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SPECTROSCOPY LETTERS, 6 ( 3 ) ,  197-202 (1973) 

Correspondence of Fluorescing States of Naphthols 

and Naphtholate Anions and its Effect on the 
* 

Calculation of pKa from Spectral Shifts 

b y  

Stephen G. Schulrnan 

College of Pharmacy 
University of Florida 

Sdinesville, Florida 32601 

The validity of dissociation constants of electronically excited 

acids and bases, calculated from spectral shifts” 

dissociation, especially where shifts of fluorescence spectra are employed, 

is dependent, among other factors, upon fluorescence orginating frow excited 

states of the same slectronic configuration in both acid and conjugate base. 

I n  some of the molecules whose excited state acid-base properties have been 

most extensively studied, notably some derivatives of naphthalene, energy level 

reversals have been shown to accompany dissociation in the lowest excited singlet 

sfate in aqueous sol~tions.~ 

dissociafion phenomena of the naphthols have been studied extensively from 

several points of view. While the calculation of the excited state dissoci- 

ation properties of a-naphthol, in which fluorescence occurs from the ‘L state 

in both anion and neutral molecule,presents no particular problem with regard 

to correspondence of the lowest excited singlet states of conjugate acid and 

base, it appeared that in cu-naphthol, by anatogy with cu-r~nphthylamine~, f Iuo- 

Lb escence might occur from +he ’La state in the conjugate base and from the 

state in the conjugcte acid. Thiis  it seemed that a careful consideration of 

the states f r o n ,  which the fluorescences of the conjugate species derived from 

a-naphthol in fluid aqueous solutions orginated, would be useful. 

accompanying protolytic 

3 

Thc spectroscopic properties and excited state 

5 -9 
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The lowest  e x c i t e d  s i n g l e t  s t a t e  o f  naphthalene i s  d e r i v e d  f rom 

1 
t h e  l o n g i t u d i n a l l y  p o l a r i z e d  'Lb + A t r a n s i t i o n  and f l uo rescence  i s  t hough t  

t o  a r i s e  f rom t h e  'L s t a t e  i n  naphthalene.8 Subs t i t uen  

of t h e  naphthalene r i n g  have t h e  g r e a t e s t  p e r t u r b i n g  i n f  

s t a t e  w h i l e  those  i n  a - p o s i t i o n s  o f  t h e  naphthalene r i n g  

p e r t u r b i n g  i n f l u e n c e  on t h e  'La s ta te . "  The l a t t e r  c l e  

b s a t  8-pos it i ons 

Lb 
uence on t h e  

have t h e  g r e a t e s t  

r l y  l i e s  above t h e  

1 

'L 

s t a t e s  a re  t h e r m a l l y  e x c i t e d  w i t h  r e s p e c t  t o  s o l v e n t  cage c o n f i g u r a t i o n .  I n  

t h e  t h e r m a l l y  e q u i l i b r a t e d ,  e l e c t r o n i c a l l y  e x c i t e d  naphthalene molecule t h e  

1 l L  s t a t e  undoubtedly  l i e s  above t h e  L s t a t e  b u t  i t s  a c t u a l  p o s i t i o n  i s  

unknown because f l uo rescence  occurs o n l y  f rom t h e  lib s t a t e .  

s t a t e  i n  t h e  a b s o r p t i o n  spectrum o f  naphthalene i n  which b o t h  e x c i t e d  b 

b 

I n  B-naphthol and t h e  R-naphtholate anion, i n t r a m l e c u l a r  chdrge 

t r a n s f e r  f rom t h e  hyd roxy l  group and i t s  con juga te  an ion  lower t h e  f requency 

o f  t h e  'Lb + 'A t r a n s i t i o n  t o  a g r e a t e r  e x t e n t  t han  t h a t  o f  t h e  'L  + A 

t r a n s i t i o n  (Tab le  1 ) .  

1 
a 

Thus t h e  'Lb s t a t e s  o f  6-naphthol and i t s  an ion  l i e  

Table 1 

P 
, 

Absorp t ion  ( Yl and b, 

and B-naphthol i n  water. 

1 and c o r r e c t e d  f l uo rescence  (d f )  maxima o f  a- 

La La 
Spec t ra l  maxima a r e  r e p o r t e d  i n  cm-l X I O - ~ ~  

Neu t ra l  Molecule Anion 

a-nap h fho I 

B-naphthol 

w 3.47 3.12 2.65 3.01 - 2.19 

3.68 3.37 2.85 3.57 2.90 2.38 

* 
The 1 band o f  t h e  1-naphtholate an ion  is b u r i e d  under t h e  m r e  i n tense  

Lb 
1 band. 
La 
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NAPHTHOLS AND NAPHTHOLATE APTIONS 

even f a r t h e r  be low t h e  'La s t a t e s  o f  t h e s e  s p e c i e s  t h a n  t h e  'I-,, s t a t e  of 

naphthalene l i e s  below i t s  'L  

8 -naph tho la te  a n i o n  must t h e r e f o r e  a r i s e  from t h e  L s t a t e s .  I n  a-naphthol  

and i t s  an ion ,  however, t h e  d i r e c t i o n  o f  charge t r a n s f e r  f r o m  t h e  h y d r o x y l  

group i s  p a r a l l e l  t o  t h e  'L s t a t e  i s  

lowered i n  energy by a g r e a t e r  amount t h a n  t h e  ' L  Thus t h e  a b s o r p t i o n  

spect rum o f  c r n a p h t h o l  ( T a b l e  1 )  shows t h e  'La band t o  l i e  some 1400-2100 cm-I 

t o  lower f r e q u e n c i e s  t h a n  i n  naph tha lene  or 8-naphthol  w h i l e  t h e  lLb band of 

cy-naphthol i s  lower by o n l y  abou t  500 cm-l. I n  t h e  a -naph tho la te  an ion ,  

charge t r a n s f e r  from t h e  oxygen atom t o  t h e  r i n g  i s  even more f a c i l i t a t e d  by 

t h e  fo rma l  n e g a t i v e  charge o n  t h e  oxygen atom wh ich  i s  e l e c t r o n  r e p e l l i n g .  

Thus t h e  ' L a  band of t h e  a - n a p h t h o l a t e  a n i o n  l i e s  some 5600-6000 cm-' t o  t h e  

r e d  o f  t h e  l L a  band of naphthalene and t h e  B-naphtholate a n i o n .  

t h e  L band i n  t h e  a b s o r p t i o n  spec rum of  t h e  a -naph tho la te  a n i o n  i s  unknown 

because i t  i s  e c l i p s e d  by t h e  more n tense  ' L  band. Presumably t h e  p o s i t i o n  

o f  t h e  L band of a!-naphtholate i s  n o t  v e r y  d i f f e r e n t  f r o m  t h a t  i n  a-naphthol  

and t h e r c  i s  a good chance t h n t  t h e  'L- s t a t e  l i e s  lower t h a n  t h e  l L b  s t a t e .  

I n  wa te r ,  f l u o r e s c e n c e  f r o m  t h e  c r n a p t i t h o l a t e  a n i o n  o c c u r s  a t  lower  f requency  

t h a n  t h a t  of t h e  @-naph tho la te  an ion .  C l e a r l y ,  t h i s  i s  p o s s i b l e  o n l y  i f  t h e  

t h e r m a l l y  e q u i l i b r a t e d  'L 

s t a t e .  F luo rescence  i n  8-naphthol  and t h e  
a 

1 
b 

1 + A t r a n s i t i o n  moment and t h e  'L 
a 

s t a t e .  
b 

The p o s i t i o n  o f  

1 
b 

a 
1 

b 

1 

7 b 
s t a t e  o f  t h e  w a n i o n  l i e s  lower  t h a n  t h e  L 

s t a t e .  

j u z u k i  and Baba7 have s t u d i e d  t h e  p o l a r i z e d  f 

s p e c t r a  of a-naphthol  i n  hydrocarbon g l a s s e s  c o n t a i n i n g  

a c c e p t o r s  of v a r y i n g  s t r e n g t h  ( e t h e r  and t r i e t h y l a m i n e )  

uorescence e x c i ' i a t i o n  

hydrogen bond 

These s t u d i e s  

r e v e a l e d  t h a t  a t  77'K, i n  e t h e r  doped hydrocarbon g lasses ,  f l u o r e s c e n c e  a r i s e s  

f r o m  t h e  s t a t e  b u t  i n  t r i e t h y l a m i n e  doped hydrocarbon g lasses ,  f l u o r e s c e n c e  

o r i g i n a t e s  f r o m  t h e  'La s t a t e .  

base t h a n  a -naph tho la te  and t h e  low f requency  of emiss ion  r e p o r t e d  by t h e s e  

l L b  

tlowever, t r i e t h y l a m i n e  i s  a s l i g h t l y  s t r o n g e r  
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S CHULMAN 

authors7 f o r  a-naphthol i n  t h e  presence o f  t r i e t h y l a m i n e  i s  much l i k e  t h a t  o f  

f3-naphtholate i n  t h e  same t ype  o f  s o l v e n t  a t  room tempera tu re . l '  

t h a t  t h e  'L 

Suzuki and Baba, r e a l l y  corresponds t o  t h e  f l uo rescence  o f  t h e  c r n a p h t h o l a t e  

an ion  a l though  t h e  f l uo rescence  o f  a-naphthol i n  weakly o r  n o n - a c t i v a t i n g  s o l v e n t s  

must c e r t a i n l y  a r i s e  f rom t h e  ' L b  s t a t e .  

rescence o f  @-naphthol I i e s  2000 cm-l lower i n  f requency than  t h a t  o f  8-naphthol, 

i n d i c a t i n g  t h a t  i n  t h e  a c t i v a t i n g  so l ven t ,  r e l a x a t i o n  i n  t h e  e x c i t e d  s t a t e  

has d e f i n i t c l y  c a r r i e d  t h e  'La s t a t e  of @-naphthol below t h e  'L s t a t e .  The 

i n f l u e n c e  of  t h e  a c t i v a t i n g  s o l v e n t  t h e r e f o r e  rep resen ts  an a u x i l i a r y  s u b s t i -  

t u e n t  e f f e c t  on t h e  e l e c t r o n i c  spec t ra .  

I t  i s  l i k e l y  

em iss ion  i n  t r i e t h y l a m i n e  doped hydrocarbon g lass ,  s t u d i e d  by 

I n  f l u i d  water, however, t h e  f l u o -  

b 

T h i s  exper iment  shows t h a t  t h e  assignments o f  f l uo rescence  spec t ra  

t o  t h e i r  s t a t e s  o r  o r i g i n  by p o l a r i z e d  emiss ion  measurements a r e  of o n l y  l i m i t e d  

v a l u e  when t h e  species o f  i n t e r e s t  a r e  d i spe rsed  i n  f l u i d ,  p o l a r  or hydrogen- 

bonding media. Because r o t a t i o n a l  freedom i n  f l u i d  med a r e s u l t s  i n  e s s e n t i a l l y  

romplete d e p o l a r i z a t i o n  o f  f l uo rescence  e x c i t e d  w i t h  PO a r i z e d  l i g h t ,  s p e c t r a l  

assignments i n  f l u i d  media a r e  b e s t  s t u d i e d  by r e l a t i v e  s u b s t i t u e n t  e f f e c t s  on 

t h e  s p e c t r a  of t h e  p a r e n t  hydrocarbons 3f t h e  molecules i n  ques t i on .  

The d i s s o c i a t i o n  e q u i l i b r i a  o f  w-ndphthol and B-naphthol i n  t h e i r  

1 lowest  e x c i t e d  s i n g l e t  s t a t e s  a r e  t h u s  shown t o  occur  i n  t h e  'L and L s t a t e s  
b 

r e s p e c t i v e l y .  The cons tan ts  o f  t hese  e q u i l i b r i a  have been determined by 

k i n e t i c  methods d e r i v e d  from f l u o r o m e t r i c  t i t r i m e t r y  coupled w i t h  f l uo rescence  

l i f e t i m e  neasurements and wcre found t o  b e  <l.09 and 2.g9, r e s p e c t i v e l y ,  for 

t h e  a- and 8-isomers. 

o f  t h e  a-isomer i s  t h a t  t h e  l i f e t i m e  o f  t h e  L s t a t e  o f  t h e  n e u t r a l  @-isomer, 

from which t h e  r a t e  cons tan t  f o r  d i s s o c i a t i o n  i s  der ived,  was t o o  s h o r t  t o  

measure ( < l  nanosec.) w i t h  t h e  apparatus employed. C a l c u l a t i o n  o f  t h e  pK 

va lues  o f  t h e  a- and 8-isomers employ ing t h e  FGrs te r  

o f  t h e  low frequency a b s o r p t i o n  maxima and f l uo rescence  maxima o f  t h e  con juga te  

Y 
The reason t h a t  an upper l i m i t  i s  g i v e n  f o r  t h e  pKa 

1 
a 

* 

c y c l e '  and t h e  averages 
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NAPHTHOLS AND NAF'THOLATE ANIONS 
x 

a c i d  and base species o f  each isomer y i e l d e d  pK 

pKa = 2.9 f o r  B-naphtho19, i n  good agreement w i t h  the  k i n e t i c a l l y  determined 

va lues,  a t  l e a s t  f o r  t h e  p-isomer. However, t h e  a b s o r p t i o n  maximum employed 

i n  t h e  averaging process f o r  t h e  n e u t r a l  w-isomer corresponds t o  t h e  0-0 band 

o f  t h e  L t r a n s i t i o n .  Thus t h e  c a l c u l a t i o n  i s  a t  l e a s t  concep tua l l y  i n  e r r o r  

and t h e  agreement between t h e  k i n e t i c a l l y  and s p e c t r o s c o p i c a l l y  determined 

va lues o f  pKa 

averaging t cchn  que i n  t h e  F o r s t e r  c y c l e  u s i n g  t h e  'La maxima and f l uo rescence  

maxima o f  T A t e  1 and t h e  ground s t a t e  pK o f  9.7 a pK o f  4.4 i s  obi-ained 

f o r  a-naphthol. 

a r e  einployed separa te l y  i n  t h e  F o r s t e r  c y c l e  t h e  same value,  4 . 4 ,  i s  ob ta ined  

i n  each case f o r  t h e  pK o f  a-naphthol, a r e s u l t  t h a t  i n d i c a t e s  t h a t  s o l v e n t  

r e l a x a t i o n  and v i b r a t i o n a l  e f f e c t s  i n  ground and e x c i t e d  s t a t e s  a r e  o f  equal 

magnitude i n  a c i d  dnd con juga te  base. 

= 2.1 f o r  a-naphtho19 and a * 

1 
b 

x 
o r  0-naphthol appears t o  be f o r t u i t o u s .  Employing t h e  

* 
a 

1 I f  t h e  La a b s o r p t i o n  maxima or t h e  f l uo rescence  maxima 

-x. 
3 

12, 13 

I n  B-naphthol, c a l c u l a t i o n  o f  pKa 
* 

by employing t h e  pKa o f  9.5 and 

1 * 
Lb a b s o r p t i o n  maximum, upon d i s s o c i a t i o n ,  y i e l d s  pKa t h e  s h i f t  o f  t h e  = 5.9 

w h i l e  i f  t h e  f luorescence s h i f t  a lone i s  employed a pKa o f  4 . 4  i s  obta ined.  

Both va lues a r e  i n  pl3or agreement w i t h  t h e  k i n e t i c a l l y  determined va lue.  The 

d i f f e r e n c e  i n  frequency between t h e  f l uo rescence  maxima o f  p-naphthol and i t s  

an ion i s  a lmost  i d e n t i c a l  i n  hydrocarbon s o l v e n t s "  and i n  water. 

i n d i c a t e s  t h a t  t h e  d iscrepancy between t h e  pK 

absorp t i on  s h i f t  and t h e  emiss ion s h i f t  i s  n o t  due t o  unequal s o l v e n t  

r e l a x a t i o n  energ ies o f  t h e  n e u t r a l  molecule and anion i n  t h e  e x c i t e d  s t a t e  

and must t h e r e f o r e  be t h e  r e s u l t  o f  i n e q u a l i t i e s  i n  t h e  v i b r a t i o n a l  make-ups 

o f  t h e  a b s o r p t i o n  and f l uo rescence  bands o f  n e u t r a l  molecule and anion.12r l3 

The e f f e c t  upon t h e  # c a l c u l a t i o n  o f  pK, 

between spec t ra  I bands a r e  o f t e n  minimized by averaging a b s o r p t i o n  and 

f l uo rescence  spectra.3, Thus c a l c u l a t i o n  o f  pK, o f  B-naphthol f rom t h e  

* 

T h i s  

* 
va lues  ob ta ined  f rom t h e  a 

* 
o f  d i f f e r e n c e s  i n  v i b r a t i o n a l  composi t ion 

-ic 
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SCHULMAN 

+$ 
Fb'rster c y c l e  u s i n g  t h e  s p e c t r a l  ave rag ing  techn ique  y i e l d s  pKa 

good agreement w i t h  t h e  k i n e t i c a l l y  determined pK, . 
= 3.2 i n  

* 
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