due to the surrounding solvent molecules. That is

<Ei>=—mB, .. .. .. ..

where R; is the effective internal field in the same sense as the dipole moment.
The field R; is made up of two parts: the field R; (or) associated with the
orientation of the solvent molecules surrounding the solute and the field
Ry (ind) due to inductive polarization of the solvent dielectric. The difference,
in the interaction energy, < A F >, of the ground and the excited state is equal
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to the work done in changing the dipole moment of the solute molecule from
its initial to its final value by the field B;. Thus for the absorption process
F F

B, u,
< AE>o= —J thp.=—J {BRg (or)+Ry (ind)} dp .. (2)
b I
Similarly for the emission process
e
< AE>f=—J {R, (or)+ R, (ind) } du N )|
uE
where the superscripts a, f, & and F refer to absorption, emission (fluorescence),
equilibrium and Frank-Condon respectively. The magnitude of spectral

shift for the absorption or the emission process due to solvent-solute interaction
may therefore be written as

KA = < AE >00) = hO Aod) (or)+hC A (ind) .. (4)

The calculation of solvent shift thus reduces to the estimation of R, the
effective internal field, and p, the dipole moment of the solute molecule. At
this stage we introduce the basic assumptions of Onsager (1936) theory, where
the solute molecule is assumed to exist in the cavity of solvent dielectrics
and the internal field is expressed in terms of the dielectric constant, D, and
the long wavelength refractive index, ng, of the solvent and the permanent
dipole moment, p, of the solute molecule. We make two further simplifications,

namely we set (—;% = } (where a is the isotropic polarizability of the solute

molecule) and we assume a, the Onsager cavity radius, to be the same in the
ground and in the excited states. For the purpose of a general theory these
assumptions are not necessary, but without them the final expression for the

solvent shift will contain too many parameters to be of much use for experi-
mental purpose.

With these assumptions we get

a n0+2
2
e { D=1 7p—lL
Re (OI‘) = -Esﬁ [D——+2 — n2+2:l
0
and
Zp.f e |
R, (ind) = T[ ’ ] (5)
n0+2
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Hence, from equations (2) to (5) we obtain

2
_2u,1D-1 ny—1 E__F
hC < Ac (or) >a'——'a—3|iD‘-+2—n§*+§J(/-"g—/ie), .. (6)
and
‘ 2
. L[ro=1| e  re
hC < Ao (ind) >* =¢£‘[n§+2] (,ug —&) .. .. o (T

According to Onsager theory the equilibrium ground state dipole moment of
the solute molecule in solution is given as

pe =pgtaR .. .. .. .. A .. (8)

n,—1 ng—1
Fg+Fg [g_*_; n(z)—_*_é]‘*'l‘g [é—:é] > . {9
with the same simplifying assumptions as before. A similar expression is
obtained for the equilibrium excited state dipole moment.

For the dipole moment in the excited Frank-Condon state, an expression
similar to (8) holds, but R refers to the orientation field of the ground state (as
the solvent configuration has not changed during the electronic transition)
and the inductive field of the excited state. That is :

D—1 my—1 nﬁ—l
p. = 15 y e .. .. (10
:u'e+f"9 [D+2 n§+2] + e I:n§+2 ( )
Therefore
2 2
2u | D—1 my—1 2n,+1 )
hC a —_ __ﬂ — e — .. 11
< Ao (or) > 28 [D+2 n3+2] (rg—pe) ( n§+2 (11)
and

2 2 2 2 2
. 1 {ry—1 o | (21,41 2Zn,4+1\(D—1 my—1
RC << A d) > = — 73 92 —
= Ao a3(n§+z){ g[(nzw e \DHE T

2z 41" 20241 D1 n2—1
0 2 | <My 0
Y B | 71 -9 e —— 12

and hence the shift in the absorption spectra due to gas-solution transition is

given as
2n +1 D—1 mny—1
A gom
W< Ao> ( 0+2) { 2pg(pg— "”)(D+2 n+2)

+(n:+2)(y Fz)} ce e e (1)
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An expression for the shift in the emission spectra may be obtained in the

same way :
1 [2n34+1)\? D—1 T |
=0 — R A
hC < po > as( ng+2) {2%(!‘9 Pve)(D+2 iz
+ 7?’(2)—1 ( 2 2) 14)
'n(2)+2 Bk, . ‘e . R |

If we define a quantity
< Ao >0+ < Ao >T

< Ao>s= 5 S ¢ 13|
Then from (13) and (14) we get
1 2n(2]+1 2 s ofD—1 ng-l
W< Ao >8=—|—5—— - s — ——— .. (16
? as(n§+2 (=re) D42 niy2 (19

If we assume the Onsager cavity volume to be approximately equal to the
molecular volume of the solute, then the relation (16) enables us to calculate
the excited state dipole moment from a knowledge of its ground state value
and the dependence of A¢® on the dielectric constant, D, and the refractive
index, n,, of the solvent.

In the deduction of the expression (16) we have taken into consideration
the dipolar interaction between the solute and the solvent molecules only.
(All specific interactions like hydrogen bonding, charge transfer, etc., have
been excluded). We have neglected the orientation and induction effect of
the solvent dipole on the solute molecule. Consequently, the expression
(16) holds for polar solute in non-polar or weakly polar solvents. Further we
have not taken into account the polarization shift which results from the
momentary polarization of the solvent by the transition dipole of the solute
(Bayliss 1950). This polarization shift is dominant if the solute is non-polar.
Asg the present deduction holds only for polar solute, polarization shift will
be much less important. However, this effect may be taken account of in
the expression for Ae?¥) by an additional term

n2—1 ke f

2n2+42 " 8amog " a3
where f refers to oscillator strength for the corresponding electronic transition
and » is the refractive index of the solvent for a wavelength at or near the
absorption maximum, o¢,, of the solute. The other terms have their usual
significance.

In addition to the dipolar interaction there is present in all systems the
dispersive interaction between a solute and the solvent molecules irrespective
of their polar character. The dispersive interaction is proportional to the
product of the polarizabilities of the two molecules and since we have assumed
that the. polarizability of the solute is the same in the ground and the excited

(17)
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states, the energy levels will be equally affected and no solvent shift is expected
"due to this interaction. At least the dispersive effect will be much smaller
compared to dipolar effect. )

Starting from Ooshika’s theory (1954) of generalized solvent-solute inter-
action and introducing a number of simplifying assumptions, Mataga et al.
(1956) obtained the following expression for Ae® due to dipolar interaction
alone

D-1 ”’g—l ) (He—Hg)? (18)

2D+1 2n§+l a3

It may be observed that the expression (18) is in many ways different from
(16) which has been deduced directly from Onsager model for solvent-solute
system and classical electrostatics.

In order to subject the equation (16) to experimental test, the absorption
and the emission spectra of a solute must be measured in different solvents.
Because of the smallness of the spectral shift accurate and precise data on the
absorption and the emission spectra for systems suitable for the present model
is not available in the chemical literature.. There is one very interesting
field where the expression (16) may be used with considerable success—that
is the measurement of the absorption and the emission spectra of charge
transfer complexes in different solvents, where the electronic transition is
associated with a considerable change in dipole moment of the solute. In
fact the expression (18) has been used by Briegleb and Czakalla (1960) in
the analysis of the absorption and the emission spectra of a few charge transfer
complexes. Kxtensive experimental data on the absorption and the emission
spectra of a number of charge transfer complexes will be published in a future
communication and the usefulness of the relation (18) will be analysed.

hC Ao‘=(
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