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SPECTROSCOPY LETTERS, 16(12), 899-911 (1983) 

A Spectroscopic Model f o r  the Study of P r e f e r e n t i a l  i n  the  Ground 

and Excited Electronic  S ta tes .  
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Ratil G. E. Morales 

Department of  Chemistry, University of  Chile 

C a s i l l a  653 Santiago, CXILE 

Abstract 

The p r e f e r e n t i a l  solvat ion of a so lu te  m l e c u l e  i n  mixed solvents  

is  analysed i n  term o f  the s p e c t r a l  solvent  s h i f t s .  A spectroscopic 

model is  developed i n  order  t o  know the p r e f e r e n t i a l  solvat ion degree 

i n  the ground e l e c t r o n i c  s t a t e  as  well as  i n  the f i r s t  exci ted elec- 

t r o n i c  s t a t e  by measuring the absorption and fluorescence spec t ra  respeg 

t ive ly .  

Triphenylene was found t o  be a good m d e l  probe m l e c u l e  i n  

n-butanol/carbon te t rachlor ide  mixtures f o r  both e lec t ronic  s t a t e s .  

F u r t h e m r e  Tryphenylene i n  i t s  ground e l e c t r o n i c  s t a t e  was s tudied i n  

chloroform/methanol mixtures. 

Introduction 

A few years ago, Frankel e t  a l .  ' developed two methods f o r  inves- 

t i g a t i n g  the p r e f e r e n t i a l  solvat ion degree i n  mixed solvents  from nuclear 

magnetic resonance (NMR) techniques. 

solvent  on the NMR chemical s h i f t  of the so lu te  and the  e f f e c t  of a 

paramagnetic so lu te  on the t ransverse re laxat ion t i m e  of  the solvent  

nuclei ,  were applied to tris- (acetylacetone) -Cobalt (111) and tris (acetyl-  

acetone) -Chromium(III) i n  mixtures of  CXC13/CC14, CHCL3/acetone, 

Both methods"*, the e f f e c t  o f  the 
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900 MORALES 

CHCl /p-dioxane, and o t h e r s ,  and were w e l l  i n t e r p r e t e d  i n  t e r n  of a 

thermdynamical  t r ea tmen t  f o r  p r e f e r e n t i a l  so lva t ion  developed i n  a s i m i l a r  

way t o  p r e f e r e n t i a l  adso rp t ion  from a l i q u i d  mixture on to  a su r face .  

a c t i v e  s o l i d .  

3 

Thus, they considered t h e  s o l v e n t  t o  be d i s t r i b u t e d  between two 

phases ,  t he  bulk s o l v e n t  and the  s o l v a t i o n  s h e l l  o f  t h e  s o l u t e ,  and 

f o r  s i m p l i c i t y  t h e  s o l v a t i o n  number was taken t o  be  the  same f o r  bo th  

so lven t s  ( A  and B) , with a one-to-one replacement o f  s o l v e n t  m l e c u l e s .  

Af t e r  the s o l v a t i o n  sphere has  been formed from nA roles of A 

and nB moles o f  B ,  and remembering that the conf igu ra t ion  entropy 

be c a l c u l a t e d  on t h e  assumption t h a t  both the bulk s o l v e n t  and t h e  

s o l v a t i o n  s h e l l  obey the  l a w s  of  r e g u l a r  s o l u t i o n s ,  t he  change i n  f r e e  

energy f o r  the p rocess  l e a d s  t o  a simple r e l a t i o n s h i p  between t h e  

composition o f  t h e  bulk s o l v e n t  and the  s o l v a t i o n  s h e l l  a long  an 

isotherm (Eq./l/) ’. 

can 

Here yA and yB r e p r e s e n t  the mole f r a c t i o n s  o f  A and B i n  the 

s o l v a t i o n  s h e l l ,  r e s p e c t i v e l y ,  yA and Y B  r e f e r  to  the  bulk s o l v e n t ,  

and K is the  equ i l ib r ium cons tan t  f o r  t he  process, where AGO=-RT InK. 

For experimental  purposes ,  the Y and Y va lues  can be determined 

d i r e c t l y  i f  the s o l u t i o n  is h igh ly  d i l u t e d  and K can be  ob ta ined  from 

the  s lope  o f  a p l o t  o f  (yA/yB) versus  (YA/YB). 

A B 

1 Based on t h i s  thermodynamic approach f o r  b ina ry  mixed s o l v e n t s  , 
w e  have developed i n  the  p r e s e n t  work an e l e c t r o n i c  spec t roscop ic  

model i n  o r d e r  t o  determine the  p r e f e r e n t i a l  s o l v a t i o n  degree i n  t h e  

ground e l e c t r o n i c  s t a t e  o r  i n  the  f i r s t  e x c i t e d  e l e c t r o n i c  s t a t e  from 

the  abso rp t ion  o r  f luorescence s p e c t r a l  s h i f t s  o f  a probe so lu t e -  

ch romphore -mlecu le  i n  so lu t ion .  

The Model 

The fol lowing p r o p e r t i e s  are requ i r ed  i n  o r d e r  t o  s t a b l i s h  the 

main c h a r a c t e r i s t i c s  of  t h e  p r e s e n t  m d e l .  

a. The b ina ry  s o l v e n t  o f  molecules A and B i n  t h e  s o l u t e  molecule 

s o l v a t i o n  s h e l l ,  i. e., s o l v a t i o n  phase,  c o n t r i b u t e  i n  a a d d i t i v e  
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b. 

C. 

way t o  the  t o t a l  solvat ion energy. Therefore, they a r e  assumed t o  

be independent i n  the solvat ion s h e l l  loca l iza t ion ,  and it  is  assumed 

t h a t  the solvat ion energy can be considered a s  the contr ibut ion 

a r i s i n g  from each molar f rac t ion  (y ,  and y ) t h a t  const i tues  

the  solvat ion phase. 

For  s impl ic i ty  it has been assumed t h a t  the solvat ion number 

( N )  i s  the same f o r  both solvents ,  i . e . ,  s imi la r  molecular 

volume. Thus, i f  the so lu t ion  i s  d i l u t e d ,  the  molar f rac t ions  

o f  A and B i n  t h e  bulk solvent  (YA and YB respect ively)  w i l l  be 

present  i n  the so lva t ion  phase according t o  the following 

probabi l i ty  d is t r ibu t ion :  

B 

/2/ 

where P(r) is the  solvent  configuration number f o r  the t o t a l  o f  

so lva t ion  boxes i n  the solvat ion s h e l l  o f  so lu te  . 
The most probable configuration i n  the so lva t ion  phase should be 

dependent on the molar f rac t ions  of A and B i n  the bulk solvent  

(Eq./2/). However, s ince  e lec t ronic  spectroscopy give us in for -  

mation f o r  each configuration i n  the so lu t ion  through the  

spec t ra l  band, the  molar ex t inc t ion  coef f ic ien t  of  the so lu te  

m l e c u l e  i n  the binary mixture of  solvents  A and B should not  

change i n  a s i g n i f i c a n t  way. The frequency of  the absorption 

maxima can a l so  be considered a representat ive value of the 

mixture i n  the so lva t ion  phase ( v M ) .  

Considering the f i r s t  condition (a) and vA and 

o f  the absorption maxima i n  the solvents  A and B respect ively,  

3 

vB, the frequencies 

VM = VAYA + v B B  Y 

A'  
and rewri t ing t h i s  eq./3/ i n  terms of Y 

A 
A# = AvY 

/ 3/ 

/4/ 

yA- A - V B  and Y = 1  - where Av = vM-vB, Av = v 
B M 

A Thus, any o ther  funcional i ty  observed between both Avn and Y 

parameters can be considered as  a p r e f e r e n t i a l  solvat ion case. 
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902 MORALES 

d. The last condition i n  our  model i s  expressed i n  terms o f  the  Franck- 

Condon pr inc ip le .  The absorption e l e c t r o n i c  spec t ra  permits one t o  

obtain i n f o r m t i o n  about the solvat ion s h e l l  ampos i t ion  of  the 

chromophore so lu te  m l e c u l e  i n  the ground s t a t e ,  and the fluorescence 

e lec t ronic  spectrum permits one to obtain information a b o u t  the 

solvat ion s h e l l  i n  the f i r s t  exc i ted  e l e c t r o n i c  s t a t e  ( i n  this l a s t  

s i t u a t i o n  can be found changes i n  the i n t e n s i t y  o f  fluorescence due 

to  the mixed solvent  composition). However, from the absorption 

spec t ra  the same information m u s t  be obtained f o r  d i f f e r e n t  

e l e c t r o n i c  t rans i t ions .  

+TI* 

I n  according with the above pos tu la te ,  triphenylene4 has been 

s tudied a s  a model so lu te  molecule because of its high molecular 

symetry, and the mixtures butanol/CClq and methanol/CHClj have been 

chossen because o f  t h e i r  i n t e r e s t i n g  s t r u c t u r a l  proper tie^^'^'^. 

EXPERIMENTAL SECTION 

The absorption spec t ra  were obtained with a Cary 17 recording 

spectrophotometer operated a t  room temperature (about 2 O O C ) .  

The instrumental c a l i b r a t i o n  is  known t o  be accurate  t o  b e t t e r  

and the reproduct ib i l i ty  of  the measurements reported w a s  than f 2; 

b e t t e r  than 

modular equipment consis t ing of a 1000 W Hanovia Xe-Hg lanp, a Hilger  

bbnospek 1000 exc i ta t ion  mnochromator, a Perkin-Elmer E-1 emission 

mnochromator, an EMI 9559 QB photomult ipl ier  tube, and the ampl i f ie r ,  

recorder, wavelenght dr ive and de tec tor  p o w e r  supply from a Perkin-Elmer 

E-1 1 spectrophotometer. 

0.5;. The fluorescence spec t ra  were c a r r i e d  o u t  on a 

Exci ta t ion o f  d i l u t e  (<10-4M) so lu t ions  of  triphenylene, with 

l i g h t  of  wavelength 2747 i, leads t o  a W fluorescence. 

Triphenylene from Aldrich Chem. Co. , was f r a c t i o n a l l y  sublimated. 

The solvents ,  spectroscopic grade, Uvasol bbrck, were used without 

fur ther  pur i f ica t ion .  

R e s u l t s  and Discussions 

Triphenylene presents  a high e l e c t r o n i c  symetry which would 

favour l i t t l e  p r e f e r e n t i a l  solvat ion from a molecular s t r u c t u r e  
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PREFERENTIAL SOLVATION 903 

p o i n t  of view. The spec t ra l  solvent  s h i f t s  of triphenylene have 

been s tudied i n  our Laboratory la te ly4I8 .  

ded t h i s  l a s t  study t o  n-butanol and w e  have found t h a t  the  s p e c t r a l  

s h i f t  observed i n  solut ion of carbon te t rachlor ide  respect  t o  the 

n-butanol is la rge  enough to measure the energy difference from t h e  

m a x i m u m  absorption bands with good accuracy. 

From the search m d e l  system poin t  of  view both so lvent  n-but? 

However, we have exten- 

no1 and carbon te t rachlor ide  a re  two i n t e r e s t i n g  m l e c u l e s  due to 

t h e i r  s imi la r  molecular volume; n-butanol and carbon te t rachlor ide  

under the spher ic i ty  assumption present  a rmlecular r a d i i  o f  3 .32A 

and 3.38A respect ively . Furthermore the n-butanol/carbon t e t r a -  

chlor ide mixtures had been la rge ly  s tud ied  i n  the  The 

so lu t ion  volumes change have been found t o  be r e l a t i v e l y  small a t  

25OC never exceeding 0.14 cm /mole. Therefore, t h i s  mixture has been 

assumed to be an appropriate  experimental model system. 

9 

3 

1 1 1  In  Table I the 'A- Bb and A- L e l e c t r o n i c  t r a n s i t i o n  

frequencies of n-butanol/carbon te t rachlor ide  mixtures a re  presented. 

From Figure 1 a l i n e a r  func t iona l i ty  between Av, 
i n  agreement with the  addi t ive  solvat ion energy scheme 'in the so lva t ion  

s h e l l  of  triphenylene. 

and Y is  observed 

On the o ther  hand it is i n t e r e s t i n g  t o  observe t h a t  the same 
t 

e f f e c t  is  present  i n  both (71.T ) e l e c t r o n i c  t r a n s i t i o n s ,  i n  accordance 

w i t h  the assumed rmdel charac te r i s t ics .  

The fluorescence s p e c t r a l  da ta  presented i n  Table I corresponding 

t o  the ' \ - l A  t r a n s i t i o n  show the same l i n e a r  func t iona l i ty  as  the 

absorption (Figure 2 ) .  Notwithstanding the f a c t  t h a t  'the exc i ted  

e l e c t r o n i c  s t a t e  i s  l e s s  s e n s i t i v e  t o  the solvent ,  the observed 

spec t ra l  s h i f t  permits u s  to show t h a t  p r e f e r e n t i a l  solvat ion i n  the 

exc i ted  state is  similar to the ground e l e c t r o n i c  s t a t e .  

From mlecular in te rac t ions  poin t  of  view t h i s  phenomenon is 

indica t ive  o f  a dynamic molecular exchange between the so lvent  bulk 

and the solvat ion s h e l l  of  triphenylene. However, i n  s p i t e  of  the  

d i f f e r e n t  i n t e r a c t i o n  energy o f  the two so lvent  m l e c u l e s ,  it can 

not be forgot ten t h a t  the physical  i n t e r a c t i o n  i s  due to London 

in te rac t ion  forces ,  and that the p o l a r i z a b i l i t y  value of carbon tetr? 

chlor ide is approximately 15% grea te r  than n-butanol . 10 

I t  is not  easy to think t h a t  triphenylene generate any kind of  

s p e c i f i c  i n t e r a c t i o n  i n  solut ion.  Some authors have pos tu la ted  t h a t  
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904 MORALES 

500 

400 

3 o C  

2oc 

lo( 

Figure 1. 

The s p e c t r a l  s h i f t  o f  t h e  abso rp t ion  band maxima frequency 

of  t r i pheny lene  i n  n-butanol (BuOH) /carbon t e t r a c h l o r i d e  mixtures  

(AV ) is p l o t t e d  w i t h  respect to  t h e  molar f r a c t i o n  o f  n-butanol 

(iYBuoH) i n  t he  bulk solvent .  
M 
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PREFERENTIAL SOLVATION 905 

Table I .  

Frequencies of absorption and emission band maxima (cm-’1 of  

triphenylene i n  n-butanol (BuOH) /carbon te t rachlor ide  mixtures (u ) . M 

Y 
B uOH 

0 

0.096 

0.175 

0.209 

0.260 

0.346 

0.413 

0.514 

0.679 

0.808 

0.914 

1 

absorption 
1 1  1 1  

VM( La- A)  UM( Bb- A) 

34796 15 38275 15 

34812 

34863 38389 

349 17 38448 

34954 38552 

35003 38626 

35052 3870 1 

35083 38731 

35126 38784 

emission 

( A- Lb) 
1 1  

M 

28159 10 

28168 

28180 

281 76 

28190 

28208 

28215 

28224 

28244 

28272 

aromatic hydrocarbons could present  a solvent  hydrogen bond-n aromatic 

system in te rac t ion” .  whenever it i s  a weak molecular i n t e r a c t i o n  and 

some mixture solvents  could present  t h i s  phenomenon. 

Chloroforqlmethanol mixtures a r e  very i r r e g u l a r  so lu t ions  as  can 
7 be seen from thermodynamical s tud ies  i n  so lu t ion  . The presence o f  

the hydroxyl group i n  methanol give rise to the conventionally accepted 

view of a highly s t r u c t u r a t e d  solvent. Furthermore the l a r g e  negative 

excess entropies  of  mixing over the grea te r  p a r t  of  the composition 

range a re  due t o  c lus te r ing  of  l i k e  molecules i n  a polymeric way, held 

together i n  chainfashion by t r a n s i e n t  hydrogen bonding. 

The incorporat ion of a new phase to the mixture solvent ,  the 

solvat ion s h e l l  of  triphenylene, should be a competitive way f o r  

methanol c l u s t e r i n g  formation. Hence, a kind of  p r e f e r e n t i a l  so lva t ion  

must  occur which can be observed through triphenylene s p e c t r a l  s h i f t s  

i n  methanol/chloroform mixtures. 
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1 I I 

0.25 0.50 0.75 1 
Figure 2. 

S p e c t r a l  s h i f t  of  t he  emission (f luorescence)  band maxima 

frequency of  t r iphenylene i n  n-butanol (BuOH) /carbon t e t r a c h l o r i d e  

mixtures (Av ) i s  p l o t t e d  with r e s p e c t  to  the  mlar  f r a c t i o n  of M 
n-butanol (YBuoii) i n  t he  bulk so lven t .  
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Table I1 shows the absorption s p e c t r a l  data  o f  triphenylene i n  

*% t h i s  mixture and f igure 3 shows a non l i n e a r  dependence between 

and Y (methanol) i n  agreement w i t h  a p r e f e r e n t i a l  so lva t ion  e f fec t .  

Chloroform would seem t o  present  a b e t t e r  so lva t ion  pa t te rn  w i t h  

respect  t o  methanol, however t h i s  e f f e c t  could be in te rpre ted  i n  terms 

of  the methanol preference f o r  remaining i n  the polymeric bulk solvent  

s t a t e  r a t h e r  than en ter ing  i n t o  the solvat ion s h e l l  of  triphenylene. 

The K value according t o  eq. 1 can be estimated from Table 11. 

The appropriate  p l o t s  for  solvent  mixtures containing methanol with 

chloroform is  presented i n  f igure 4, where ywoH has been calculated 

Table 11. 
-1 

Frequencies of absorption band maxima (cm ) of triphenylene i n  

methanol (MeOH) /chloroform mixtures ( V M )  and molar f rac t ion  of  methanol 

i n  the solvat ion s h e l l  (yMeOH), of triphenylene. 

'MeOH 

0 

0.050 

0.100 

0.250 

0.300 

0.400 

0.500 

0.600 

0.724 

0.800 

0.850 

0.900 

0.950 

0.975 

1 

1 1  
VM ( Bb- A) 

38479 * 15 

38485 

38492 

38515 

38530 

38574 

38612 

38656 

38754 

38794 

38847 

38878 

38935 

389 59 

38988 

'MeOH 

0 

0.012 

0.026 

0.071 

0.100 

0.187 

0.261 

0.348 

0.540 

0.619 

0.723 

0.784 

0.896 

0.943 

1 
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908 MORALES 

Figure  3. 

S p e c t r a l  s h i f t  o f  t h e  abso rp t ion  band maxima frequency o f  

t r i pheny lene  i n  methanol/chloroform mixtures  (AV,) i s  p l o t t e d  wi th  

r e s p e c t  to  t h e  rmla r  f r a c t i o n  of methanol (yMeOH) i n  t h e  bulk 

so lven t .  

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



PREFERENTIAL SOLVATION 909 

100 

75 

50 

I 

25 

C 

Figure 4.  

The molar f r a c t i o n  r a t i o  i n  the s o l v a t i o n  s h e l l  o f  t r i pheny lene  

(yaC13/yMoH) is p l o t t e d  ve r sus  t h e  bulk s o l v e n t  composition 

(yaCl3/yeoH). 
of  methanol i n  the  bulk so lven t .  K, = 4.5 (ywoH < 0 . 6 )  and K2 (ymoH >0.6). 

W o  s l o p e  are found as a func t ion  o f  t he  molar f r a c t i o n  

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



910 MORALES 

through eq.4 from t h e  AvdAv ratio,  and ymc13 cons ide r ing  that 

' 01~13  + YWOH = '- 
This sys tem shows some curva tu re  n e a r  0.6 mlar f r a c t i o n  of 

methanol and t h e r e f o r e ,  two s l o p e  o f  l i n e a l  shape can be found, 

K~ = 4.5 (Y 

due to c l u s t e r  format ion  w i t h  chloroform p a r t i c i p a t i o n  i n  d e f i n i t e  

p ropor t ions12  or it could  also be due to  a break  down o f  t h e  

assumption o f  e q u a l  s o l v a t i o n  numbers. 

C 0 . 6 )  and K 2  = 2.3 (YmeoH > 0.6) .  This is probably  
MeOH 
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