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MODIFICATION OF THE PEROV-BAKHSHIEV' S FREQUENCY 

SHIFT FORMULA AND THE EXTENSION OF ITS APPLICA- 

BILITY FIELD 
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ABSTRACT 

S t a r t i n g  f r o m  the  Perov-Bakhshiev's frequency s h i f t  

formula and u s i n g  an analogy from e lec t ron ice  a new 

frequency s h i f t  formula 

p o s s i b i l i t y  o f  descr ibing the  s p e c t r a l  s h i f t  e f f e c t s  i n  

t he  e l e c t r o n i c  s p e c t r a  observed a t  a g ree t  v a r i e t y  of  

t he  spec t r a l - ac t ive  compounds dissolved i n  various non- 

p o l a r  and po la r  so lven t s  with universal  o r  s p e c i f i c  s o l -  

vat lon e f f ec t a .  

was deduced which gives  the 
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966 HABA 

INTRODUCTION 

For the desc r ip t ion  o f  the frequency s h i f t s  i n  the  

e l e c t r o n i c  abeorption and f luorescence s p e c t r a  o f  the 

i d e a l  binary spec t r a l - ac t ive  ao lu t ions  a simple a t e t i e -  

t i c a l  model was proposed' which c o n e i s t s  of  one mole- 

c u l e  o f  t he  s o l u t e  u and Z molecules of  t h e  surrounding 

aolvent  v. I n  connection w i t h  t h i s  model i t  waa presumed 

tha t  t h e  e l e c t r o n i c  t r a n a i t i o n e  of  t h e  s o l u t e  molecule 

follow the  Franck-Coodon p r i n c i p l e  bo th  i n  absorpt ion 

and i n  f luorescence and the p a i r  i n t e r a c t i o n s  between 

the  s o l u t e  molecule end the  solvent  molecule8 a r e  uni- 

v e r s a l  i n t e rac t iona  o f  dieperaion, induction and o r i en ta -  

t i o n  type,  which can be described with a d d i t i v e  poten- 

t ials o f  London, Debye and Keeeom type. On t h i s  b a s i s  i t  

was ehown that the  e p e c t r a l  e h i f t  

which occum, on t h e  wave numbers eca l e ,  i n  the poai t ion 

o f  t he  absorpt ion (a)  o r  f luorescence (f) spectrum of  the 

p u r e  e l e c t r o n i c  t r a n e l t i o n  of the e o l u t e  molecule, when 

i t  paasea from the  i s o l a t e d  s t a t e  o r  vapour phaee ( 0 )  t o  

the s o l u t i o n  phaae (v ) ,  can be expreased as a funct ion 

of  the p o l a r i t y  parameters of t he  e o l u t e  and solvent  mo- 

l ecu lee  by a r e l a t i o n  of t h e  f o n a  : 

3 te f -  S t * f ,  
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THE PEROV-BAKHSHIEV'S FREQUENCY SHIFT FORMULA 96 7 

In t h i e  r e l a t i o n  d, p and I are the p o l a r i z a b i l i t g ,  

the dipolemoment and the  i o n i r a t i o n  po ten t i a l  o f  the  conr 

s ldered molecule , r eagec t ive ly ;  rues i a  the  dis tance be- 

tween the u molecule and the v moleculea,.4- t he  angle 

between the  vectors  $: and fit and z a eumming index. 

Since f o r m u l a  (1) i a  not adequate i n  the previoua 

form f o r  analyeea and p r a c t i o a l  app l i ca t ions  we t ryed t o  

obtain a new form for it that would be e a e i e r  t o  be in- 

t e rp re t ed  and handled and a l eo  t o  extend i t a  app l l cab i l i -  

t y  f i e l d .  

THEORY AND DISCUSSION 

1. We preaume tha t  the Z solvent  moleoules which take 

p a r t  e f f e c t i v e l y  i n  eolvat ion of the s o l u t e  molecule, thus 

forming a eolvat ion a h e l l  around i t ,  a r e  I d e n t i c a l  be- 

tween them wi th  regard t o  t h e i r  baale parametere, varying 

only the d i s t ance  ruvz between them and the  c e n t r a l  80- 

l u t e  molecule. In these conditions,  ueing the  notat ions:  

6 
l' *uv 

and grouping conveniently 

obtain the  e p e c t r a l  e h i f t  

t he  terms of  r e l a t i o n  (11, we 

formula2 : 
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968 HABA 

where 

(5a)  0 2  i i  - (Pu) + 3(duIuv - r:I0,)/2 

As i t  can seen, i n  t h i s  formula the re  e x p l i c i t l y  

appear a l l  the f a c t o r s  on which, in t h i s  case,  t he  spec- 

t r a l  s h i f t s  depend, namely the number of t he  s o l v a t i n g  

molecules, t he  harmonica1 mean of  t he  s i x t h  o rde r  o f  t he  

intermolecular  d i s t ances ,  t he  temperature o f  t he  surroun- 

d i n g  medium and the  microacopical p o l a r i t y  parameters of 

t he  i n t r e r a c t i n g  molecules. From t h i s  formula r e s u l t s  a 

a e r i e s  o f  consequences which o f  we sha l l  enumerate the 

following : 

- The formula ( 4 )  may a l s o  be appl ied on a binary so- 

lution c o n s i s t i n g  o f  N spec t r a l - ac t ive  moleculea indepen- 

dent among themselves. If i n  t h i s  sistem Z f luc tua te8  from 

one u-molecule t o  another,  then i t  is necesary, i n  order  

t o  preserve the  r e l a t i o n  ( 4 ) ,  t o  r ep lace  i n  i t  the  terms 

- For a s e r i e s  of the  u so lu t ions  obtained w i t h  non- 

p o l a r  so lven t s  ( N )  having i d e n t i c a l  o r  near ly  i d e n t i c a l  

i on iza t ion  p o t e n t i a l e  and molecular radiusee,  t he  cor- 

responding s p e c t r a l  e h i f t e  A 9 i s f  a r e  d i r e c t l y  propor- 
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969 THE PEROV-BAKHSHIEV'S FREQUENCY SHIFT FORMULA 

t i o n a l  t o  the p o l a r i x a b i l i t i e s  

radiuses  a r e  not i d e n t i c a l ,  then is d i r e c t l y  
proport ional  t o  the  s i z e s  4;/qd.  6 

d:. When the molecular 

- Replacing i n  t he  previous s e r i e s  every nonpolar 

solvent  (N) w i t h  a p o l a r  homologous (PI r e s u l t s ,  f o r  sup- 

plimentary s p e c t r a l  s h i f t  : 63:\: = A ~ I ; , ~ -  ~ + z j s ~ ,  t he  

p ropor t iona l i t y  63;;; = const. (pol2.  If A $ ~ / ~ u ~  6 #  
0 2  6 # A u i  a f  /g, 6 , then 69;;; depend l i n i a r l y  on (pp) /9up. 

P 

- When, during the e l ec t ron ic  t r a n s i t i o n  the polar i -  

r a b i l i t y  and the dipole moment of a spectral-act ive mo- 

l e c u l e  d i sp l ay  add i t ive  and mul t ip l i ca t ive  va r i a t ions ,  

r e spec t ive ly ,  t h a t  is : 

(6a) 

(6b) 

i o  d u  = d u  +d 

P u  = Pu 
and 

i 0 

then the  constants  AtGf  and Bt;f, expressing the een- 

s i b i l i t y  of the  considered spec t r a  t o  the  parameters 

A: and ($)2, s a t i s f y  r e l a t i o n s  of t he  form : 

3 We have experimentally e s t ab l i shed  that  a r e l a t i o n  o f  

the form (7b) is v a l i d  for the pos i t i on  isomera of nitra- 

nal ine dissolved i n  polar  solvents .  
i If the  approximationa : du 

l i d ,  then B:;f = KaVf A t i f ,  where Kas f  is a groport i -  

o n a l i t y  coe f f i c i en t .  

&: and I: c 1; a r e  va- 
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970 HABA 

2. An important shortcoming of the formula ( 4 )  and 

i ts  analog8 c o n s i s t s  in the f a c t  that ,  being composed o f  

microscopical s i z e s ,  i t  does not permit a d i r e c t  compari- 

a ion wi th  the u s u a l  a h i f t  formulas expressed i n  terms of 

t h e  r e f r a c t i v e  index n, and the d i e l e c t r i c  c o n s t a n t E v  

of t he  solventa .  

In orde r  t o  remove t h i s  impediment w e  accept futher-  

more that t h e  v i c i n i t y  of the dissolved molecule can be 

def ined by t he  r e l a t i o n 2  : 

9uv - q- L r  U + rv (8a) 

and the  solvent  l y i n g  i n  t h i s  v i c i n i t y  can be considered 

aa 8 d i e l e c t r i c  continuum character ized,  i n  a f i r e t  

approximation, i n  keeping w i t h  Lorentz-Debyela model for 

p o l a r i z a t i o n ,  by the  s p e c i f i c  molecular r e f r a c t i o n  

[n2Jv  = (n: - l ) / ( n v  2 + 2);. dt/r: (8b) 

and by the s p e c i f i c  molecular p o l a r i z a t i o n  

I n  these expressions ru and r,, a r e  the r ad iuses  

of t he  u and v moleculee, reepect ively.  

By introducing these expressions in Eq.(4) we ob- 
t a i n  t he  s p e c t r a l  s h i f t  formula 2 : 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



THE PEROV-BAKHSHIEV'S FREQUENCY SHIFT FORMULA 971 

As it can be seen, this formula is very eimilar 

with McRee1s4 or Bakhahiev1s5 usual formulas, From (g), 

by adequate particularizations, other usual spectral shift 

formulas, can be found, for example the formulas of  
B a y l i s s ' ,  WeljkcoviE 7 or Suppan 8 . 

3. Formulas (4) and (9) can also be extended to such 

binary solutions in which exist not only universal inte- 

ractions but also specific ones, for example donor - 
acceptor or hydrogen bond type interactions. If theee 

interactions can be described in a firet approximation by 

additive potentials, then we can write the following ex- 

pression for the spectral shifts : 

2 where the term ?!i;f is independent f r o m  the e i r e s  [n 3, 
and [& \n2Iv and it generally varies from a solvent to 

another. For a c l a m  of eimilar solvents cE;f i a  a 

constant. 

We have experimentally established that a relation 

of the form (10) is valid for the position isomers of 

nitranaline3v9 and nitrophenollo, dissolved in a great 

variety of nonpolar and polar solvents. On thia occasion 

we have found that the varioua solvents may be claesified 

in the following categoriea : nonpolar nonepecific 

4c\n2] = 0, 5:;' 9 01, nonpolar specific (&\n\n2J = O,~:;~#O), 
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9 7 2  HABA 

p o l a r  nonspec i f ic  (&\n2] # 0, ”+f= 0 )  and p o l a r  spec i -  

f i c  ( ~ ~ \ 0 2 ]  6 0 ,  c:;~+ 0 )  aolveots .  However, a more exac t  

t rea tment  of  t h e  concomitent man i fe s t a t ion  of  t h e  uni- 

v e r s a l  and s p e c i f i c  so lu te -so lvent  i n t e r a c t i o n s  needs 

t o  take i n t o  account  more pe r fec t ed  statist ical  models, 

f o r  example, the Perov’a model . 11 

4. Rela t ions  ( 4 )  and (9 )  can a l e 0  be per fec ted  con- 

c e r n i n g  the d e s c r i p t i o n  of the un ive rea l  i n t e r a c t i o n s .  

For  example, if, i n  f o r n u l a  (1) we use, i n s t e a d  o f  t h e  

vacuum p a i r  i n t e r a c t i o n  p o t e n t i a l s  

tea  p o t e n t i a l e  uuv(aol )  = SUUv(Vac.)’ where y is a 

, c o r r e c t i n g  f a c t o r ,  then  we f i n d  a a h i f t  f o r n u l a  of t h e  

form : 

UUV(VaC. ), the corec- 

12 - 
Here 2 is, accord ing  t o  Lutzkiy and coworkers , - 

the  mean of 

mean o f  9 af ter  a l l  d i p o l e  conf igu ra t ions ,  a l l  molecu- 

lar v i c i n i t i e s  and a l l  va r ious  e n e r g e t i c  terms j ruv is 

ru + rV. Thia formula d i f f e r e  from formula ( 4 )  only  by 

the f a c t o r  Z v / r , .  If i n  ( 4 )  we r e p l a c e  Z wi th  3 
and yuv w i t h  ruv, then  the two formulaa become iden- 

t i c a l .  

Z a f t e r  a l l  d ipo le  conf igu ra t ions ;  7 i e  the 

- 6  

5. A f u r t h e r  development o f  formulas ( 4 )  and (9 )  

can be obta ined  by r e p l a c i n g  i n  them t h e  parameters  

4 
d:, 

and r u g v ,  [c ]  v, r e s p e c t i v e l y ,  w i th  the parameters  

= 4 /(1-2 (128) 

1.1, = < /(1-2 & d:/<) (12b)  
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THE PEROV-BAKHSHIEV'S FREQUENCY SHIFT FORMULA 973 

Here $& , 8, and 8, a r e , , r e a c t i o n * f a c t o r s  a h i o h  

take i n t o  account  the in f luence  o f  the sur rounding  mole- 

c u l e s  on the cons idered  so lven t  molecule.  

For deduct ion  o f  theee r e l a t i o n s  we use a n  analogy 

from e l e c t r o n i c s .  Namely, we accep t  tha t  every molecule 

o f  a nonpolar  o r  p o l a r  s o l v e n t  behaves,  i n  a f i r e t  appro- 

ximation,  as an of f - l i ne  f i e l d  a m p l i f i e r  (Fig.18) having 

as ampl i fy ing  f a c t o r  t h e  s i ze  

approximation as an on-l ine f i e l d  a m p l i f i e r  (F ig . lb)  ha- 
3 v ing  as amgl i fy ing  f a c t o r  the s i z e  

0 3  2 dV/rv and i n  a second 

2 cLV/rv. 

F igure  1. Q c a l  f i e l d  model 
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9 7 4  HABA 

As input  s i z e  f o r  t h i s  Bmplifier s e rves  the l o c a l  

e l e c t r i c  f i e l d  E t h a t  r e a l y  a c t s  on t h e  inves t iga t ed  

molecule and as output s i z e  serves  the e l e c t r i c  f i e l d  

Et o r  Em corresponding t o  t h e  induced d ipo le  moment 

< = doE v l  o r  m,,= 4,E1. Since 

1 

Em= 2 4i(E1 + E:)/r: = 
= 2 \E1/r, 3 r e s u l t s  that  dv= %/( l -2  0 Po( d:/r:). In 

t h i s  way we ob ta in  (12a). Combining ( 1 2 8 )  with (8b) and 

p u t t i n g  P I  = $n 

vent molecule has a l s o  a permanent dip31 moment 

by i t s  surrounding with o t h e r  molecule8 t h i s  d ipo le  mo- 

ment w i l l  be modified i n  the same way as the induced di-  

w e  ob ta in  (1212). I f  the i s o l a t e d  sol- 

4, then 

pole moment 4 with the  f a c t o r  l / ( l - 2  p, &:/rv). 3 So we 

ob ta in  the a c t u a l  permament dipole moment pv defined by 

( l l b ) .  To t h i s  dip&e moment corresponds, due t o  the  ther-  

m a l  a g i t a t i o n  of t he  molecules, t he  o r i e n t a t i o n  polar iza-  

b i l i t y  

expression 4 + (<I2/3kT w i t h  the expression \+&3kT 

and using the  no ta t ion  : 

2 d\= (b) /3kT.  Therefore, r ep lac ing  i n  (8c)  t h e  

w e  ob ta in  (12d). 

From (131, which gives  a n  approximate c o r r e l a t i o n  

between $, and pn, results t ha t ,  excepting the case  

8, =[E] /2 [n2]  2,  when pt is undefined, pk can gene- 

r a l l y  be g rea t e r ,  cqual o r  l e s s  than 0 as p, ie greater, 

equal o r  less t han  1/ [n? - l / Z f E ]  . However, because 
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THE PEROV-BAKHSHIEV'S FREQUENCY SHIFT FORMULA 975 

t he  majori ty  of the usual l i q u i d 8  have :n2] = 0,2 f 0.4 

and [ E l =  0.2 f 1.0 

( p o s i t i v e  r eac t ion ) .  It can also be seen t h a t  i f  

0 ,c p ,  ,c 1/2 1p2] 

resul t8  as a r u l e  : p n 3  0 and a, 3 0  

then 0 f & C 1/2[f] , too. 

Theae conclusions agree wi th  the  theo r i e s  r e f e r i n g  

t o  t he  po la r i za t ion  o f  the l i q u i d  d i e l e o t r i c a .  For exam- 

p l e ,  in Onsager's theory13 P," = [nq /(l+ (n2] ) and 

$ j t l / ( l + l E ]  ). I n  Wertheim's theory 14 

and t h i s  expreasioo tends t o  the value 4 , ins tead  o f  1/2, 

when [n2] and[E], reapect ively,  tend t o  the  value 1. 

I n  o t h e r  t heo r i ee  B, and BE have o t h e r  values. 

However, at the  evaluation o f  t he  value and the sign 

o f  t he  r eac t ion  f a c t o r s  we a l s o  must have i n  view t h a t  

oon a l l  of solvent  moleculee, l y ing  in t he  v i c i n i t y  o f  

the diseolved molecule, a r e  symmetrically surrounded by 

moleculee of t he  same kind and the re fo re  t h e  real values 

of  $, and $, can be very d i f f e r e n t  from those which are 

r e e u l t i n g  from the  mentioned theories .  

O n  the basie of t he  presented f a c t e  the r e l a t i o n  

(10) may be wri t t en  under the form t 
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976  

Hence it r e s u l t s  that 

s e n s i b i l i t y  f a c t o r e  Au; , *a f 

HABA 

by an adequate choice of t h e  

baSf uv and c;tf and the r eac t ion  

f a c t o r  8, and 8, from r e l a t i o n  (15) o t h e r  s h i f t  for-  

mulas can a l s o  be derived. 

For example, i f  we assume that 8, = 1/2(1+ [n2]) 

and BE. = [nz]/21C] (1+ [n2] ) and 

then we obtain the  s h i f t  formula 

neglect t he  term "Gf, 

which g e t s ,  with the  u s u a l  approximations Z and 
Ii : 1:. i n t o  Bakhshiev's formula 5 . Choosing $, = 0 and 

U 

pE = 1/2 r e s u l t s  a s h i f t  f o r m u l a  of t he  form : 

which shows 8 l i n e a r  dependence of s p e c t r a l  s h i f t s  f rom 

the  d i e l e c t r i c  constant  E, . Such a f o r m u l a  is experimen- 

t a l l y  e s t ab l i shed  by us in15 f o r  the s p e c t r a l  s h i f t s  ob- 

served a t  ni t roaonaphtols  i n  alcohols.  For iE;f = 0, 

e",;'= 0, p,=(l- [n J )/4 and = ( l -  L&] ) /4 r e s u l t s  a 

s h i f t  formula of the form : 

2 

hcAJipf= 2 "Ba ' f ( [€ l / ( l+ [ t ]  uv 1- [n2J/(1+ [n2] > )  (18) 

rhlfch was used id7 f o r  t he  desc r ip t ion  o f  the apec- 

t r a l  s h i f t s  observed in the  case of hidrogen bond mole- 

c u l a r  complexes. 

However, t he  deduction f r o m  (15) of aome uaual  for- 

mulas r equ i r e s  an i nd iv idua l  treatment of t he  ene rge t i c  
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terms which correspond t o  va r ious  un ive r sa l  i n t e r a c t i o n s  

that e x i s t  i n  t h e  cons idered  molecular  system and a selec- 

t i o n  of some p a r t i c u l a r  va lues  f o r  the corresponding re-  

a c t i o n  f a c t o r s .  This is exp l i cab le ,  cons ide r ing  that the 

cor responding  p o l a r i z a b i l i t i e s  are g e n e r a l l y  d i f f e r e n t  

from one another .  For  example, t h e  f i n d i n g  of  t h e  usual  

McRae'a formula4 : 

hcA9 = 2 1 Ln2]/(1 + In2] 1 + 5[€\n2J (19) 

i n  which the term corresponding t o  quadra t i c  S t a r k ' s  

e f f e c t  was neglec ted ,  impl ies  the i d e n t i f i c a t i o n  of  pn 
in t h e  f i r e t  term of  r e l a t i o n  (15) wi th  the va lue  BnI = 

= (1- [n ] )/4 and i n  t h e  second term wi th  t h e  value 

BnII = p = 0. On t h e  con t r a ry ,  f i n d i n g  of  t h e  B i l o t  - 
Kawsky'a formula16 needs t o  choose the fo l lowing  va lues :  

BnI = 1 /2 (2+  [n2] 1, 
2 2 

2 

E 

pnII = 1/2(1+ In2] 1 and 

= [n ]/2[€1 (1+ [n 1). If w e  chooee t h e  values pnI= pnII= 
2 =(1 - In ] ) / 4  

s h i f t  f o m u l a  o f  the form : 

and BE= 1/2[€] (2+[&] 1, then  w e  f i n d  a 

18 Such a formula was exper imenta l ly  e s t a b l i a h e d  i n  

roi  an t r acen  and an t r acen  d e r i v a t i v e s  d i s so lved  i n  var loue  
nonpolar  and weakly p o l a r  so lvents .  

CONCLUSIONS 

Syn the t i z ing  the r e a u l t s  of t h i e  work we can eay 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



978 HABA 

tut the Perov-Bakhahiev'e f o r m u l a  in o u r  variant (15) 

givee the posaibility of describing the epectral shift 

effects in the electronic epectra observed at a great 

variety of the spectral-active compounds dissolved in 

various  nonpolar and polar eoltente which diaplay or not 

complexing effects. 
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