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Theory of Solvent Effects on Molecular Electronic 

Spectra. Frequency Shifts 

By Takehiko ABE 

(Received November 26, 1964)

Several quantitative theories1-9) have been 

presented for solvent effects on electronic 
spectra. These theories give good theoretical 
interpretations for observed frequency shifts, 
but they can be used only with difficulty to 
calculate general frequency shifts, since their 
expressions are either very complicated or only 
applicable to non-polar solvents. 

In the present work, by the application of 
the van der Waals interaction, an attempt has 
been made to derive a general theoretical ex-

pression for the frequency shifts, from which 
expression the frequency shifts can be calculated 
by the use of other observed values. 

Among the solvent effects on the electronic 
spectra, there is the important effect of hydro-
gen bonding between a solute and solvent 
molecules found by Nagakura and Baba.10) 
In the present theory, however, this effect has 
not been considered.

Theoretical 

The method of treatment consists of the 

application of the van der Waals interaction 

to the calculation of the electronic interactions 

among molecules of a solution containing N 

identical solvent molecules and one solute 

molecule. The spectra of solutions are usually 

measured at very low concentrations in the 

longer wavelength regions in which no solvents 

absorb. We will, therefore, consider the ith 

excited electronic state of the solution in 

which the solute molecule is in its ith excited 

electronic state and all the solvent molecules 

are in their ground states. We will suppose 

that all the spherical molecules have fixed 

positions. In view of the Franck-Condon

principle, the same positions are appropriate 
to the ground and excited states of the solution. 

In the zeroth order of approximation, we 

consider that all the spherical isotropic 

molecules do not interact. The zeroth-order 

electronic state energies are sums of the elec-

tronic state energies of the unperturbed com-

ponent molecules ; the energies corresponding 
to the ground and excited states of the solu-

tion are given, respectively, by :

where w denotes the electronic state energy 
of an unperturbed molecule. Throughout this 
paper the notations u and v(p) will refer to 
the solute and the pth solvent molecule, while 
the subscript zero will indicate the ground 
electronic state, and i, the ith excited elec-
tronic state. Thus, the energy difference in 
cm-1 between the zeroth and ith states of the 
solute in gas will be expressed by :

(1)

where h is the Planck constant and c, the 

velocity of light. 

Assuming that there are no strong dipole 

orientations among the molecules, we represent 

the energy of the interaction of all the 

molecules in solution by the energy of the 

van der Waals interaction,11) which is given 

by:

(2)

where R denotes the distance between two 

molecules in solution, and I, the ionization 

potential of an unperturbed molecule in gas.
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Here k is the Boltzmann constant, and T is 

the absolute temperature. 

The energy of the perturbed ith excited 

state of the solution, corresponding in the 

zeroth order of approximation to the unper-

turbed ith excited state, is given by :

(3)

A similar expression for the ground state of 

the solution is obtained by replacing i by 0. 

The frequency shift, ‡™ƒËi0, is given by :

(4)

With the aid of Eq. 3, Eq. 4 can. be written :

(5)

The ionization potential of the ith excited 
state of the solute molecule is approximated 
as smaller than that for the ground state by 
hci 0 erg. We then obtain for Iui (in erg) :

(6)

From the assumption that all the spherical 

solvent molecules are identical, it follows 

that they have identical dipole moments of

μv0 (gas) and identical ionization potentials of
Iv0. From Eqs. 2, 5 and 6, we find :

(7)

The Reduction of If the

solute and the solvent molecules are spherical, 

their radii can be written, respectively, as :

(8)

(9)

Here A0 is the Avogadro number ; M, a 

molecular weight, and d, a liquid density. We 

then have for the values of Ruv(p):

The numbers of the solvent molecules at the 
distances corresponding to the above values 
of Ruv(p) may be approximated as, respectively :

We then write :

(10)

where we can neglect terms higher than the 
third, so that we derive, approximately :

(11)

General Formula.-From Eqs. 7, 8, 9 and 11, 

we obtain, for the frequency shift in an 

absorption transition from the ground state 

to the ith excited state of an isotropic 

molecule :

(12)

where 16ƒÎ3A20/9hc=1.007 •~ 1065 erg-1 cm-1 and 

2/3kT=1.647 •~ 1013 erg-1 at 20•Ž. 

Approximate Formula. - It is well-known 

that a molecular deformation polarization is 

approximately equal to a molecular refraction. 

We, therefore, have :

(13)

where [R]v denotes the molecular refraction 

of the solvent, which can be calculated as a 

sum of the atomic refractions from a table. 

The values of ƒ¿ui, and ƒÊui are for the solute 

molecule in gas. According to the Clausius-

Debye equation, we have :

(14)

(15)

where du(g) and ƒÃu denote the density and the 

dielectric constant of the solute in gas re-

spectively. 

On the assumption that all the molecules 

have the same positions . in the ground and 

excited states of the solution, we may write

(16)
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From Iu0 -hcƒË0io•ƒIu0, we may suppose the 

following inequality, since Iv0 +Iu0 -hcƒË0i0•„I0u-

hcƒË0i0, although Iav +Iou -hcƒË0i0•ƒIv0 +Iou :

(17)

It may be assumed that the dielectric con-

stant of the excited state of the solute is 

greater than that for the ground state ; that 
is:

From Eqs. 17 and 18, we may assume the 

following approximation

(19)

Using Eqs. 13, 14, 15, 16 and 19, we may 

reduce Eq. 12 approximately to:

(20)

where 4ƒÎ2A0/3hc=3.992•~1040 erg-1 cm-1, 

4ƒÎA0/9kT=2.078•~1037 erg-1, and 1/2kT= 

1.236•~1013 erg-1 at 20•Ž.

Discussion 

Assuming that all the molecules in the 

solution are spherical, we have derived Eqs. 

12 and 20. Accordingly, these equations are 

not applicable to rod-like molecules. For the 

rod-like molecules, the values of N‡”p=1 1/R;,o(p) 

must be otherwise estimated. 

Equations 12 and 20 are limited for use to 

solutions in which no complete dipole 

orientations occur between solutes and solvent 

molecules, because Eq. 2 includes the isotropic 

polarizabilities. These equation, however, 
hold for the solutions in which there are 

strong dipole orientations among the solvent 

molecules, because Eq. 5 excludes this effect. 

When there is a complete dipole orientation 

between a solute and the solvent molecules, 

anisotropic polarizabilities must be used instead

of the isotropic ones and Eq. 11 can not be 

applied. 

When the frequency shifts are small, Eqs. 

12 and 20 cannot be applied quantitatively, 

since the above assumptions do not hold. 

When there is a small orientation effect 

between a solute and the solvent molecules,

⊿ν0i0 is chiefly governed by the third term of

the dispersion effect in the second bracket 

in Eq. 12. Accordingly, in order to calculate

μui, it is better to apply Eq. 12 to the polar

solvents, since the first term of the orientation 

effect in the second bracket is included. 

AST has been mentioned above, Nagakura 

and Baba10) have found that the hydrogen 

bonding causes the frequency shifts. Since 

Eqs. 12 and 20 do not include this effect, 

they will give the deviated ‡™ƒËi0 from the 

observed frequency shift for a polar solvent 

forming a hydrogen bond with a solute. This 

deviation may be due to the hydrogen bonding. 

The Relationship Between ‡™ƒËi0 and the 

Refractive Index and the Dielectric Constant 

of the Solvent. - Considering that all the 

molecules do not interact in the zeroth order 

approximation, we have derived Eqs. 12 and 

20. When we consider an unperturbed solute 

molecule and the solvent molecules already 

interacting with one another in the zeroth 

order approximation, we must write:

(21)

where ƒÊ0v(P) is the dipole moment, ƒÊ0v(1), of 

the liquid solvent. By the same procedure 

we obtain the same final formulae as Eqs. 12 

and 20. According to Onsager,12) the dipole 

moment of the liquid solvent is given ap-

proximately by :

(22)

Here ƒÃv and nv denote the static dielectric 

constant of the solvent, and its refractive 

index extrapolated to zero frequency, re-

spectively. 

It is well-known that the molecular refrac-

tion can be expressed by :

(23)

For example, by putting Eqs. 22 and 23 

into the same form as Eq. 20, we obtain :

12) L. Onsager, J. Am. Chem. Soc., 58, 1486 (19..16).
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TABLE I. THE ƒÎ-ƒÎ* TRANSITION (240 mƒÊ) IN NITROBENZENE

(24)

where the refractive index may be replaced 

approximately by the value appropriate to the 

sodium-D line. 

Application 

The Application of Eq. 12 to Nitrobenzene. 

-The frequency shifts of the 239
.9 mƒÊ band of 

nitrobenzene in solvents and the other observed 

values to be used are listed in Table I. The 

values of d from Lange's table18) and other 

sources were used for 20•Ž. Assuming that the 

temperature is 20•Ž, the author can apply Eq. 12 

to nitrobenzene. By means of the least square 

method, ƒ¿ui and ƒÊui are estimated as 580.7•~ 10-25 

cm 3 and 8.18 D respectively. Putting the 

above values into Eq. 12, the author obtained 

a good agreement in the frequency shifts 

between the theoretical and the experimental 

results, as is indicated in Fig. 1. The finding 

that the dipole moment of the excited state 

caused by the 240 mƒÊ transition in nitrobenzene 

is greater than that for the ground state is

Fig. 1. Calculated vs. observed frequency shifts 

in the 240 mƒÊ band of nitrobenzene.

○ calculated from Eq.12

● calculated ffom Eq.20

consistent with Nagakura and Tanaka's 

theory.19) They have interpreted the band of 

nitrobenzene in terms of the intramolecular 

charge-transfer involving an excitation of a 

bonding electron of the highest-occupied orbital 

of benzene to the vacant orbital of the nitro 

group. Bayliss and McRae15,20) have also 
mentioned that there is a greater dipole 

moment in the excited state of nitrobenzene. 

The Application of Eq. 20 to Nitrobenzene.-

Equation 20 is applied to the frequency shift 

of the 240 mƒÊ band of nitrobenzene at 20•Ž. 

The values of [R]v were calculated from a 

table. By putting the observed shift for n-

heptane into Eq. 20, the author estimated

μui to be 4.67 D, and then, using that value,

he calculated the frequency shifts for other 

solvents, as Fig. 1 indicates. The p value 

of 4.67 D is considerably smaller than that 

obtained from Eq. 12. The points calculated 

from Eq. 20 are also worse fitted to the full 

straight line than those calculated from Eq. 

12, as is shown in Fig. 1. 

The Application of Eq. 20 to Acetophenone. 
-The frequency shifts of the 231 .3 mp band 

of acetophenone in non-polar solvents are 

listed in Table II.
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TABLE II. THE ƒÎ-ƒÎ* TRANSITIONE 

IN ACETOPHENOE

The ionization potential of acetophenone is 

9.77 eV.ls) Putting the observed shifts into 

Eq. 20 at 20•Ž, the author has estimated

μu0 andμui  to be 3.81 and 4.42 D respectively.

The value of 3.81 D accords fairly with the 

experimental value of 3.00 D (gas).15) The 

result of ƒÊui •„ ƒÊu0 is consistent with the

intramolecular charge-transfer band19,21,22) and 

with Bayliss and McRae's interpretation.21) 
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