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The e lec t ron ic  absorpt ion and f luorescence  s p e c t r a  of a number  of condensed he t e roa roma t i c  
compounds containing a thiophene r ing were  studied.  In connection with the fact  that the 
theore t i ca l  t r e a t m e n t  of the c loseness  of the e lec t ronic  s t ruc tu re  of thiophene and benzene 
molecu les  is based,  in pa r t i cu la r ,  on the s i m i l a r i t y  between the e lec t ronic  absorpt ion spec t r a  
of thiophene-containing s y s t e m s  and the i r  polycycl ic  a romat i c  analogs,  the s p e c t r a  of  the in-  
ves t iga ted  compounds were  c o m p a r e d  with the cor responding  polycycl ic  a romat i c  h y d r o c a r -  
bons .  It was demons t r a t ed  that  the d i f ferences  introduced by the thiophene r ing depend on the 
length of the chain of condensed benzene r ings in the molecu les  of the thiophene-containing 
s y s t e m s .  The r e su l t s  can be used  to analyze mix tu res  of such compounds .  

Continuing our invest igat ion of the chemica l  and physical  p rope r t i e s  of condensed h e t e r o a r o m a t i c  s y s -  
t e m s  containing a thiophene r ing,  we have studied the e lec t ron ic  absorpt ion s p e c t r a  and, s ince many  of the 
compounds f luo resce ,  the f luorescence  s p e c t r a  of solutions of 14 condensed thiophene-containing compounds 
(see Table  17, m o s t  of which we have obtained for  the f i r s t  t ime  [2-4]. The quantum f luorescence  yields 
were  m e a s u r e d  in some c a s e s .  

We note that the absorpt ion s p e c t r a  a re  known only for thiophene (I) [5], benzo [b]thiophene (II) [6], d i -  
benzothiophene (III) [6], and benzo[b]naphtho[2,3-d]thiophene (IV) [7], while the f luorescence  s p e c t r a  a re  
known for dibenzothiophene (III) [8] (in the c rys ta l l ine  s ta te) .  

In con t r a s t  to thiophene (I), all  of the inves t iga ted  compounds,  except  for  benzothienylanthraquinone 
(XV), f l uo resce .  The absorpt ion and f luorescence  s p e c t r a  of solut ions in dioxane and toluene of a lmos t  all  
of the compounds coincide.  Except ions  to this a r e  compounds bear ing  COOH and C = O functional groups 
(X-XII, XV), for which the s p e c t r a  of solutions in cyclohexane were  also m e a s u r e d .  

The f luo rescence  intensi ty  of solutions of the invest igated compounds in dioxane exceeds  the f luo-  
r e s c e n c e  in tens i tyofso lu t ions  in toluene.  In o rde r  to avoid the specif ic  effect  of the na ture  of the solvents ,  
the f luorescence  of toluene solutions was invest igated.  

Almos t  all  of the compounds that  we studied dif fer  with r e s p e c t  to the i r  spec t r a .  A cha rac t e r i s t i c  
pecu l i a r i ty  of them is the p r e s ence  of a v ibra t iona l  s t ruc tu re  in both the f luorescence  s p e c t r a  and in a lmos t  
all  of the absorpt ion s p e c t r a .  This faci l i ta tes  identification of such compounds,  and the r e su l t s  can be used  
to analyze mix tu re s  of them.  

The e lec t ron ic  s p e c t r a  of polycyel ic  h e t e r o a r o m a t i c  compounds with a thiophene r ing differ  subs tan-  
t ia l ly  f rom the s p e c t r a  of thiophene (I) i t se l f  (Fig. 1). Commencing  with benzo[b]thiophene (iI), a v ibra t iona l  

* See [1] for  communicat ion  XX. 
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T A B L E  1 .  E l e c t r o n i c  A b s o r p t i o n  S p e c t r a  a n d  F l u o r e s c e n c e  S p e c t r a  

of  S o m e  C o n d e n s e d  H e t e r o a r o m a t i c  C o m p o u n d s  C o n t a i n i n g  a T h i o -  

p h e n e  R i n g  

Comp. Compound Absorption, k,  nm* Flu~escence, 
No. X, nm 

I 

!I1 

IV 

V 

V! 

VII 

CH s 

H 
235 

D 
250 
260 
265 
280 
290 
298 

D 
235 
237 
256 
263 
275 
278 
288 
3|5 
327 

D 
230 
245 
265 
278 
283 
295 
303 
315 
330 
356 
373 

D 
232 
248 
265 
278 
285 
318 
332 
357 
375 

D 
238 
242 
260 
268 
286 
290 
296 
317 
332 

D 
230 
248 
277 
288' 
305 
315 
345 

T 
280 
290 
315 
329 

T 
304 
317 
332 
356 
373 

T 
319 
334 
358 
375 

T 
287 
297 
320 
355 

T 
276 
289 
305 
317 
347 

Very weak 

W �84 

337 
345 

T 
382 
397 shoulde.r 
420 

D 
380 
390 
4[5 

T 
382 
397 

T 
342 
355 
380 shoulder 

T 
358 
368 
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TABLE 1 (continued) 

I I I  I I I  V 

Very weak 

xv 

o 

o 

C 
223 
230 
250 
255 
258 
265 
295 
305 
325 
388 
405 

T 
310 
403 

*Solvents:  hexane (H), dioxane (D), toluene (T), and cyclohexane (C). 
T S e e  [5] .  

s t ruc tu re ,  which is also obse rved  in the f luorescence  spec t r a ,  appears  in these  spec t r a ,  as a l ready  indi- 
cated. As usual, the absorption and fluorescence regions are shifted to the long-wave side as the number 
of condensed benzene rings in molecules of these compounds (If-IV, XIII) increases. However, replacement 
of the hydrogen atom by a phenyl group (IX) leads only to an insignificant bathochromic shift in the spectra. 
This is associated with the development of steric hindrance, because of which the phenyl group is oriented 
almost perpendicular to the plane of the condensed molecule. The introduction of an alkyl substituent into 
benzo[b]naphtho[2,3-d]thiophene (V) causes a small change in both the absorption spectra and fluorescence 
spectra, l~eplacement of one of the benzene rings in benzo[b]naphtho[2,3-d]thiophene (IV) by a cyclohexane 
ring (VI) induces a short-wave shift in the spectra, since the number of aromatic rings in the condensed 
system decreases in this case. However, when a benzene ring is replaced by a cyelohexene ring (VII, VHI), 
this shift is smaller. The presence of COOH and C =O functional groups in X-Xll also induces a long-wave 
shift of the absorption and fluorescence region relative to benzo[b]naphtho[2,3-d]thiophene (IV), as was al- 
so observed for the corresponding aromatic analogs. 

The optical characteristics of the isomeric anthrabenzothiophenes (XIII and XIV) differ. The absorp- 
tion and fluorescence regions of anthra[2,l-b]benzo[d]thiophene (XIV) are shifted to the short-wave side as 
compared with anthra[2,3-d]benzo[d]thiophene (XIII).* The qual~tum yield of XIV is about 30% lower than 
thatof XIII. They also differ with respect to the form of the absorption and fluorescence spectra (ratio of 
the band intensities). It is known [5,9] that this sort of difference in spectral properties is observed for 
"linear" and "angular" polyeyclic aromatic hydrocarbons. A comparison of the spectra that we obtained 
for XIII and XIV with their molecular models confirms the previously drawn conclusion [2,3] regarding the 
structures of these isomeric anthrabenzothiophenes ("linear" structure XIII and "angul~[r" structure XIV). 
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Fig .  1. Absorpt ion s p e c t r a  of solutions:  1) I; 
2) II;  3) III; 4) IV; 5) XIII in dioxane; 6) X-VII 
in benzene.  

The p re sence  of a C = O functional group in the 
benzothienylanthraquinone (XV) molecu les  induces a 
shor t -wave  shif t  in the absorpt ion s p e c t r a  as c o m -  
pared  with anthra[2,3-b]benzo [d]thiophene (XIID and a l -  
mos t  comple te  quenching of the f luorescence .  This  is 
apparent ly  assoc ia ted  with rup ture  of the chain of con-  
jugated double bonds m the polycycl ic  s y s t e m  and the 
quenching action of this group.  

The quantum f luorescence  yield i n c r e a s e s  as the 
number  of condensed benzene r ings  in the molecule  in-  
c r e a s e s .  The quantum yields for  an thra[2 ,3-b]benzo-  
[d]thiophene {XIII), benzo [b]naphtho [2,3-d]thiophene 
(IV, and dibenzothiophene (HI) a re ,  r e spec t ive ly ,  

*The p re sence  of a long-waveband  at440 nm in the ab-  
sorpt ion s p e c t r u m  of XIV (see Table  1 and Fig.  4) is ap -  
paren t ly  due to contaminat ion by XIII. Gas - l iqu id -  
chromatographic  analys is  demons t ra t ed  slight XIII 
contaminat ion in XIV. 
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Fig.  2. Absorpt ion (1) and f luorescence  (2) s p e c t r a  of a solution 
of IV in toluene.  
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Absorpt ion {1) and f luorescence  (2) s p e c t r a  of XIII in toluene.  
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Fig.  4. Absorpt ion (17 and f luorescence  (27 
s p e c t r a  of X~V in toluene.  

e lec t ronic  s t r u c t u r e s  of thiophene and benzene,  upon which 
the idea of pd hybridizat ion in the thiophene molecule  was 

based,  is based,  in pa r t i cu la r ,  on the c loseness  of s e v e r a l  physica l  and chemica l  p rope r t i e s  of thiophene 
compounds and the i r  benzene analogs,  including the e lec t ron ic  absorpt ion s p e c t r a .  

In [6, 12, 13] it was noted that  the e lec t ronic  absorpt ion s p e c t r a  of benzo[b]thiophene (II), dibenzothio-  
phene ([[I), and benzo[b]naphtho[2,3-d]thiophene (IV) a r e  c lose  to the s p e c t r a  of the cor responding  i so e l ec -  
t ronic ,  polycycl ic ,  a roma t i c  hydrocarbons  but a r e  shifted as c o m p a r e d  with the l a t t e r  to the sho r t -wave  r e -  
gion by 20-40 nm.  However ,  this  analogy reduces  to r a t h e r  genera l  f ea tu res .  It  should also be noted that  
dif ferent  absorpt ion spec t r a ,  for  example ,  for  dibenzothiophene (III7 and naphthothiophene (XVI), a r e  ob- 
s e rved  for  condensed h e t e r o a r o m a t i c  compounds with the s ame  number  of r ings  but different  posi t ions of 
the thiophene r ing in the chains .  Of the compounds that we invest igated,  the absorpt ion s p e c t r a  of an th ra -  
benzothiophene (XIII7 and the i soe lec t ron ic  i sopentacene  (XVII7 [5] in the long-wave region a re  r a t he r  c lose .  

0.20, 0.02, and about 0.001. Benzo[b]thiophene {II) f luo-  
r e s c e s v e r y w e a k l y .  The quantum f luorescence  yield of a 
benzene solution of anthracene  in the p re sence  of a i r  oxy-  
gen is 0.10 [10]. We note that  the quantum f luorescence  
yields d e c r e a s e  for  polycycl ic  a roma t i c  hydrocarbons  as 
the number  of condensed benzene r ings  i n c r e a s e s ,  c o m -  
mencing with t e t r acene  [9]. 

M i r r o r  s y m m e t r y  between the f luorescence  spec t r a  
and the long-wave group of bands in the absorpt ion sp ec t r a  
(Figs. 2-47 is obse rved  for  mos t  of the compounds we in-  
ves t igated.  Consequently,  the nuc lear  configurat ions of 
these  molecu les  do not change on t rans i t ion f r o m  the 
ground to the exci ted s ta te .  

The theore t ica l  t r e a t m e n t  [11] of the c loseness  of the 
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Spec t ra  in the long-wave region that a re  s i m i l a r  in f o r m  are  also observed  for  t e t racene  [5], anthracene,  
and its subst i tuted compounds [14]. However,  they are  cons iderably  shifted to the s h o r t e r - w a v e  side for  
an thracene  and to the long-wave side for  t e t racene  as compa red  with the spec t r a  of XIII. This so r t  of c o r -  
respondence  in the s pec t r a  is not obse rved  for  the other  compounds that we invest igated,  for example ,  d i -  
benzothiophene ~III) and the i soe lec t ronic  phenanthrene (or anthracene) ,  benzo[b]naphtho[2,3-d]thiophene (IV), 
and 1 ,2-benzoanthracene .  

XVI 

On the bas i s  of these  resu l t s ,  it can be a s sumed  that  the bes t  co r respondence  between the spe c t r a  of 
condensed he t e roa roma t i c  compounds containing a thiophene r ing and the i r  ca rbocyc l ic  analogs should be 
obse rved  for  h e t e r o a r o m a t i c  compounds with a sufficiently extended chain of condensed benzene r ings ,  in 
this case ,  the effect  of the thiophene ring d e c r e a s e s ,  and the p rope r t i e s  of the chain of condensed benzene 
r ings  that a r e  pecul ia r  to polycycl ic  a romat i c  hydrocarbons  a re  mani fes ted  to a g r e a t e r  extent .  This  is 
also conf i rmed  by the change in the absorpt ion spec t rum of benzothienylanthraquinone XV as compa red  
with the s p e c t r u m  of anthra[2,3-b]benzo[b]thiophene (XIII) and by the d i f ference  in the s p e c t r a  of d ibenzo-  
thiophene ~IID and naphthothiophene (XVD. The absorpt ion s p e c t r u m  of XVI is cons iderab ly  c lo se r  to the 
s p e c t r u m  of anthracene than to that  of III .  

A gradual  i nc rea se  in the f luo rescence  quantum yields of solutions of a romat i c  hydrocarbons  [15] is 
obse rved  in the b e n z e n e - a n t h r a c e n e  s e r i e s .  The quantum yields for  the compounds invest igated by us de -  
c r e a s e  v e r y  sharp ly  on pass ing  f r o m  XIII to IV and IH. This d e c r e a s e  in the quantum yield is p robably  also 
assoc ia ted  with an inc rease  in the  quenching action of the thiophene ring as the length of the chain of con-  
densed benzene r ings  in molecu les  of these  compounds d e c r e a s e s .  

Thus the p re sence  of a thiophene ring in molecu les  of he t e roa roma t i c  polycycl ic  compounds leads to 
an apprec iable  change in the e lec t ronic  absorpt ion and f luoresceuce  spec t r a  as compared  with the i r  analogs 
- polycycl ic  a romat i c  hydroca rbons .  These  changes become s h a r p e r  as the length of the chain of condensed 
benzene r ings  in the molecule  d e c r e a s e s ,  since in this case  the re la t ive  spacing of the n~ * and ~ * levels  
apparent ly  changes [16] .  

EXPERIMENTAL 

The absorpt ion s p e c t r a  we re  m e a s u r e d  with a Unicam SP-700 spec t ropho tomete r ,  and the f l u o r e s -  
cence spec t r a  we re  m e a s u r e d  with an appara tus  p r epa red  in the l abora to ry  and a s sembled  f rom a m i r r o r -  
diffract ion monoehromato r  with automat ic  record ing .  The f luorescence  was exci ted by means  of the r a d i a -  
tion of a m e r c u r y  lamp,  f rom the luminous flux of which the lines at 365 and 313 nm were  isola ted.  The 
appara tus  was ca l ib ra ted  in re la t ive  energy  units by means  of a s tandard  l amp.  The f luorescence  quantum 
yield was de te rmined  without r e m o v a l  of oxygen by the method in [17]. Dioxane, toluene, and, in individual 
c a s e s ,  cyctohexane and heptane were  used as the solvent .  The solution concentra t ions  were  ~10-~-10 -5 M 
and ~10 -6 M. Reabsorpt ion  was taken into account in invest igat ing the f luorescence  spec t r a .  The methods 
used  to obtain the invest igated compounds and the i r  physical  constants  a re  p resen te  d in [1-4]. 
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