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SUMMARY 

Direct and anthraquinone  sensitized c i s - t rans  photoisomerizat ion of  a- and 
fl-styrylnaphthalene (StN) and of  4-C1 and  4-Br derivatives of  a -S tN have been 
investigated. Unl ike a-StN and its derivatives, the quan tum yield for  fl-StN in 
direct isomerization is concentrat ion dependent ;  this dependence is at tr ibuted 
to an excitation energy redistribution induced by energy transfer between an 
excited StN and a StN in the ground state. For  all isomers, the direct photo-  
isomerization quan t um yields are greater in air-saturated than in de-aerated 
solutions (the opposite behaviour  has been observed for fluorescence quan tum 
yields); this oxygen effect is at tr ibuted to an increased populat ion of  the lowest 
StN triplet state caused by Oz(3Zg) quenching of  the StN singlet state. F r o m  
these observations and from a comparison between direct and sensitized quan tum 
yields, it is concluded that the lowest S tN triplet state is involved in the direct 
isomerization.  

INTRODUCTION 

It is well k n o w n  that  the mechanism of  direct c i s - t rans  photoisomerizat ion 
of ethylenic compounds ,  in particular of  stilbene and its derivatives, is still a 
subject o f  lively controversy 1-4. N o  definitive evidence of  the involvement  of  the 
triplet or the singlet excited state has yet been found.  To gain fur ther  insight into 
the photoreact ion mechanism, the study was extended to the photoisomerizat ion 
of fl-styrylnaphthalene (/3-StN)5, 6: some features of  the interesting results reported 
seemed to deserve fur ther  investigation and induced us to enlarge the study to 
a-styrylnaphthalene (a-StN) and some of  its ha logen  derivatives. In particular, 
we have studied the concentrat ion dependence of  the quan tum yield for  t rans  ~ cis 

isomerization of  a- and /%StN, the an thraquinone  photosensitized t rans  --~ cis 
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and  c& --~ t r a n s  i somerizat ion of  the t w o  isomers and a -S tN ha logen  derivatives 
and  fluorescence q u a n t u m  yields of  all these molecules to obta in  in format ion  
on the effect o f  a and  fi i somerism and  heavy  a toms  on pho tochemica l  and  photo-  
physical processes.  Exper imental  results may  be in terpre ted  as evidence for a 
triplet mechan i sm of  the direct  photoreac t ion .  

E X P E R I M E N T A L  

C o m p o u n d  p r e p a r a t i o n  

The s tyrylnaphthalenes  were  ob ta ined  by decarboxyla t ion ,  catalyzed by 

2 

Cu chromi te  in boil ing quinoline,  o f  the cor responding  pheny lnaph thy l  acrylic 
acids p repared  by the Perkin  synthesis f r om ~ (or fi) naph tha ldehyde  and  sodium 
salts o f  phenylace t ic  (or  p-halogen subst i tuted) acidsL The  react ion mixture  was 
acidified with 6 N HC1 in order  to el iminate  the quinol ine and  extracted with 
benzene;  the benzenic  extracts were  dr ied on  Na2SO4 and  distilled. After  the 
removal  o f  benzene,  the residue was  distilled under  reduced  pressure (0.5 Torr) ;  
the residual quinol ine  distilled first at  _~ 70 ° C, the three f ract ions  distilling above 
120°C being collected. The  first was near ly  pure  cis  i somer;  the second was a 
mixture  o f  c i s  a n d  t rans  isomers and  the th i rd  was nearly pure  t r a n s  isomer.  The 
crude t rans  a n d  cis  isomers so ob ta ined  (overall  yield ~ 40~o) were  purified by 
co lumn c h r o m a t o g r a p h y  on a lumina  using pe t ro leum ether  (which mainly  elutes 
the cis  isomer)  and  a mixture o f  pe t ro l eum ether/ethyl  e ther  (1:1 v/v) (which 
etutes the t r a n s  isomer)  as eluents. The  pur i ty  of  the c o m p o u n d s  was tested by 
thin-layer and  gas ch roma tog raph ic  analysis (Frac tovap  GI  Car lo  Erba,  equipped  
with ionizat ion detector ,  co lumn 8 ft., 1/8 in. 5~/, SE 30 on C h r o m o s o r b  G);  
the c i s i s o m e r s  conta ined  a small quant i ty  of  the t rans  isomers,  which  never  exceeded 
2~o. The e lementa l  analysis (with the theoret ical  percentages in parenthesis),  
melt ing points  (de termined on a Kof ler  ho t  stage apparatus)  and  u.v. o f  the long 
wavelength b a n d  spectral da ta  in n-hexane  for  the c o m p o u n d s  synthesized,  are 
as shown in T a b l e / .  

P h o  t o iso m e r i z a t i o n  

Benzene (RP) ,  th iophene  free, and  n-hexane (RS Car lo  Erba)  were used 
as solvents. A n t h r a q u i n o n e  (RP Car lo  Erba)  was used wi thou t  purification.  

The excit ing source was a 150 W high pressure xenon l amp  (Osram XBO). 
The interference filters were peaked at 313 n m  (Balzers) for  the direct isomeriza- 
tions (for i r radia t ion  of  di luted solutions the light intensity was reduced  by a grey 
filter) and at 404 n m  (Schott  and Gen.  Mainz),  for the sensitized isomerizat ions.  
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The  i r r ad i a t ions  were  p e r f o r m e d  in c o n d i t i o n s  o f  to ta l  a b s o r p t i o n  o f  inc ident  
light,  in the  case  o f  the  d i rec t  i somer iza t ions .  T h e  sensi t ized i somer i za t ions  were  
ca r r ied  ou t  in d e - a e r a t e d  so lu t ions  wi th  a f ixed a n t h r a q u i n o n e  c o n c e n t r a t i o n  
(7.8 × 10 . 8  M )  which ,  in the  10 m m  cells used,  t r a n s m i t t e d  a b o u t  30~o o f  the  
404 n m  inc iden t  light. W h e r e  the q u a n t u m  yields were  d e t e r m i n e d  in de -ae ra t ed  
so lu t ions ,  the  o x y g e n  was  r e m o v e d  b y  b u b b l i n g  wi th  pu re  n i t rogen .  

F e r r i o x a l a t e  a c t i n o m e t r y  s was  used .  In  the  case o f  sensi t ized i somer i za t i ons  
the  t r a n s m i t t e d  l ight  was  also m o n i t o r e d  b y  ac t inomet ry .  

The  c o n v e r s i o n  percen tages ,  w h i c h  neve r  exceeded  10~o, were  d e t e r m i n e d  
b y  u.v.  s p e c t r o p h o t o m e t r y  in the  r eg ion  o f  310-340  n m  af te r  su i tab le  d i lu t ion ;  
single b e a m  U n i c a m  SP500 /2  and  O p t i c a  C F  4 D R  d o u b l e  b e a m  s p e c t r o p h o t o -  
mete r s  were  used.  P re l imina ry  expe r imen t s  s h o w e d  that ,  in all cases,  g o o d  c i s - t r a n s  

i sobes t ic  po in t s  were  o b t a i n e d  up  to  50~oo convers ion .  The  va lues  r e p o r t e d  fo r  
p h o t o i s o m e r i z a t i o n  q u a n t u m  yields are  a m e a n  o f  4 -5  i n d e p e n d e n t  expe r imen t s ;  
t hose  fo r  sensi t ized reac t ions  are  c o r r e c t e d  fo r  the  c o n t r i b u t i o n  o f  the  b a c k  r eac t ion  
b y  the  f o r m u l a  o f  L a m o l a  and  H a m m o n d  9, us ing  the  expe r imen ta l  p h o t o s t a t i o n a r y  
c o m p o s i t i o n s .  

Sens i t ized  p h o t o s t a t i o n a r y  c o m p o s i t i o n s  were  at  first  r o u g h l y  o b t a i n e d  b y  
i r rad ia t ing  so lu t i ons  con ta in ing  a n t h r a q u i n o n e  and  the p u r e  cis or  t rans  i somer ;  
the  p h o t o s t a t i o n a r y  s tate  was  then  r e a c h e d  f r o m  b o t h  sides b y  i r r ad ia t ion  o f  a 
c i s - t rans  mix tu re  o f  c o m p o s i t i o n  nea r  to  the  p h o t o e q u i l i b r i u m .  

Fluorescence  
F l u o r e s c e n c e  m e a s u r e m e n t s  were  m a d e  b y  a P e r k i n - E l m e r  M P F  3 spec t ro -  

p h o t o f l u o r i m e t e r ;  the  ~e va lues  were  d e t e r m i n e d  in di lute  so lu t ions  (,~exc. 313 nm,  
O D  _~ 0.03) us ing  a cyc lohexane  so lu t ion  o f  a - N P D  (q~r = 0.581°) as a s t andard .  
O x y g e n  was  r e m o v e d  b y  b u b b l i n g  in p u r e  n i t rogen .  The  va lues  o f  ~0f r e p o r t e d  are  a 
m e a n  o f  at  leas t  5 expe r imen t s  wh ich  we re  r e p r o d u c i b l e  to -q- 5~/o. 

RESULTS AND DISCUSSION 

P h o t o s e n s i t i z e d  i s o m e r i z a t i o n s  

Our  d a t a  o n  the  sensi t ized i somer i za t ions  o f  S t N  are  cons i s t en t  w i th  the  
foll owing  r e a c t i o n  s c h e m e  11 : 

S h~ 1 S ( 1 )  

1S ¢~sc ~S (2) 

3 S k~ S (3) 
k, S -~- Sp (4) zS -q- t _ +  

zS + c ~_~ S -? Zp (5) 
3p k4 __~ c (6) 

3p k, t (7) 
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where S ----- sensitizer, t = t r a n s  isomer, c ~ c i s  isomer and 319 = c o m m o n  olefin 
triplet or equil ibrat ing triplets. By applying the approximat ion  of  the  steady state 
to aS and Zp and-neglect ing step (5) when  the photoisomeriza t ion  t r a n s  --> c i s  is 
conceined (the photoreac t ion  was fol lowed only in the first stages) one obtains the 
following expression for the sensitized t r a n s  --> c i s  process: 

1 k l  k4 -~- k5 k4 -]- k5 
- x + ( 8 )  

CPt--->c k s  k4t/~Ise [t] k4t2bIs c 

Likewise, in the case o f  c i s  --> t r a n s  process, neglecting step (4), one  obtains:  

1 k l  k4 @ k5 k4 + ks 
- -  x + (8') 

q~e--->t k3 ks~bisc [cj ks~zsc  

At  high acceptor  concentrat ions,  the above expressions can be wri t ten in a simpli- 
fled form, which represents the " m a x i m u m "  photosensi t ized q u a n t u m  yields :- 

1 1 ka @ k5 
-- x (9) 

~bt-->c qSxsc k4 

and 1 1 k4 -f- k5 
- -  x (9') 

~)C"~t (~ISC k 5  

The plot 1 / ~  vs .  1/[A] ([A] is the concent ra t ion  of  the olefin in the c i s  or t r a n s  

form) should be a b roken  line whose a rms  are represen ted  by eqns. (8) and  (9) 
for  low and high concentra t ions  o f  acceptor,  respectively. In  Fig. 1 we report,  
as an example,  the plot  o f  1/qi vs.  l / [ A ]  for  the isomerizat ion o f  t r a n s - a - S t N ;  

similar plots were obtained for the o ther  compounds .  The " m a x i m u m "  quan tum 
yields are collected in Table 2; it  can be seen that  the sum #t-->c + #e-->t, which 

TABLE 2 

'~MAXIMUM" EXPERIMENTAL QUANTUM YIELDS FOR ANTHRAQUINONE SENSITIZED t rans  --> cis  AND 
cis  --> t r a n s  PFIOTOPROCESSES IN BENZENE SOLUTION 

Compound (P~--->c ~b~--->t 

f l - S t N  0.465 0.44 
a-StN 0.415 0.475 
4-CI--a-StN 0.45 0.46 
4-Br-a-StN 0.47 0.42 
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Fig. 1. Plot o f  1 / 4  v s .  1/[A] for  the anthraquinone sensitized t r a n s  --~ c i s  photoisomerizat ion of  
a - S t N .  

should  give the value of  qSisc for  an th raqu inone ,  is ~_ 0.9 for  all compounds  
listed, in excellent agreement  with the l i terature value 9. The data  indicate a similar 
reactivity o f  the tr iplet  o f  StN;  on the o ther  hand,  the 4-C1 and  4-Br derivatives 
of  a-StN have qSt---~e a little higher  than  the parent  compound ,  indicat ing that  the 
heavy a tom increases k4 more  than  ks. 

D i r e c t  p h o t o i s o m e r i z a t i o n  

The t rans  ~ cis isomerizat ion and  fluorescence q u a n t u m  yields in air 
sa turated and  de-aera ted  solutions o f  n-hexane  are collected in Table 3 (the con:  
centra t ion o f  S tN in the pho to reac t ion  exper imen t s  was abou t  1.5 × 10 -4 M).  
It is to be no ted  that  all StNs show a very high radiative deac t iva t ion  yield in 
compar i son  with stilbene; this fact is responsible for their  m u c h  lower  isomeriza- 
t ion q u a n t u m  yield with respect to stilbene. Oxygen affects differently react ion and 
emission, increasing the yield o f  the pho tochemica l  process and  decreasing tha t  
o f  the photophysica l  one. The  increase of  ~ t  in the presence of  oxygen is r emarkab le  
and  could be a t t r ibu ted  to an increased popu la t ion  o f  the lowest  tr iplet  o f  StNs. 
There  is, in fact, exper imenta l  evidence 12-14 tha t  for  some a romat ic  hyd roca rbons  
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T A B L E  3 

PHOTOrSOMERIZATION t r a n s  - +  c i s  ( [ S t N ]  --~ 1.5 × 10 -4 M ) A N D  FLUORESCENCE QUANTUM YIELDS 
I N  A I R  S A T U R A T E D  A N D  D E - A E R A T E D  N - H E X A N E  S O L U T I O N S  

C o m p o u n d  A i r  s a t u r a t e d  D e - a e r a t e d  

f l - S t N  0.274 0 .25  0.13 z 0 .74  
a - S t N  0.23 ~ 0 .60  0 .16  0 .69  
4 - C I - a - S t N  0.195 0 .69 0.135 0 .76  
4 - B r - c t - S t N  0.23 0.445 0.215 0 .47  

the lowest excited triplet state is p roduced  by the quenching of their  singlet excited 
state by 02  (aZ-g).  In our  case, as a result  of  the interact ion between $I and 02 
(3Z-g), the enhancemen t  of  s tyrylnaphthalene intersystem crossing seems to be 
due to a direct  in termolecular  exchange interact ion 15,16 or to the inhomogeneous  
field of  Oz (3Z-g)lT,lS rather  than to a charge t ransfer  mechan i sm as recently 
proposed la for  some aromat ic  compounds .  The latter has been proposed  on the 
basis of  the fact tha t  oxygen and diethylanil ine have a similar quenching effect on 
$1 both leading to an increased popula t ion  of  T1 level. In the present  case, however,  
oxygen and amines  have a different behaviour ;  in fact, amines quench very  
efficiently not  only the fluorescence of  StNs, with format ion  of  a heteroexcimer,  
but they also quench  the photoreact ion,  practically to the same extent.  

The effect of  halogens is interesting. While chlorine has little influence on 
both fluorescence and  photoreac t ion  yields, bromine subst i tut ion noticeably 
affects the fluorescence yield a l though it leaves the photo isomer iza t ion  yield 
unchanged.  The reduced q~f for  this latter compound  could be ascr ibed to an 
enhanced intersystem crossing to a tr iplet  state due to a greater  spin-orbit  coupling 
induced by the heavy atom. 

Compar i son  o f  direct  and sensitized quan tum yields makes  it possible to 
calculate the " 'max imum"  ~Sxsc of  StNs f rom:  

Cse,~s (¢Pmc)sens 

on the hypothesis  tha t  all the direct isomerizat ion occurs in  the triplet state1,19. 
The values obta ined are 0.345, 0.27 and 0.41 for  a-StN and  its 4-C1-, and 4-Br- 
derivatives, respectively, using the values of  direct isomerizat ion q u a n t u m  yields in 
de-aerated solutions, or 0.505, 0.39 and 0.42, using the values for  direct  isomeriza- 
tion in air sa turated solutions. The sums o f  ~ i s c  + q~ are 1.035, 1.03 and 0.88 in 
de-aerated, and 1.104, 1.08 and 0.865 in air saturated n-hexane.  The agreement  
between fluorescence and photoreac t ion  could be indicative of  the implication of  
the triplet state in the photoisomerizat ion process. 



368 P. BORTOLUS, G. GALIAZZO 

T A B L E  4 

DIRECT trans -+ cis P H O T O I S O M E R I Z A T I O N  Q U A N T U M  YIELDS OF fl-StN AT 313 NM I N  N-I-IEXANE 

SOLUTION 

Concentrat ion 2W (tool / l )  (/~de-aerated ~/Sair-saturated 

3.4 x 10 -5 0.095 0.21~ 
1.5 x 10 -4 0.13a 0.274 
9.5 X 10 -4 0.21a 0.286 
3.1 x 10 -a  0.31 0.305 
6.2 x 10 -a 0.40 0.395 

T A B L E  5 

D I R E C T  t r a n s  ~ c i s  PI- IOTOISOMERIZATION Q U A N T U M  YIELDS OF 

S O L U T I O N  

/~-StN AT 313 NM IN BENZENE 

Concentration M (tool/ l)  tPde-aerated tPair-saturated 

1.6 x 10 -~ 0.077 0.18 
1.0 x 10 -a 0.12n 0.20a 
3.2 x 10 -3 0.172 0.236 
6.3 x 10 -~ 0.228 0.27a 
1.0 x 10 -2 0.28 0.30 
2.2 x 10 -2 0.34 0.38s 
4.2 × 10 -~ 0.382 0.416 
6.4 × 10 -2 0.425 0.43s 

T h e  b e h a v i o u r  o f  f l - S t N  is p a r t i c u l a r l y  i n t e r e s t i n g ;  T a b l e s  4 a n d  5 c o l l e c t  

t h e  t r a n s  --~ c is  q u a n t u m  y i e l d s  in  n - h e x a n e  a n d  b e n z e n e  b o t h  in  a i r  s a t u r a t e d  a n d  

in  d e - a e r a t e d  s o l u t i o n s .  T h e  T a b l e s  s h o w  a n o t i c e a b l e  d e p e n d e n c e  o f  p h o t o i s o m e r i -  

z a t i o n  y i e ld  o n  f l - S t N  c o n c e n t r a t i o n  in  b o t h  s o l v e n t s ,  in  d e - a e r a t e d  a n d  in  a i r  

s a t u r a t e d  s o l u t i o n s *  ; t h e  i n c r e a s e  o f  p h o t o i s o m e r i z a t i o n  w i t h  i n c r e a s i n g  c o n c e n t r a -  

t i o n  is a c c o m p a n i e d  b y  a d e c r e a s e  o f  f l u o r e s c e n c e  q u a n t u m  y ie ld .  N o  d i m e r  f o r m a -  

t i o n  w a s  s h o w n  b y  t h i n - l a y e r  a n d  g a s  c h r o m a t o g r a p h y ,  e v e n  in  m o r e  c o n c e n t r a t e d  

s o l u t i o n s .  O n  t h e  c o n t r a r y ,  n o  d e p e n d e n c e  o f  p h o t o i s o m e r i z a t i o n  y i e l d s  o n  c o n -  

c e n t r a t i o n  f o r  a - S t N  a n d  i ts  d e r i v a t i v e s  w a s  f o u n d  in  t h e  r a n g e  1.5 x 10 - a  M -  

3.0 x 10 - z  M .  T e n t a t i v e l y ,  w e  a s s i g n  t h e  i n c r e a s e  o f  t h e  p h o t o i s o m e r i z a t i o n  y i e l d  

t o  a n  e n e r g y  t r a n s f e r  b e t w e e n  a n  e x c i t e d  f l - S t N  a n d  a f l - S t N  in  t h e  g r o u n d  s t a t e ,  

w h i c h  s h o u l d  o c c u r  t h r o u g h  a n  e x c i m e r  f o r m a t i o n ;  th i s  c o u l d  l e a d  t o  a r e d i s t r i b u -  

t i o n  o f  e n e r g y  m o r e  f a v o u r a b l e  t o  t h e  i s o m e r i z a t i o n .  T h i s  h y p o t h e s i s  is n o t  in  

*The oxygen and concentration effect on ~t  of/3-StN have been checked under slightly differ- 
ent experimental conditions (cyclohexane as solvent; fixed absorbance in cells 0.1, 1 and 10 m m  
thickness; de-aerated solution flushed with argon) at Professor Fischer 's Labora tory ,  Rehovot ,  
Israel. His results are in fair to good agreement with those of  Tables 3 and 4. We are indebted 
to Professor Fischer for  these useful checks and information. 
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disagreement  with the  results o f  Fischer and Stegemeyer  n, z0 who  f o u n d  a tempera-  
ture  dependence o f  q)t o f  fl-StN, a t t r ibuted  to a "subs tant ia l  energy barr ier  be tween  
the excited states invo lved  in the pho to i somer iza t ion" .  The excimer  fo rmat ion  was 
detected in poly(vinyl -a-  and fl-naphthalenes)21, z2 systems which are quite similar 
to tha t  present ly studied. In our  case, a dependence  o f  f luorescence spectrum, at 
the long wavelength  side, on fl-StN concen t ra t ion  has been found .  In Fig. 2 the 
fluorescence intensity ratios Imax/Iz, in benzene  solut ion at three S t N  concentra-  
t ions are r epor t ed ;  it appears  that  in more  concent ra ted  solut ions  the rat ios  at 
longer  wavelengths  are larger p robab ly  because  o f  the increase in the excimer 
emission.  

As regards  the excited state involved in pho to i somer iza t ion ,  these results 
do no t  a l low us to  distinguish conclusively be tween  the two conflicting, singlet or 
triplet, mechanisms invoked  in the case o f  the pho to i somer iza t ion  of  stilbene, 
even though  they seem to indicate the tr iplet  pa t hway  as the more  probable .  

4 ¢ * ~ ,  

0.7 

0.51 

0.2! 

4 0 0  4 5 0  2 ~. 
n m  

Fig. 2 Intensity ratios Iz/Iamx vs. k for the emission o f f l - S t N  in benzene solution. [StN]: (1) 5.5 x 
10 -4 too l / i ;  (2) 4.5 x 10 -z  t o o l / l ;  (3) 7.0 x 10 -~ tool /1. 
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