
PHOTOCHROMIC AND THERMOCHROMIC SPIRANS 

V.* A THEORETICAL STUDY OF THE ELECTRONIC STRUCTURE 

AND SPECTRAL PROPERTIES OF THE PHOTO-COLORED FORMS 

OF INDOLINE SP]IIOPYRANS, SPIRODIPYRANS, AND SPIROTHIOPYRANOPYRANS 

B. Ya. Simkin, V. I. Minkin, UDC 541.651'67:547.751'816.818 
and L. E. Nivorozhkin 

By means  of the SCF MO LCAO method in  the ~-e lec t ron ic  approximat ion  (PPP). the e lec -  
t ronic  s t r u c t u r e s  and spec t r a l  c h a r a c t e r i s t i c s  of indoline sp i ropyrans ,  sp i rod ipyrans ,  and 
sp i ro th iopyranopyrans  have been calculated.  The calcula ted spec t r a l  c h a r a c t e r i s t i c s  of the 
pho to -co lo red  f o r m s  of the sp i ropyrans  ag ree  bes t  with the exper imenta l  r e su l t s  when a 
geome t r i c  configurat ion cor responding  to a b ipo la r  s t ruc tu re  is taken.  The dif fuseness  of 
the long-wave absorp t ion  band is not connected with a d i f ference  in the spec t r a l  cha r ac -  
t e r i s t i c s  of the s t e r e o i s o m e r s .  I t  has  been  shown that  the long-wave e lec t ronic  t rans i t ion  
is local ized in the a l lyl idenecyclohexadienone f r agmen t  of the molecule .  An explanation of 
the m e c h a n i s m  of the opening up of the sp i ro th iopyranopyrans  at the C - O  bond is given. 
The ex is tence  of sp i ro th iopyranopyrans  in which the th iopyran f ragment  mus t  be opened is 
pred ic ted .  

Compounds of the sp i ropyran  s e r i e s  f o r m  one of the mos t  impor tan t  c l a s s e s  of organic  pho toehromes  
[2-4]. The nature  of the photochromic  p r o p e r t i e s  of the sp i ropyrans  is de te rmined  by valence  i s o m e r i z a -  
t ion init iated by i r r ad ia t ion  in the absorp t ion  band of the sp i r an  f o r m  A. 

A BI B2 

z - heterene residue, R- substkuents, arene nuclei 

A la rge  number  of publicat ions have been devoted to exper imenta l  invest igat ions of the spee t r a l  p r o p e r -  
t i e s  and pho toeh rom i s m  of the sp i r ans  (see the rev iews  [2-6]), but a t t empts  to study the e lec t ronie  s t r u e -  
t a r e s  and s p e c t r a  of compounds A and B with the aid of the methods  of quantum c h e m i s t r y  have not been  
made.  Never the less .  cons ider ing  the cons iderab le  diff icult ies  that  a r e  not infrequently encountered in the 
s tudy of the spec t r a l  p r o p e r t i e s  of the unstable  photo-co lored  f o r m s  B. the f requent  neces s i t y  for  an ex-  
t r e m e l y  complex synthes is  p reced ing  the invest igat ion of the p r o p e r t i e s  mentioned, the value of which does 
not a lways just i fy  the e f for t s  involved, and a lso  cons ider ing  the fa i r ly  high accu racy  achieved in the mos t  
improved  s e m i - e m p i r i c a l  methods of calculat ing spec t r a l  p rope r t i e s ,  the p rob l em of a theore t ica l  de sc r i p -  
t ion and pred ic t ion  of e lec t ron ic  s t r u c t u r e s  and s p e c t r a  of the py rans  mus t  be  cons idered  as  v e r y  urgent .  

In the p r e s e n t  paper ,  with the aid of the SCF MO method in the P a r i s e r - P a r r - P o p l e  (PPP) method, 
we inves t iga te  the e lec t ronic  s t r u c t u r e s  of the ground and the singlet  and t r ip le t  excited s ta tes ,  and also 
the s p e c t r a  of the open f o r m s  (I-V) of a s e r i e s  of py rans .  

* Fo r  Communica t ion  IV. see  [1]. 
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The calculat ions were  p e r f o r m e d  by the Plop method taking configurat ional  in te rac t ion  (CI) into ac-  
count. In the construct ion of the CI mat r ix ,  the 20 s ing ly-exc i ted  configurat ions c loses t  to the ground s ta te  
were  considered.  An i n c r e a s e  in the number  of configurat ions cons idered  has  p rac t i ca l ly  no effect  on the 
energ ies  of the s pec t r a l  t r ans i t ions  and the i r  in tens i t ies .  Two-e lec t ron ic  Coulomb in tegra l s  were  calcu-  
la ted  by the method of Mataga and NisMmoto [7]. The r e sonance  in tegra l s  #pv were  calcula ted as functions 
of the in te ra tomic  d is tance  r .., f r o m  the fo rmulas  of All inger  and Mil ler  [8]. The energ ies  of t rans i t ion  ~v 
into t r ip le t  s t a tes  were  calculated with the use  of the specia l  p a r a m e t r i z a t i o n  p roposed  by Zahradnik et al. 
[9]. The osc i l l a to r  force  calculated by a well-known fo rmula  [10] was then halved, following Ba i l ey ' s  p r e -  
sc r ip t ions  [11]. The technique of the calculat ions has been given in m o r e  detail  e l sewhere  [12, 13]. 

The calculat ions of the spec t r a l  c h a r a c t e r i s t i c s  of a,  ~-  subst i tuted polyenes  has shown that  they de- 
pend substant ia l ly  on the sequence of a l te rnat ion  of o rd ina ry  and double bonds, and a lso  on the a l ternat ion 
value [14]. In the case  of the sp i ropyrans ,  a s i m i l a r  p r o b l e m  a r i s e s .  Qualitatively,  the s t ruc tu re  of the 
open f o r m  of a sp i ropyran  can be given by two s t ruc tu res :  a quinoid (B1) and a b ipo la r  (B2) form,  in which 
di f ferent  polyenic configurat ions (different mo lecu l a r  geomet r i e s )  exist:  for  example,  for  (IIt): 

II! B t 111 B~ ii1 C 

In addition, the comple te  equivalence of the lengths of the bonds of the four--carbon chain connecting the two 
nuclei  (s t ructure  IIIC) m a y  be assumed .  

We p e r f o r m e d  the calcula t ions  with a cons idera t ion  of the g e o m e t r i e s  or  all the poss ib le  s t r u c t u r e s  
(B1, B2, and C) of compounds {I) (X = O) and (III) (X = Y ~ O). The r e su l t s  of calculat ions fo r  (III) a r e  given 
in Table 1 together  with the exper imenta l  values .  The length of an o rd inary  bond was taken as 1.43 ~ and 
that  of a double bond as 1.37 .~. In calculat ing the s t r u c t u r e  of (IIIC), the lengths of the bonds of the four-  
ca rbon  chain were  taken as 1.40/~. The other  g e o m e t r i c  p a r a m e t e r s  were  s i m i l a r  to those used  in p r e -  
vious work  [12. 13]. 

The  f igures  of Table  1 show that the spec t r a l  c h a r a c t e r i s t i c s  of the b ipolar  s t ruc tu re  (IIIB2) p r ac t i -  
ca l ly  coincide with the exper imenta l  f igures .  The r e su l t s  of calculat ions for  compound (I) (X = O) a r e  s i -  
m i l a r  to those given. This  r e su l t  conf i rms  the conclusion [15] of the p redominan t  contr ibution of the b ipolar  
s t r u c t u r e  in the open f o r m s  of the sp i ropyrans .  

The Indoline Spi ropyrans  (I and II). The complex s t ruc tu re  of the long-wave absorpt ion band of the 
colored f o r m s  of the indoline sp i ropyrans  is genera l ly  connected with the exis tence  of four  s t e r e o i s o m e r s  
the equi l ibr ium between which depends on the t e m p e r a t u r e  and the solvent  [15-17]. All these  i s o m e r s  
(Ia-Id) p o s s e s s  the t r ans  configurat ion re la t ive  to the cen t ra l  bond. Ster ic  f ac to r s  for  them a re  approxi -  
m a t e l y  the same,  and t he re fo re  the s tabi l i t ies  of the i s o m e r s  a r e  connected with the d is tances  between the 
N and O a toms [18-20]. The s table  i s o m e r  (Ic) mus t  have the sho r t e s t -wave  absorpt ion  [15, 21]. 

O . + N / ~  O- 

I I 
Ja Ib  .Ic |d  
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TABLE 1. Spect ra l  C h a r a c t e r i s t i c s  of Various  S t ruc tures  of Com-  
pound (III) (X = Y = O) 

ture Struc- ] Hm, I[[B= ] 

AE, eV* 2,83 [ 3,76 =j 4,21 
i 0,051 0,04 f i .  0,64 ] , 

1,93 2,78l 3,32!2,33 i 
0,71 ~ 0,18 'b 0,06 0,76 i 

IIIC 

3,21 3,82 
0,04 0,04 

* The calcula ted  f igures  a r e  given. The exper imenta l  f igures  a re :  
1.93 and 2.85 eV in i sopentane-- isopropanol  (7 : 2). 

TABLE 2. Spect ra l  C h a r a c t e r i s t i c s  of Compounds (I-V) 

Charac- la lb ] Ic 
teristics 

( calc, ev 

Eexp, eV 

~a!~ , ev 
Eex p, eV 

~ calc, eV 
F-ex p, ev 

2,18 3,22 3,82 12,22 3,25 3.85 i2,24 3,23 3,87 
0,42 0,20 0,02 0,51 0,2l 0,04 0,50 0,20 0,03 

,2 11 3,10 a 
I (X=O) �9 II (X=S) ',Ill (X=Y=O) 

l 

2,413,08 3,59 1,95 2,67 3,02 11,98 2,78 3,32 
0,560,080,16 0,32 0,01 0,36 0,71 0,180,06 
2,22 3,10 3,49g 1,93 2,85 e 

IV(Y=S,x.o) i IV (Y=O. : V (X=Y=O) 
- X=S) 

2,13 2,76 3,25 } 1,74 2,69 3,08 ! 1,88 2,68 3,03 
0,80 0 05 0 03 0,46 0,07 0 I0 0,74 0,18 0,09 
2,18g t I 

Id i ]e I (X--S) 

221324 " 3,83 233374462 1,742,813,18 
01440120 i ' ' ' 0,04 10 07,0 19 0 02 0,24 0,02 0,36 

t ' b '  [2,26 :1,66 2,80 c 
I iii (x=o, i IH (Y=o, i zv (x=Y=O) 
I Y=S) ] X=S) ]2,10 
]2 02 2 70 3,00 !1,632,723,13 2,84 3,34 
,0,76 0,10 0,08 i0,46 0,15 0.40 i2,17f0'75 0,06 0,10 

V (Y=S, X=O) V (Y=O, X=S) i 

~,1,92 2,57 2,98 1,53 2,67 3,01 I } 
0,83 0,08 0,02 0,48 0,17 0,14 1 

L 

aIn a m i x t u r e  of methylcyc lohexane  and 2-methylpentane  (2 : 1) [23]. 
bin benzene [15]. cin 3-methylpentane  [28]. din mix tu re  of ethanol 
and toluene (1 : 1) [24]. ein a mix tu re  of isopentane and p r o p a n - 2 - o -  
(7 : 2). fin a mix tu re  of  ethanol  and methanol  [25]. gin i sopeniane.  
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Diagram of the energy leve ls  of the 
sp i ro th iopyranopyran  (V-I): A t and A 2 . the 
2H-th iopyran  and 2H-pyran  moie t i es  of the 
molecu le  of (VI), r espec t ive ly :  B - the 
opened py ran  f r agmen t  of the molecule .  

It  is a s sumed  [15, 18] that  when the C - O  bond is 
c leaved the colored molecule  is conver ted  into an unstable 
f o r m  which is mos t  p robably  the nonplanar  cis i s o m e r  (Ie) 
with a nuc lea r  configurat ion c lose  to the sp i ran  s t ruc tu re .  
The absorpt ion  of the i s o m e r  {Ie) mus t  be at sho r t e r  wave-  
lengths than that of (Ia-Id). 

To conf i rm this  hypothesis ,  we have made calculat ions 
of the i s o m e r s  (Ia-Ie) (Table 2). The calcula ted spec t r a l  
c h a r a c t e r i s t i c s  of the i s o m e r s  (Ia-Id) s c a r c e l y  di f fered f r o m  
another  and agreed  well  with the exper imen ta l  f igures .  Of 
the four  i s o m e r s .  (Ic) actual ly  has the sho r t e s t -wave  absorp -  
tion, but the difference,  of 0.04 eV, is not significant .  The 
p r e s e n c e  of a b road  absorpt ion band for  the open fo rms  of 
the sp i ropyrans  is poss ib ly  connected with f ea tu res  of the 
appea rance  of a v ibra t iona l  s t ruc tu re  or  with i n t e rmolecu la r  
in terac t ions .  The long-wave m a x i m u m  of the nonplanar  cis 
i s o m e r  (Ie), re ta in ing the g e o m e t r y  of the spiran,  is shifted 
hypsochromica l ly  re la t ive  to the t r ans  i s o m e r s ,  which is in 
ha rmony  with the r e su l t s  of exper iment  [15]. 

In a p reced ing  communica t ion  [1], we showed that  the fusion of a benzene nucleus at posi t ions  5, 6, of 
c h r o m e n e  or  th iochromene  leads  to a hypsochromic  shif t  of the long-wave absorp t ion  band of the open fo rms .  
This r e su l t  a l so  p r o v e s  to be  c o r r e c t  for  the sp i ropyrans ,  as can be es tabl i shed by compar ing  the long-wave 
m a x i m a  of compounds {I) and (II) (Table 2). The s a m e  change in the s p e c t r u m  is obse rved  exper imenta l ly  [22]. 

Spi rodipyrans  and Spi ro th iopyranopyrans .  Fo r  the open f o r m s  of the sp i rod ipyrans  and spi rothio-  
py ranopyrans ,  just  as for  the indoline sp i ropyrans ,  four  t r ans  i s o m e r s  a r e  poss ib le .  The calculated ene r -  
gies  of the long-wave  t rans i t ions  of all  the t r ans  i s o m e r s  p r ac t i c a l l y  coincide (difference of not m o r e  than 
0.05 eV), and t he re fo re  we give the calculat ion of only one of them. The energ ies  of the s ing l e t - s ing l e t  
t r ans i t ions  a r e  in s a t i s f a c t o r y  a g r e e m e n t  with exper iment ,  as can be seen  f r o m  Table  2. The r ep l acemen t  

69 



TABLE 3. Calculated Energies  of Singlet- .Triplet  
Trans i t ions  (S0-T 0 of Compounds {I-V) 

Compound aE, eV 

I 0,40 
X = 0 2,34 

3,17 

I 0,21 
X=S  2,13 

2,79 

I I 0,54 
X = O  2,40 

3,07 

III 1,08 
X = Y = O  1,93 

2,84 

Compound AE, e.V 

III 0,35 
Y~O, X=S  2,12 

2,35 

III 0,97 
Y=S,  X=O 2,05 

3,00 

IV 1,21 
X = Y = O  2,00 

2,76 

V 0,99 
X = Y = O  1,98 

2,89 

of oxygen by sulfur in the benzo- and naphthopyran 
nucleus has p rac t ica l ly  no effect  on the spec t ra l  char -  
ac te r i s t i c s  of the open fo rms .  At the same time, an 
analogous substitution in the al lyl idenecyclohexa-  
dienone pa r t  s t rongly shifts the long-wave maximum 
bathochromical ly ,  by approximate ly  120-130 nm (0.35 
eV). Benzo-fusion in posit ion 3,4 of the al lyl idene- 
cyclohexadienone nucleus (compound (IV) leads to a 
hypsochromic  shift of the long-wave maximum, while 
benzo-fus ion in posi t ion 5,6 of the 2H-chromene (thio- 
chromene)  nucleus [compound (V)] shifts the long-wave 
t rans i t ion  ba thochromica I ly .  These  facts can be used 
to es tabl ish the method of opening up of unsymmet r ica l  
spi rodipyrans  and spi ro thiopyranopyrans .  

In the spirothiopyrans that we have studied [26], on photoexcitat ion only the pyran  and not the thio-  
pyran  r ing opens. This r e su l t  can be explained by making use of the diagram of molecular  levels  that we 
calculated on the basis of the mechanism proposed  by Bercovic  and others  [22, 23. 27]. The d iagram of 
leve ls  (Fig. 1) was constructed on the basis  of the f igures  of Tables 2 and 5 of the preceding pape r  [1]. In 
view of the absence of appreciable  spiroconjugation effects  between the spi ro- l inked nuclei [29], the dia- 
g ram of levels  of the sp i ro th iapyranopyran  WI) can be constructed additively f rom resu l t s  for  the energy 
level  of 2H-chromene  and 2H-thiochromene (VII, X = O, S). 

VI VII X = O,S 

The f i r s t  t r ip le t  s tate  of the closed fo rm of th iochromene is 0.15 eV higher  than the t r ip le t  state of 
ch romene  (see Table  5 of the preced ing  paper  [1]). In view of this. the rapid internal  convers ion into the 
t r ip l e t  s ta te  of ehromene  will be prevented  by the population of the t r ip le t  level  of the th iochromene.  Con- 
sequently, only the t r ip le t  level  of the chromene  is populated, which leads to the opening of the sp i ropyran  
at the C - O  bond. For  the spi ro thiopyranopyran to  open at the C-S  bond, the f i r s t  t r ip le t  state of the thio- 
pyran  moie ty  of the molecule  must  be lower  than the t r ip le t  s tate  of the pyran  moiety .  Making use of the 
f igures  of Table 5 of the preceding paper  [1] it is possible  to p red ic t  some spi rothiopyranopyrans  (VIII. IX) 
in which the thiopyran f ragment  should open. 

V d l  R H C H lg 

Nature of the Long-Wave Absorption.  The ~-e lec t ronic  charges  and bond o rde r s  of the four -ca rbon  
chain in the ground (So) and f i r s t  excited singlet  (S~) s ta tes  of the indoline sp i ropyran  (I, X = 0),  the sp i ro-  
d ipyran {iII. X = Y = 0).  and the spi ro th iopyranopyran (IIt, X = 0, Y = S) a re  shown in the molecu la r  
d iagrams.  

OtO'~ - 0 , 0 o ~  .Or054 

0,02o ~ ' ~  -0,009 0,,18 
o,o,r[ J-o,~, o,,32 o ~ ~ 1 7 6  ? ~176 

-"0)073 0,d77 _ 0t033 
-o,oo= o,3~ / 

0 
o,s~ yg : 10,53 O 

So 
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I -0~007 0)064 
0t015 - 0~047 

0~0o7 ~ - o ,  o2o ~ o , o 2 ~  )-o, o13 
- o ~ ~  ' o . , 1 7 2 ~ . /  ,/ o,o,o 

-0~014 0~317 0 e ~ -o,~35 P : o,gg O 

51 

0T047 -0f012 

0 ~ 0 1 ~ - 0 , 1 2 4  0~012 -0~036 

_o,oo,/ \-'--L/~176176 ,31 / C A  

)2~ -0~036 " ~ '~ '7  --0,023 

0 

S O 

-o,466 .~g : 6 , 8 6  O 

. O~OZ5 OrOO8 

-- 0~016 ~ - - 0 t 0 3 1  0 024 ' ~..~0,004 ~ "  -- 0,025 0,036 

o,oo, ( ~-~-_0 -%1 o,57,~ / " - k  \ /0,035 ~,- {0,043 ) -0t015 
~_._J " 0,258 -%044 X / 

0f022 0p054 . Op1~-"-~ 0,003 

0 .~ : 4?63 
--%408 

Sl 

%026 -0,008 

0~006 ~ - 0 t 0 2 2  

o,5,o~176176176176176 
Of O09 OtO01 0,207 0g023 

0 
50 - 0,33~ 

,~g : 3~34 D 

%008 0,023 

0~,0 06 / F ' ~ - O , O  15 Or030 
0,006 /-"~,ulu ~ - 0,009 0,021 

( _kC=.2 %\ O,582 / " - - k  
:o,o,o <o, o0, >_o,oo  

0,,021 0~001 0),186 ~ 0  0,003 

0 
51 -%334 .,Ue = 4~18 O 

F r o m  a compar i son  of the cha rges  and a considera t ion  of the f o r m  of the mos t  impor tan t  MOs of the 
ground and exci ted s ta tes ,  it m a y  be concluded that the e lec t ronic  t rans i t ion  is local ized in the a l lyl idene-  
cyclohexadienone component  of the molecule  of the sp i ropyran .  It  becomes  unders tandable  why the r ep l ace -  
ment  of oxygen by sul fur  in the benzo-  and naphthopyran nuclei  has p rac t i ca l ly  no effect  on the spec t r a l  
p r o p e r t i e s  of the open f o r m s  of the sp i ropyrans  [26]. The s i m i l a r  reac t ion  to the benzo-fus ion  of the long- 
wave absorpt ion  band of the s p i r o p y r a n  and of the ch romene  cor responding  to it  is a lso  understandable .  It 
follows f r o m  the r e su l t s  p r e s e n t e d  that  s t ruc tu ra l  modif icat ions  having the a im of substant ia l ly  changing 
the s p e c t r a l  p r o p e r t i e s  of the sp i ropy rans  mus t  affect  the al lyl ideneeyclohexadienone pa r t  of the molecule .  

A cons idera t ion  of the o r d e r s  of the ~ bonds of the f o u r - c a r b o n  chain shows a b ipo la r  s t r u c t u r e  (B2) 
of the ground s ta te  of the sp i ropyrans ,  while the charge  dis t r ibut ion does not co r r e spond  to complete  
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polarization. For the indoline spiropyran in the f i rs t  excited state, the dipole moment decreases by almost 
10 D, which leads to a hypsoehromie shift of the corresponding absorption band on passing to polar solvents 
[15]. The dipole moments of the spiropyran and of the spirothiopyranopyran scarcely change on passing to 
the excited state. This explains the absence of solvatoehromy that is actually observed. 

The energies of thes ingle t - t r ip le t  transitions of some. spiropyrarm are given in Table 3. The first  
triplet state of the open forms of the spiropyrans (I. X = O S, and III, X = S, Y = O) is located very close to 
the ground state, which must hinder its observation. The absence of experimental results on the position 
of the triplet levels of the open forms of the spiropyrans does not yet enable the correctness of the calcu- 
lations to be checked. 

LITERATURE CITED 

I. V. L MiD_kin. B. Ya. Simkin, L. E. Nivorozhkin. and B. S. Luk'yanov, Kbim. Geterotsikl. Soedin.. 67 
(1974). 

2. J. Koszar, Light Sensitive Systems, Wiley, (1965)o 
3. R. Exelby and R. Grinter, Chem. Roy., 6__55. 247 (1965). 
4. M.V. Savost'yanova, Trudy GOI. 3_66, No. 165, 70 (1969). 
5. J. Calvert and J. l>itts, Photochemistry. Wiley (1966). 
6. A.N. Terenin. The Photonies of Dye Molecules [in Russian], Nauka, Leningrad (1967). 
7. N. Mataga and K. Nishimoto, Z. Phys. Chem., I__33, 140 (1957). 
8. N . L .  Allinger and M. A. Miller. J.  Amer. Chem. Soc.. 8_~6. Z811 (~964). 
9. R. Zahradnik, L Tesarova, and J. Pancir, Collection Czech. Chem. Commun., 3__66, 2867 (1971). 

10. R.S .  Mulliken and C. A. Rieke, Rep. Prog. Phys., 8, 231 (1941). 
11. M . L .  Bailey, Theor. Chim. Acta, 2_66, 87 (1972). 
12. V.I .  Minkin. L. P. Olekhnovich, and B. Ya. Simkin, Zh. Organ. Khim., 8, 2364 (1971). 
13. V . I .  Minkin, B. Ya. (Ja.) Simkin, and L. P. Olekhnovich (Olechnovich), Int. J .  Sulf. Chem., 3A_A, No. 

3 (1973)o 

14. L .A.  Yanovskaya (Janovskaya), Vo Io Kucherov. B. Ya~ Simkin, V. L Minkin, e ta l . ,  Tetrahedron, 29, 
2O53 (1973). 

15. J . B .  Flannery, J. Amer. Chem. Soc., 9._00, 5660 (1968). 
16. G.I .  Lashkov and A. V. Shablya, Opt. i Spektroskopiya, 1_99, 821 (1965). 
17. Y. Hirshberg and E. Fischer, J. Chem. Soc., 297, 3129 (1954). 
18. R. Heiligman-Rim, Y. Hirschberg, and E. Fischer, J. Phys. Chem., 66, 2465, 2470 (1962). 
19. G.I .  Lashkov, M. V. Savost'yanova, A. V. Shablya, and T. A. Shakhverdov, in: Molecular Photonics 

[in Russian]. Nauka, Leningrad (1970). 
20. O. Shaude. Cahiers de Physique. 8. NN50-52 (1954). 
21. T .A.  Shakhverdov, Izv. Akad. Nauk SSSR, Ser. Fiz., 32. 1564 (1968). 
22. T. Bereovici, R. Heiligman-Rim, and E. Fischer. Mol. Photochem., 1, 23 (1969). 
23. T. Bercovici and E. Fischer, J. Amer. Chem. Soc., 86. 5687 (1964). 
24. Y. Hirshberg, J .  Amer. Chem, Soc.. 7_88, 2304 (1956). 
25. R. Heiligman-Rim, Y. Hirshberg, and E. Fischer, J. Chem. Soc., 156 (1961). 
Z6. V. L Minkin. N. E. Shelepin, L. E. Nivorozhkin, and N. S. Voloshin, Int. J. Sulf. Chem. (1973)~ 
ZT. G.I .  Lashkov, V. A. Ermolaev. and A. V. Shablya, Opt. i Spektroskopiya. 2_~1, 546 (1966). 
28. R.S. Becker and J. Kole, J. Phys. Chem., 7__22. 997 (1968). 
29. N.W. Tyer and R. S. Becket, J. Amer. Chem. Soe., 92, 1289 (1970). 

72 


