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Abstract - WP [LCI-SCF-MOI calculat ions were used t o  study the 

models of benzo thiophene (11, 2-phenylbenzo&l thiophene (21, 

3-phenylbenzo[~]thio~hene (3-1, 2-a-naphthylbenzo[bthiophene (&I, - 
and 3-a-naphthylbenro[dJthiophene (5) .  The results of the calcu- 

l a t i o n s  were used t o  i n te rp re t  the e lect ron ic  absorption and 

fluorescence spectra o f  these compounds, t o  discuss t h e i r  ground- 

and excited-state geometry, and t o  provide support for the 

existence o f  an intramolecular charge transfer state i n  5 ,  wi th  a 
P, 

geometry d i f f e ren t  from that  of the ground state. 

INTRODUCTION 

Within the framework of our systematic studies o f  photoreactions o f  benro[dJfurans, benzo[d- 

thiophenes, and t h e i r  derivatives, we have invest igated the i r  photoaddition, photodimerization, 

and photocycl izat ion react ions i n  the presence of  a l i pha t i c  arnine~.'-~ Recently, we have studied 

the photochemical behavior o f  four a r y l  der ivat ives o f  benzo[dthiophene (11, &, 
N 

2-phenylbenzo[d thiophene (z), 3-phenylbenzo [h] thiophene (21, 2-a-naphthylbenzo[dJ thiophene (4-1, 

and 3-a-naphthylbenzo[$thiophene ( ~ ) . ' "  Photophysical interact ions between the arylbenzo[& 

thiophenes 2-5 and t e r t i a r y  amines have been found t o  lead to the formation of exciplexes i n  

solvents o f  low d i e l e c t r i c  constant.' Among these four substrates, 3-a-naphthylbenzo[dJthiophene 

(5) exh ib i ts  a ra ther  unusual photochemical behavior. I n  contrast t o  ?-2, i t  i s  the only com- 

pound which gives photoaddition wi th  primary a l i pha t i c  amines leading t o  the photoproduct 6 which 

5 Presented, i n  part ,  a t  the 37th Southwest Regional Meeting o f  the American Chemical Society, 

San Antonio, Texas, December 9-11, 1981. 



4, Geometry 1 4, Geometry I 1  
,- ,- 

5, Geometry I ,- 5 ,  Geometry I 1  
,- 

then undergoes further photocyclization with the formation of the final product 17 (Scheme l)."' 

Scheme 1 

The results obtained in a study of the fluorescent exciolexes of these substrates with tertiary 

aliphatic mines also indicate that cmpound 2 behaves differently and that it should Wssess a 
substantially increased dipole moment in its first excited singlet state.$ This difference in 

the behavior of 2 was explained on the basis of the existence of an intramolecular charge 
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t ransfer  (ICT) s t a t e  inferred for t h i s  compo~nd.~ I n  other recently studied aromatic systems, 

twisted in ternal  charge t ransfer  (TICTI s t a t e s  have been ~ o s t u l a t e d . ' ~ " '  The increase of the 

dipole moment i n  the  excited s t a t e  of 2 would be caused by an intramolecular charge t ransfer  bet- 

ween the  benzo[$thienyl and the a-naphthyl portions of the mlecu le  and re la ted to  a change of 

t h e  twist angle between them. In the present paper we wish to  report the FF? calcula t ions  on 

these systems and a comparison of the theory with t h e  experimental e lect ronic  spectra l  data for 

1-5. Furthermore, it w i l l  be shown that  the  r e su l t s  obtained i n  t h i s  study provide additional " - 
supporting evidence for the  existence of an ICT s t a t e  in  3-a-naphthylbenzo[$thiophene (21. 

RESULTS AND DISCUSSION 

Calculations. The WP (LCI-SCF-MOI calculations were carried out i n  the  usual manner using s e t s  

of parameters for carbon and sulfur  employed i n  our previous work" (Table 1 ) .  The r e s u l t s  of 

t h e  calculations include the  t r ans i t ion  energies,  osci l la tor  strengths,  d i rect ions  of the  tran- 

s i t i o n  moments, and the  predominant configurations involved i n  a par t icular  t r ans i t ion ,  both for 

the  s ingle t  and t r i p l e t  excited states." 

Two dif ferent  conformations were used i n  the  calculations of the naphthyl derivatives $and  5 and 

they a re  indicated i n  the i r  respective formulas as Geometry I and Geometry 11. Because of dif-  

ferent  s t e r i c  hindrances i n  canpounds 2-2, t he i r  equilibrium molecular geometries i n  the  ground 

s t a t e  and i n  the  f i r s t  excited s ingle t  s t a t e  can be expected t o  be different .  The twist angle .9 

( tors ional  angle) which is the angle of in ternal  rotation about the ~(benzo[$thienyl)-C-(aryl)  

bond i n  the molecule (which is formally represented as a single bond i n  the Kekul6 s t ructures)  

can be included in  the calculation using a previously published formula (see Experimental).""* 

The best equilibrium geometries for  the  ground and excited s t a t e s  can then be determined by com- 

parison of a s e r i e s  of calculations carr ied out for various angles 8 with the  e lect ronic  spectra l  

data. 

Tabla 1. Parameters Used i n  PPP Calculations ( in  avIa 

Atom, u I A u u Yllll z" Bc-,, 

C 11.22 0.69 10.53 1 -2.318 

S 20.27 10.47 9.80 2 -1.623 

a 
For explanation of the symbols, see the text  (Experimental, Calculations). 

I t  i s  interes t ing t o  note tha t ,  according t o  the  calculations, the contributions from the  1,-1 

and 2,-1 t r ans i t ions  are  reversed i n  the case of benzo[dthiophene (;I, i.e., the predominant 



configuration i n  the f i r s t  t r a n s i t i o n  i s  2,-1. Another i n te res t i ng  resu l t  i s  that ,  f o r  some 

geometries, the second t r a n s i t i o n  i n  2-a-naphthylbenzo[blthiophene (5) and i n  3-a-naphthyl- 

benzo[$thiophene (5) i s  a forbidden t rans i t ion.  

I n  3-a-naphthylbenzo[dJthiophene (?), the wave funct ion o f  the f i r s t  exci ted s ing le t  s ta te  assu- 

mes an almost nonbonding character on the carbon atoms 2-3 ( in the henzouhlthiophene po r t i on  o f  

the molecule) on which the addi t ion i n  the photochemical react ion takes place, whereas the same 

bond re ta ins  i t s  bonding character i n  2-a-naphthylbenzo[$thiophene (4).'"his, o f  course, can 

be relevant t o  the d i f f e ren t  chemistry o f  compound 2 i n  i t s  f i r s t  exc i ted s ing le t  s ta te  as com- 

pared t o  compound 2. 
Spectra. The f i r s t  experimental absorption and m i s s i o n  (fluorescence1 bands of the f i ve  com- 

pounds under study (;-2) i n  hexane and the corresponding calculated pos i t ions of the 0-0 bands 

are presented i n  Table 2. Also, as an example, the absorption and fluorescence spectra o f  

3-a-naphthylbenro[dJthiophene (2)  are shown i n  Fig. 1 along wi th  the calculated t rans i t i ons  and 

the i r  in tens i t ies .  

When comparing the spectra wi th  the calculated t r a n s i t i o n  energies, i t  i s  important t o  remember 

that the l a t t e r  correspond t o  v e r t i c a l  t rans i t ions.  I t  can be seen that  the e lect ron ic  absorp- 

t i o n  spectrum of  3-phenylbenzo[$thiophene ( 2 )  resembles tha t  of the unsubstituted benro[$ 

thiophene (A) i t se l f . ' '  This i s  due t o  the s t e r i c  i n te rac t i on  between the g-hydrogens o f  the 

phenyl group and the H-4 i n  the benzouthiophene m i e t y  which prevents complete conjugation 

of the phenyl group w i th  the res t  o f  the even if 2 i s  essent ia l ly  planar. A simi- 

l a r  s i t ua t i on  i s  observed wi th  3-rr-naphthylbenro[$thiophene ( 5 ) .  On the other hand, such s t e r i c  

effects a re  absent i n  2-phenybenzo[$thiophene (z)  and 2-a-naphthylbenzo[$thiophene (5) and, 

indeed, t h e i r  spectra are considerably d i f ferent  from tha t  of benzo[blthiophene (11."-" 
* 

A camparison of the experimental absorption and fluorescence bands wi th  the c a l c u l a t i w s  car r ied 

out far d i f ferent  tw is t  angles 9 var ied from 0' t o  90' (see Experimental) indicates tha t  both 

phenyl der ivat ives are essent ia l ly  planar [B = 0') or close t o  planar bath i n  the ground and i n  

the f i r s t  exci ted s ing le t  states. On the other hand, i n  the case of 2-a-naphthylbenzo[dthiophene 

(5) the best fit for the ground s ta te  i s  obtained for 9 = 75' and i n  the case of 3-a-naphthyl- 

benzo[dthiophene ( 5 )  f o r  8 = 60'. determined on the basis o f  t h e i r  e lec t ron ic  absorption 

spectra. Both molecules appear t o  be essent ia l ly  planar i n  t h e i r  f i r s t  exc i ted s ing le t  s ta te  (8 

= On), based on a comparison o f  the calculated quant i t ies  w i th  the experimental fluorescence 

spectra. This resu l t  i s  s im i la r  t o  that  obtained for 1-phenylnaphthalene and 2-phenylnaphtha- 

lene, where both molecules were found t o  be nonplanar i n  the ground s ta te  (8 = 50' and 23', 

respec t i ve l~ ) ,  whereas the t w i s t  angle for 1-phenylnaphthalene was smaller i n  the f i r s t  exci ted 
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Table 2. Experimental and Calculated F i r s t  Elec t ronic  Transit ions fo r  the  ~enzo [d th iophenes  2.2 

NO. Compound ~ x p e r i m e n t a l ~  Calculated T b 
Amax, rm ti, Id( log E V ,  kK log f 0 

k Benzo[d thiophene 

5 f$naphthyl$enzo- 
- thiophene 

a b c 
I n  hexane, a t  25'. Fluorescence l i f e t ime ,  ns.' Fluorescence. Absorption spectrum i n  l i g h t  

e f 
petroleum ether, taken from ref.16 e for So and f o r  sl: 0'. e fo r  SO, 75', for S1, 0'; 

9 
geometry I. 8 for So, SO', for S1, 0'; geometry I. 

S ing l e t  s t a t e  (8  = 32') and 2-phenylnaphthalene was prac t ica l ly  planar (8 = lo1.'* Several  

o ther  Papers devoted t o  t h e  exci ted  s t a t e s  of a ry lsubs t i tu ted  aromatics and heteroarornatics, t o  

t h e i r  geometries, and t o  twisted s t a t e s  provide important information a s  well."-2z Depending on 

whether the  twist angle 13 is applied t o  compounds f! and 5 in geometry I o r  11, one could, i n  

p r inc ip l e ,  expect  a var ia t ion  of y . However, it tu rns  out t h a t ,  even when the  same value of  
!J 

yP i s  used, t h e  d i f ferences  between t h e  r e s u l t s  obtained for the  two geometries a r e  very small 

and negl ig ib le  from the  p rac t i ca l  point  of view. 

Generally, t he r e  is a good agreement between the  calculated t r a n s i t i o n s  and the  major bands i n  

t h e  e l ec t ron i c  absorption spect ra  of t h e  compounds under study, a s  well a s  between the  f i r s t  



\ ABSORPTION 

Fig. 1. Electronic absorption and fluorescence spectra of 3-a-naphthylbenzo[dJthiophene ( 5 )  i n  

hexane. Calculated LC1 t r ans i t ion  energies and in tens i t i e s  are  shown a s  f u l l  s t r a igh t  

l i n e s  (broken l ine  in  the  case of fluorescence). The scale  for the  calculated osci l la-  

t o r  strengths is shown on the  right-hand s ide  ( log E & log f + 41. The re l a t ive  inten- 

s i t y  scale  is for the fluorescence spectrum. 

fluorescence band and the  corresponding calculated t r ans i t ion  (Table 2 and Fig. 11. addi t ional  

bands, observed i n  the case of benzo[dthiophene, a re  due t o  tr:e f ine  vibrational s t ructure .  For 

many t ransi t ions ,  a considerable mixing of configurations is predicted, even for those of low 

energy. 

Electronic dis t r ibut ion.  For the  selected geometries of the canpounds under study, changes i n  

the dis t r ibut ion o f  n-electrons i n  the  ground and in  the  f i r s t  excited s ing le t  s t a t e s a r e  sum- 

marized i n  Table 3. I t  can be seen that  in  the  case of 3-a-naphthylbenzo&fthiophene (2)  there  

is a substant ia l  charge t ransfer  fran the  heterocyclic r ing to  the  naphthyl group upon exci ta t ion 

to  the first exci tea  s ing le t  s t a t e .  This charge t ransfer  is l e s s  pronounced i n  compounds 2 and f! 
and is negligible i n  the  case of 2. 
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Table 3. Differences between the Overall n-Electron Densities, Zq, i n  the Benzo[dthienyl and 

Aryl Maieties of Arylbenzo[~thiophenes 2-5 in  Their Ground (Sol and the  F i r s t  Excited 

Singlet (S1l s ta tesa  

a 
Index A r e f e r s  t o  

benzo [d thiophene 
d 
Geometry 11. 

the  aryl  group attached t o  the  benzo[dthiophene ring, index B re fe r s  t o  the 
b c 

moiety. AqB = ZqBS1 - IqBSO; AqA = XqRS1 - EqASO. Geometry I .  

Oipole moments. Table 4 contains the calculated n-dipole moments for compounds A-2 in  the i r  

ground and the  f i r s t  excited s ing le t  s ta tesand the corresponding differences. In the  case of 

3-a-naphthylbenro[~thiophene (5) there is an enormous difference in  ta th  dipole moments (even i f  

one keeps i n  mind that  the  n-dipole moments i n  the PW method are  usually exaggerated), 1.720 0 

(or 1.837 D l  i n  the ground s t a t e  E. 5.412 0 (or 5.437 Dl in the f i r s t  excited s ing le t  s t a t e .  

This c lear ly  indicates  a substant ia l  redis t r ibut ion of n-electrons i n  the excited s t a t e  and a 

change of molecular geometry (Fig. 21. Changes in  dipole moments a re  noticeably l e s s  pronounced 

for the  other compounds ;-2. I t  can be reasonably assumed that the o-contribution t o  the overal l  

dipole moments i s  small. 

Thus, the  r e s u l t s  obtained i n  t h i s  study (changes i n  the distribution of n-electrons, change of 

t h e  n-dipole moment) provide additional supporting evidence for the existence of an ICT s t a t e  i n  

3-a-naphthylbenzo[dthiophene (21, with a geometry different from tha t  of the ground s t a t e .  I t  

is worth mentioning tha t  i n  t h i s  case it is the excited ICT s t a t e  which is Planar or nearly pla- 

nar, whereas the  ground s t a t e  i s  twisted about the ~ ( b e n z o ~ t h i e n y l l - ~ ( a - n a p h t h y l l  bond. I t  is 

jus t  the  opposite of the s i tuat ion found by Grabowski and co-workers" and Okada and co-workers" 

where the excited TICT s t a t e  of the i r  systems is twisted. 



Table 4. n-Dipole Moments o f  ~enzo[dJthiophenes (?-?I, b, i n  Their Ground (So) and the F i r s t  

Excited Singlet (S1) statesa 

5 S 
1 

b 
NO. 0 

cos u s in  a a cos a s i n  a a U" 
"?T "3, 

- 
Twist angles 8 used fo r  So and Sl are the same as i n  Table 3; u,, are i n  0 (Oebye units).  The 

angle a refers t o  the d i rec t i on  o f  the dipole moment. I t  i s  defined as the angle formed by the 

posi t ive d i rec t ion o f  the axis shown i n  the formula (see the s t ruc tu ra l  formulas) and the direc- 

t i on  of t he  dipole moment read counterclockwise. The angles are rounded o f f  t o  the nearest 
b c d 

f u l l  degree. u = 5 - S o .  Geometry I. Geometry 11. 

Fig. 2. n-Dipole moments o f  3-a-naphthylbenzo[h]thiophene (5) i n  the ground s ta te  (So) and i n  

the  f i r s t  exci ted s ing le t  s ta te  (S1).' The dipole moments are shown for idea l ized 

geometries (planar ground and excite'd states). 

EXPERIMENTAL 

Compounds.. Benzouthiophene (1) was obtained from Fluka, Buchs, Switzerland, and from 

Aldrich-Europe, Beerse, Belgium. The four a r y l b e n z o ~ t h i o p h e n e s  (2-5) were synthesized. The 

synthesis of 2-phenyl-benzo[dthiophene ($1, 2-a-naphthylbenzouthiophene ($1, and 

3-a-naphthylbenzo[h]thiophene (5 )  has been reported i n  one o f  our previous publications,' as we l l  

as the synthesis o f  3-phenylbenzo[~thiophene (21.' 

Spectra. The e lect ron ic  absorption spectra o f  the compounds under study were measured i n  

hexane [Merck, "For Fluorescence Spectroscopy" or 'uvasol") on a Jobin Yvon 201 spectrophoto- 
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meter. The fluorescence spectra were recorded a t  room temperature i n  the same solvent using a 

FICA 55000 spectrofluorometer corrected both for exc i ta t ion  and emission measurements. The 

method o f  the  determination o f  fluorescence l i fe t imes,  To, has been described previously. '  

Calculat ions.  The usual version o f  the PPP (LCI-SCF-MOI method was used.'"'* I n te rac t i ons  bet- 

ween monoexcited conf igurat ions formed by promotion of one e lec t ron from one of the highest 

occupied MI'S t o  one o f  the four lowest unoccupied MO'S were considered. The systems studied 

were assumed t o  be planar and t o  have i dea l i zed  geometry. A l l  C-C and C-S bond lengths were 

assigned t o  be 1.40 A and the r i ngs  were assumed t o  be regular hexagons and p e n t a g ~ n s . " ~ ' ~  SCF 

MO'S served as the basis for CI ca lcu la t ions .  Only resonance i n t e g r a l s  between nearest neighbors 

were considered. The parameters used i n  the ca lcu la t ions  are sumar ized i n  Table 1." 

I n  Table 1, I and A are the i on i za t i on  po ten t i a l  and electron a f f i n i t y  o f  atom u i n  the atomic 
v v 

valence state,  respect ively.  The monocentric e lec t ron ic  repuls ion i n teg ra l s  and the core 

i n t e g r a l s  between nearest neighbors are designated as y and respect ively,  and Z i s  the 
vu v 

core charge a t  atom v. The b i c e n t r i c  e lec t ron ic  repuls ion In teg ra l s  , yuv, have been calculated 

using the Mataga-Nishimoto formula," 
14.399 ey 

y ~ v '  r + 1.328 
Vli 

where r (&!I i s  the distance between atoms u and u." 
vv 

Structures Twisted about the Heteroarvl-Arvl  Bond. I n  the case o f  the s t ruc tures  tw is ted about 

the s i ng le  ~ ( b e n z o [ d t h i e n y l l - ~ ( a r y l l  bond, standard bond lengths and bond angles were employed, 

w i t h  the t w i s t  angle 0 (angle o f  i n t e r n a l  r o ta t i on )  varied from 0' t o  90'. The ca lcu la t ions  were 
I 

ca r r i ed  out for seven d i f f e r e n t  angles, 8 = 0°, 15'. 30°, 45', 60°, 75', and 90'. The dependence 

of the resonance i n t e g r a l  f o r  the respect ive C-C bond, B upon the t w i s t  angle B i s  given by 
W' 

equation:'"" 
B,(e) = Bvy(Ol C05 0 
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