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ANI5OTROPY OF LIGHT ~ I ~ S I O S  AND ABSGitPTIdK BY 

POHYHIN IYIOLECULdS I N  n-OCTANE SIhGL8 CRYSTALS 

s.M.Arabei, S.P.Ahkirman, K.N.Solovyov, G.D.Yegorova 
I n s t i t u t e  of f n y s i c s ,  Academy of Sciences of  

the Byelorussian SSEL, Minsk, USSR 

Detai led information on v i b r a t i o n a l  s t r u c t u r e  

of e l e c t r o n i c  t r a n s i t i o n s  i n  molecules i R  necessary 

f o r  the  e luc ida t ion  of the  p rope r t i e s  of exc i t ed  

e l e c t r o n i c  s t a t e s ,  f o r  the  understanding o f  character-  

i s t i c s  of po lar ized  luminescence, c i r c u l a r  dicbroism 

and magnetic c i r c u l a r  dichroism, sometimes a l s o  f o r  

so lv ing  problems of v i b r a t i o n a l  spectroscopy. The 

Shpolsky method o f  quasi- l ine s p e c t r a  makes i t  posei- 

b l e  t o  ob ta in  data on f requencies  of  v ib ra t ions  and 

t h e i r  a c t i v i t y  i n  vibronic  s p e c t r a  of f luorescence  

and absorption. I n  p r i n c i p l e ,  the  method enables  a l s o  

determinat ion of p o l a r i z a t i o n  of sepa ra t e  vibronic  

t r a n s i t i o n s ,  but monocrystal l ine samples a r e  necessary 

for this purpose. The first i n v e s t i g a t i o n s  of quas i -  

l i n e  s p e c t r a  of monocrystal l ine eamples ( s t i l b e n e  i n  

n-octane) were c a r r i e d  out by Yalykhina and Shpak2, 

I 

677 

Copyright  0 1977 hy Mariel  L k k k z r .  l i i c  he i lhc r  this  work n o r  Jny p d r l  
may be reproduced 07 t ransmit ted in any f o r m  o r  h y  a n y  mt'ahs. e lectronic  o r  mechanicdl. including 
pho tocopy ing ,  microf i lming,  and  recording.  or by any i n fo rma t ion  storage and retrieval sys t em.  
wi thou t  permission in writing f r o m  t h e  publ isher .  

All Rights Reserved 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
2
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



6 7 8  ARABEI ET AL. 

Inves t iga t ions  o f  f luorescence and absorpt ion spec t r a  

of some aromatic compound8 i n  s i n g l e  c r y s t a l s  of  n-par- 

affins were performed by P f i s t e r  and K a h a n e - P a i l l ~ u s ~ .  

po la r i za t ion  of f luorescence of aromatic molecules i n  

monocrystall ine Shpolskg matr ices  w a s  inves t iga ted  by 

Lamotte and Jous~o t -Dub ien~  *5. Studies  of spectroscop- 

i c  proper t ies  of porphin de r iva t ives  i n  s i n g l e  crys- 

tals of  n-octane have been ca r r i ed  out by Yersonov and 

Bykovskaya for s u b s t i t u t e d  phthalocyanine and by van 6 

d e r  Waals, Schsafsma, Canters,  van Dorp e t  a l .  7-IowhO 

inves t iga t ed  o p t i c a l l y  detected magnetic resonance and 

photo-EPR of the  lorvest t r i p l e t  s t a t e s  of Z n  porphin 

and porphin. It may be noted that a convenient method 

o f  growing s ing le  c r y s t a l s  of  n-paraffina has been 

developed by Glushkov, Yavorsky and Oreshin . I1 

O f  coneiderable i n t e r e s t  is the d e t a i l e d  i n t e r -  

p r e t a t i o n  of vibronic s p e c t r a  of porphin and i t a  de- 

r i v a t i v e s  - porphyrins, chlorins e tc .  Subetances play- 

ing a fundamental r o l e  i n  animate na ture  - heme 

chlorophyl l  - belong t o  t h i s  class of compounds. 

and 

It was shown ear l ie r  by one of u8 on the basie  

o f  room temperature po la r i za t ion  measurements and 

o t h e r  spectroscopic  d a t a  that  t o t a l l y  symmetric (A ) 

and non-total ly  8 y ~ e t r i C  ( B Q )  v ib ra t ions  (symmetry 
€5 
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ANISOTROPY OF LIGHT E3fISSION 679 

group DZh) appear in t h e  e l ec t ron ic  s p e c t r a  of por- 

phyrins w i t h  roughly equal ac t iv i ty12 .  We obtained 

quasi- l ine s p e c t r a  of porphin and c h l o r i n  at 77 K, 

fully resolved the v ib ra t iona l  s t r u c t u r e  of the first 

e l ec t ron ic  t r a n s i t i o n ,  determined t h e  frequencies  of 

t h e  normal v ib ra t ions  and assigned,  on the bas i s  of 

comparative ana lys i s  of the s p e c t r a  of the  two com- 

pounds, some of porphin v i b r a t i o n a l  modes t o  B sym- 

metry type”. Low-temperature p o l a r i z a t i o n  measure- 

ments have been c a r r i e d  out for so lu t ions  of porphin 

and i t s  de r iva t ives  i n  r i g i d  glaes so lvents  which do 

no t  show quasi- l ine s t r u c t u r e  of s p e c t r a ,  conaiderable  

a c t i v i t y  of non-total ly  symmetric v ib ra t ions  i n  the 

spectra of porphyrins has been proved experimentally,  

and w i t h  the  use of data I3  some aiwignments t o  A 

Ig 

and 

of 
g 

symmetry types have been made I4J5. In s tudy 

mir ror  symmetry of i n t e n s i t i e s  i n  quasi- l ine f luo res -  
cence and absorpt ion s p e c t r a  of porphin I6 p o l a r i z a t i o n  

s p e c t r a  i n  a l coho l i c  glasses have been re - inves t iga ted ,  

and t h e  assignment of s e v e r a l  v ib ra t ions  t o  the sym- 

metry types mentioned has been revised. Although t h e  

mi r ro r  symmetry of i n t e n e i t i e e  a l s o  gives  a c r i t e r i o n  

f o r  t h e  assignment of v i b r a t i o n a l  modes t o  t o t a l l y  

symmetric and non-total ly  symmetric i r r e d u c i b l e  repre- 

s en ta t ions  , some i n t e r v a l s  i n  the  f luorescence  spec- 
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6 80 ARABEI ET AL. 

trum and i n  the mirror-symmetrical region of the ab- 

sorption spectrum were interpreted ambiguously. It i s  

evident that  d i rec t  measurements of anisotropy of 

emiaeion and absorption of  s ing le  c rys ta l s  o f  porphin 

doped n-paraf ins  a re  necessary f o r  f i n a l  assignment 

of vibrations manifesting themselves i n  vibronic spec- 

t r a  of  porphin t o  symmetry types A and B In  t h i s  

communication we present the r e s u l t s  of such a study. 

Transparent homogeneous c rya ta l s  of n-octane 

Q Ig' 

activated w i t h  porphin were obtained i n  a sealed g lass  

tube, preliminarily careful ly  degassed, by means of 

slowly immersing i t  i n  a vessel with l i q u i d  nitrogen. 

AII i s o l a t e d  c r y s t a l  w a s  then placed in a transparent 

Dewar vessel  (g lass ) ,  containing l iqu id  nitrogen, i n  

which the measurements were made. Excitation of f l u o r  

escence and monitoring of  the investigated spec t ra  

were f u l f i l l e d  using a set-up described inI'there 

being a p o s s i b i l i t y ,  apart from exci ta t ion by mono- 

chromatic l igh t ,  t o  exci te  the luminescence by inte-  

grated l i g h t  i n  the 360 - 590 nm range w i t h  the use 

of a 500 W mercury lamp. 

Experiments have shown that  the fluorescence 

spectrum of porphin i n  the monocrystalline matrix un- 

der  integrated exci ta t ion i s  i n  pr inciple  the same as 

i n  a polycrystal l ine sample, but  r e l a t i v e  i n t e n s i t y  
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ANISOTROPY OF LIGHT EMISSION 681 

of quas i - l ines  depends on the  o r i e n t a t i o n  of t h e  single 

c r y s t a l .  The head f lmul t ip l e t l f  c o n s i s t s  of  t h ree  or 

fou r  components two of which a r e  considerably s t ronge r  

than the  o the r s ,  e spec ia l ly  i n  s i n g l e  c r y s t a l s  ( see  

Fig. I). By means of s e l e c t i v e  monochromatic exc i ta -  

t i o n  and s e l e c t i v e  r e g i s t r a t i o n  i t  has been shown that 

t h e  sepa ra t e  components of the  head llmuLtipletvl be- 

l o n g  t o  separa te  type8 of impurity cent res .  We s h a l l  

cons ider  only t he  t w o  most i n t e n s e  components, i .e .  

t he  two types of impurity c e n t r e s  which we shall c a l l  

I and 2 (9 oo equals  I6262 an I6321 cm-’, reepect ive-  

l y )  . Analogous t o  o the r  p~rphyrins~~-~~photoinduced 

rearrangement of cen t r e s  I i n t o  cen t r e s  2 and v i ce  

ve r sa  is observed f o r  p ~ r p h i n ’ ~ ~ ~ ,  which brought 8ome 

complications i n  our experiments. By the  EPR method 

i t  was shown t h a t  the  molecular planes of c e n t r e s  I 

and 2 a r e  p a r a l l e l  t o  each o the r  and approximately 

perpendicular  t o  the growth ax is  o f  t h e  s i n g l e  crys- 

t a l  of  n-octane and t h a t  the centres I and 2 differ 

by a r o t a t i o n  through 90’about an a e s  perpendicular  

t o  the molecular plane’ i n  agreement w i t h  our  data 

on t h e  anisotropy o f  o p t i c a l  t r a n s i t i o n s .  It should 

be noted that i t  i s  p rec i se ly  because of t h i s  or ienta-  

t i o n a l  d i f fe rence  tha t  t he  photoinduced rearrangement 

due t o  displacement of imino-hydrogens t o  ter t iary 
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682 ARABEI ET AL. 

nitrogen atoms does not lead t o  appearing of new cen- 

t r e s :  pair-wise displacement of protons is  equivalent 

t o  ro ta t ion  of the molecule through 90'. 

Because o f  the described properties of the sam- 

ples, i t  was preferable in order t o  solve the problem 

s e t  up by u s  t o  invest igate  not the polar izat ion of 

fluorescence, but the dependence of tne r e l a t i v e  inten- 

s i t i e s  of quasi-lines on the or ientat ion of the sample. 

Rotating the s ing le  c r y s t a l  about i t s  growth axis two 

extreme posit ions were found i n  one of which the inten- 

s i t y  of 0 - 0 t rans i t ion  had i t s  m a x i m u m  value f o r  cen- 

t r e s  I and was m i n i m u m  for centres 2; i n  the second po- 

s i t i o n ,  conversely, the in tens i ty  of 0 - 0 t r a n s i t i o n  

had i t s  m a x i m u m  Value for Centres 2. It is c l e a r  that  

m i n i m u m  in tens i ty  of quasi-line6 corresponds t o  the 

case when the direct ion of t r a n s i t i o n  moment i s  close 

t o  the direct ion of observation. Quasi-line spectra  

recorded for these two or ientat ions of the monocrys- 

t a l l i n e  sample a re  shown in Fig. I, 
The spectra  presented i n  Fig. I have been record- 

ed using non-monochromatic excitation. T h i s  has been 

done mainly i n  order t o  avoind the influence of the 

photo-rearrangement of molecules on the in tens i ty  of  

quasi-lines. There was however necessity of measuring 

the spectra  using monochromatic exci ta t ion I S  well,  
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ANISOTROPY OF LIGHT EMISSION 683 

.. 
'E u 
ry 
10 s B 

Ln 

P I G . l .  
Fluorescence spectra of porphin in monocrystalline 

n-octane matrix at 77 K under integrated excitation i n  
the 360 - 590 na range. 

A - the single crystal is orientated s o  that the 
intensity of fluorescence quasi-line at 16321 cm'l 
(0 - 0 transition o f  the centres 2) has its maximum 
value. 

B - the single crystal is  orientated 80 that t e 

(0 - 0 transition of the centres 1) has i ts  maxLmum 
value. 

intensity of fluorescence quasi-line at 16262 cm' P 
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6 84 ARABEI ET AL. 

f o r  the d e t a i l e d  v i b r a t i o n a l  analysis. The poin t  i s  

tha t  when analysing s p e c t r a  cons i s t ing  of “ m u l t i p l e t s l ~  

the re  i s  a hazard of o b t a i n i n g  f a l s e  f requencies  i n  

case  seve ra l  “mul t ip l e t s“  a r e  superposed. Under se lec-  

t i v e  e x c i t a t i o n  of one type of cen t r e s  all the  ob- 

served frequency i n t e r v a l s  i n  the f luorescence spec- 

trum correspond t o  the frequencies  of normal vibra- 

t i ons .  tihen car ry ing  out such experiments the record- 

ing of the  f luorescence spectrum was per iod ica l ly  in -  

t e r rup ted  and the  sample was i r r a d i a t e d  bg non-mono- 

chromatic l i g h t ,  then the recording w a s  resumed. This 

technique makes i t  poss ib le  t o  weaken the inf luence  

of t he  photoinduced rearrangement of t he  cen t r e s  on 

the  i n t e n s i t y  of  quasi- l ines .  

It is  seen from Sig. I. that  the quasi- l ines  cor- 

responding t o  sepa ra t e  v ibronic  t r a n s i t i o n s  in the  

f luorescence spectrum may be c l a s s i f i e d  i n t o  two 

groups a c c o r d i x  t o  changes i n  i n t e n s i t y  depending on 

the  o r i e n t a t i o n  of the sample; in one case the in ten-  

s i t y  o f  a vibronic  t r a n s i t i o n  changea i n  the  same w a y  

as does the i n t e n s i t y  of 0 - 0 t r a n s i t i o n  ( i t  has i t s  

maximum value for the  o r i e n t a t i o n  a t  which the  in ten-  

s i t y  of 0 - 0 t r a n s i t i o n  i s  m a x i m u m )  and i n  the  second 

case the  i n t e n s i t y  of a v ibronic  t r a n s i t i o n  changes 

i n  the  opposi te  way ( i t  has i t s  minimum value f o r  the 
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ANISOTROPY OF LIGHT EMISSION 685 

Same o r i e n t a t i o n ) .  It i s  evident  that  i n  the  f irst  

case vibronic  t r a n s i t i o n s  a r e  polar ized  p a r a l l e l  t o  

the  purely e l ec t ron ic  t r a n s i t i o n  and i n  the  second 

case they a r e  polar ized  perpendicular  t o  i t ,  i. e. ,  i n  

t he  first case the a c t i v e  v ib ra t ions  a r e  t o t a l l y  sym- 

metr ic  ( A  1 and i n  the  s e c m d  case  th2y c,re non-total-  

ly symmetric. Since the behaviour of quas i - l ines  

of the second group f o r  cen t r e s  1 is analogous t o  the  

behaviour of 0 - 0 t r a n s i t i o n  of cen t r e s  2 and v i ce  

versa ,  one may s ta te  taking i n t o  account the given 

above d a t a  on the  o r i e n t a t i o n  of  porphin molecules i n  

the  mat r ix  t h a t  v ibronic  t r a n s i t i o n s  of the  second 

group a r e  polar ized  perpendicular  t o  0 - 0 t r a n s i t i o n  

in the  plane of molecule, i. e. the a c t i v e  v ib ra t ions  

belong t o  B i r r e d u c i b l e  representa t ion .  

g 

h3 
I n  a similar way one mqy c l a s s i f y  by symmetry 

types A and B the  v ib ra t ions  which a r e  a c t i v e  i n  

the  absorpt ion spectnun. For t h i o  purpose the in ten-  

s i t y  o f  quasi- l ines  in the  e x c i t a t i o n  spectrum meas- 

ured monitoring 0 - 0 t r a n s i t i o n  of a c e r t a i n  type of 

cen t r e s  w a s  i nves t iga t ed  depending on the  o r i e n t a t i o n  

of the sample. The g r e a t e s t  d i f f e rences  i n  the  in ten-  

s i t y  of quasi- l ines  f o r  t o t a l l y  symmetric and non-to- 

t a l l y  symmetric v ib ra t ions  were observed i n  the  same 

two extreme pos i t i ons ,  b u t  r e l a t i v e  t o  the  exc i t i ng  

beam. In Fig. 2A the f luoreacence e x c i t a t i o n  spectrum 

g lg 
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686 ARABEI ET AL. 

FIG.2. 
Fluorescence excitation spectra of porphin i n  mono- 

cwsta l l ine  n-octane matrix at 77 K taken monitoring 
the intensity of fluorescence quaai-line at  16321 cm-1 
(0-0 transition of the centres 2) .  

A - the e ing le  cmetal  is orientated so that the 
intenaity of abaorption at 16321 cm-1 hae its maximum 
value. 

B - the single crvstal i s  orient ted s o  that the 

value. 
intensity af absorption at 16321 cm. f has i t 6  m i n i m u m  
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ANISOTROPY OF LIGHT EMISSION 687 

of porphin is  shown which was measured when monitoring 

goo  of cen t r e s  2 w i t h  the  sample o r i en ta t ed  so that 

the i n t e n s i t y  of absorpt ion of the frequency d 
i t 5  m a x i m u m  value. This o r i e n t a t i o n  w a s  determined by 

the i n t e n s i t y  r a t i o  for f requencies  9 00 and d A;) 
i n  the f luorescence e x c i t a t i o n  spectrum measured when 

monitoring simultaneously seve ra l  vibronic  t r a n s i t i o n s  

i n  the  1500 - 1620 0’’ i n t e r v a l ,  The f luorescence  

e x c i t a t i o n  spectrum of the  same cen t r e s  f o r  t he  e m -  

p l e  or ien ta ted  so that the  i n t e n s i t y  of absorpt ion of 

has i t s  m i n i m u m  value i s  displayed in Fig. 2B. 

Evident ly ,  those quasi- l ines  i n  the e x c i t a t i o n  spec- 

trum the i n t e n s i t y  of which changes s i m i l a r l y  t o  the 

i n t e n s i t y  of 0 - 0 t r a n s i t i o n  dependillg on t he  orien- 

t a t i o n  of  the sample are due t o  e x c i t a t i o n  of A vi-  

b r a t i o m .  Vibrations giving v ibronic  t r a n s i t i o n s  which 

had 

Q 

h3‘ 
behave i n  the opposi te  way are B 

Thus,  the  obtained f luorescence and abeorpt ion 

s p e c t r a  of porphin i n  n-octane monocrysta,Uine matrix 

enable c l e a r  d i s t i n c t i o n  of  vibronic  t r a n s i t i o n e  po- 

l a r i z e d  p a r a l l e l  t o  the purely e l ec t ron ic  t r a n s i t i o n  

and perpendicular  t o  i t .  The experimental  data make 

i t  poss ib le  t o  assign unambiquously v ib ra t ions  a c t i v e  

Q and %g 
i n  f luorescence and absorpt ion spectra t o  A 

symmetry types. The r e s u l t s  of such assignment are 

presented i n  the  Table. 
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688 ARABEI ET AL. 

TABLE 
Normal Frequencies of Yorphin Molecule i n  the  Ground 

S t a t e ( $ f )  and i n  the  F i r e t  Excited Elec t ronic  State($,). 

Symmetry 
type 

" 

152 
305 

686 
709 
775 

936 
965 
980 
990 

1050 
1108 
1161 
1212 

1311 

1290 
1325 
1350 
1384 
1463 
1478 
15  20 
1552 
1588 

- - 

- 

- 
- 

S f  
1 1 9  
155 
310 

4 20 

7 28 
786 

955 
974 

- 
720(,) 

- 
- - 

1057 
1135 
1176 
1222 - - 
1311 
1319 
1361 
1389 

1456 
1497 
1533 
1605 
1615 

- 

109 
157 
30 9 
389 
418 
723 
786 
805 
952 

988 
1004 
1063 
1138 
1177 
1220 

- 

- - - 
1316 

1385 

1493 
1546 
1600 
1610 

- 
- - 

106 B i g  
137 Ag 
301 A 

410 B i  
709 Agg 
740 Ag 

390 Bfg 

984 Ag 
996 B i  

1125 Ag 
1167 Big 
1195 Ag 
1213 Big  

1308 Ag 

1120 Agg 

1237 Big 

1313 B i g  
1358 Big 
1379 Ag 
1414 Big 
1451 A 
1504 Efg 
1521 Ag 
1594 Ag 
1696 Ag 
1658 Big  

( a )  Values of v i b r a t i o n a l  f requencies  from the resonance 
~ a m a n  spectrum of porphin (Ksenofontova et  

(b) Theoret ical  values  from Gladkov et al?'. 
( c )  Obtained from the ShpolaQ spectrum of porphin at 

4,2 K displayed i n  the  paper by van Dorp e t  al.? In 
e tud ie s  of deuterated porphins i t  waa ehown that  the 
720 c m - l  quasi- l ine (a t  77 K) and the related 723 cm-1 
R a a a n  l i n e  (at 300 K) are  in fact  unresolved doub- 
l e  t a 2'J? 

). 
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ANISOTROPY OF LIGHT EMISSION 6 89 

I n  the  Table v ib ra t iona l  f requencies  a r e  a l s o  

given obtained from resonance H a m a n  s p e c t r a  of  porphin 

21 i n  which the same v ib ra t ions  must  be a c t i v e  as i n  

vibronic  spectra22.  As we noted e a r l i e r  v i b r a t i o n a l  

f requencies  determined from Shpolslsy and H a m a n  s p e c t r a  

a r e  i n  good agreement23. I t  i 8  seen  from the  Table 

that  d i f fe rences  i n  corresponding dhpolsky and Haman 

f requencies  do not exceed 10 cm'l. However the  a c t i v i -  

ty  o f  v ib ra t ions  i n  the t w o  s p e c t r a  may d i f f e r  g r e a t l y  

(some v ib ra t ions  a r e  absent i n  one o f  the s p e c t r a )  s o  

that i n  genera l  if the re  a r e  neighbouring f requencies ,  

comparison of X a m a n  and Shpolsky s p e c t r a  r equ i r e s  cer-  

t a i n  caut ion.  

l g  
Recently a t h e o r e t i c a l  c a l c u l a t i o n  of A and B 

Q 
v ib ra t ions  of porphin molecule has been c a r r i e d  out24. 

There ore  37 normal v ib ra t ions  o f  these symmetry types 

i n  all i n  the porphin molecule, of these  7 modes a r e  

s t r e t c h i n g  v ibra t ion6  of CH and NH groups the a c t i v i t y  

of which i n  vibronic  and resonance R a m a n  s p e c t r a  i s  

l o w .  The ca l cu la t ed  f requencies  of the  r e s t  30 normal 

modes of symmetry type8 A and B a r e  juxtaposed i n  

the  Table w i t h  the  experimental  data obtained. 
8 lg 

In the  f luorescence spectrum of porphin quasi- 

l i n e a  corresponding t o  v i b r a t i o n a l  f requencies  of the  

ground s t a t e  1605 and 1615 cm'l a r e  o f  g r e a t e s t  in ten-  
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690 ARABEI ET AL. 

8it.y. Experimental data show that the mode with fre- 

quency 1605 cm” i s  B 

is Ago In the first excited electronic  s t a t e  the cor- 

and the 1615 cm” vibrat ion l g  

- 
responding frequencies a re  1552 cm” ( B  ) and 1588 cm-l li3 
( A  ) these vibration giving the most intense auasi- 

l i n e s  i n  the absorption spectrum. Ear l ie r  on the b a s i s  

of invest igat ion of quasi-line spectra  of porphin de- 

r iva t ives  w i t h  regularly changing s t r u c t u r e  we came t o  

a conclusion that these vibrations belong t o  methine 

bridges2*. T h i s  conclusion f inds  support i n  the re- 

s u l t s  of the calculat ion from which i t  follows that 

two C - C s t re tching vibrations of methine bridges 

i3 

and A ) have the highest frequency24 (see Table). 

Some overestimation of‘ calculated frequencies is char- 

a c t e r i s t i c  of the whole range 1300 - 1650 cm’l ( force 

constants were not varied i n  the calculation).  It 

should be s t ressed that the frequency of non-totally 

symmetric vibration of methine bridges i s  lower than 

that of the  t o t a l l y  SYnUnetriC One, i n  exact correspond- 

ence with the calculation. 

(Big g 

The fact that  the two most ac t ive  vibration8 be- 

long t o  different  symmetm types explaiae p a r t i a l l y  

whv vibronic bands (bands 11) i n  room temperature 

fluorescence and absorption spectra  m a y  be described 

Uf3iII.g a model of planar oscil lator12. A more complete 

explanation is that apart  from the two mentioned vi- 
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ANISOTROPY OF LIGHT EMISSION 69 1 

bra t ions  the re  a r e  seve ra l  ac t ive  8 v ib ra t ions  and 

s e v e r a l  a c t i v e  A 

range As a r e s u l t  of t h i s  f o r  t he  d i f f u s e  band i n  

the  room temperature spectrum averaging of vec tor  

c h a r a c t e r i s t i c s  i n  the plane of molecule takes  place.  

lg 
v ib ra t ions  i n  the  950 - 1550 cm’l 

g 

The jux tapos i t i on  of our experimental data with 

the  r e s u l t s  of the c a l c u l a t i o n  of  study24 shows that 

i n  the 0 - 1250 Cm’l t he re  18 good agreement of  the  

experimental and theoret ical .  f requencies ,  and i n  the 

1300 - 1650 cm’l range the t h e o r e t i c a l  f requencies  a r e  

overestimated as already mentioned, b u t  the  sequence 

of d i spos i t i on  Of t o t a l l y  symmetric and non-total ly  

symmetric v ib ra t ions  i s  the  same as i n  the experiment. 

This makee i t  poss ib le  t o  t r a n s f e r ,  on s u f f i c i e n t  

grounda , t he  conclusions concerning the form o f  vibra- 

t i ons  drawn from the  t h e o r e t i c a l  c a l c u l a t i o n  t o  xiorma1 

modes ac t ive  i n  the  experimental vibronic  spectrum of 

f luorescence.  It is t o  be noted t h a t  i n  th i s  work the 

frequency 1311 cm” (Big) i n  the fluoreecence s p e c t r i  

of porphin has  been de tec ted  which was not  observed 

e a r l i e r .  This allowed US t o  change t h e  assignment of 

the  observed frequencies  t o  the  t h e o r e t i c a l  ones pro- 

posed in24  and t o  achieve be t te r  agreement of the ex- 

periment and the theory. 

One of the moet i n t ense  vibronic t r a n s i t i o n s  i n  
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69 2 ARABEI ET AL. 

t he  f luorescence SpeCtrW of porphin is given by the 

1389 cm" v ib ra t ion  (B 

ca lcu la ted  frequency 1414 cm-' belonging t o  s t r e t c h i n g  

which ive c o r r e l a t e  w i t h  the  lg 

v ib ra t ions  of  C - 11 bonds, The 1319 cm" (Big) vibra- 

t i o n  a l s o  s u f f i c i e n t l y  a c t i v e  i n  the vibronic  spectrum 

we c o r r e l a t e  t o  the  normal mode w i t h  ca lcu la ted  f r e -  

quency 1358 

of s t r e t c h i n g  C - C v ibra t ions .  I t  may be  noted t h a t  

i n  study25 a q u a l i t a t i v e  conclusion was drawn tha t  t h i s  

v i b r a t i o n  belongs t o  pyr ro le  r ings .  The c a l ~ u l a t i o n ~ ~  

shows, though, t h a t  a l l  v ib ra t ions  i n  the 1300 - 
1550 cm" i n t e r v a l  conta in  a l a rge  cont r ibu t ion  

s t r e t c h i n g  v ib ra t ions  o f  pyrrole  rings. 

containi% a considerable  cont r ibu t ion  

of 

Compare now the  data obtained with the  previous 

at tempts  t o  f ind  non-total ly  symmetric v ib ra t ions  i n  

v ibronic  s p e c t r a  of porphin. In s tudy13  on the  basis 

of comparative analysis of quasi- l ine s p e c t r a  of p o r  

phin and dihydroporphin ( ch lo r in )  we assigned t o  B 

symmetry type the  v ib ra t ions  w i t h  f requencies  786, 

1319, 1456, 1605 cm" ( c o r r e c t l y ,  s ee  Table) and 

1176 cm" (erroneously) , In s tudies14  *15 po la r i za t ion  

d a t a  were obtained f o r  r i g i d  glass so lu t ions  (quasi-  

l i n e  s t r u c t u r e  w a s  absent)  which were i n  genera l  agree- 

ment w i t h  t h i s  assignment. In s tudies16 * 26 27 analogous 

po la r i za t ion  measurements for porphin and i t s  deuter- 

l g  
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ANISOTROPY OF LIGHT EMISSION 693 

a ted  der iva t ives  were ca r r i ed  out using a spectrometer 

of g r e a t e r  s e n s i t i v i t y  and taking experimental po in ts  

w i t h  a s t e p  1 - 2 MI which made i t  poss ib le  t o  ass ign  

t o  Blg symmetry type i n  addi t ion  a l s o  f requencies  420, 

974, 1222 and 1389 cm'l; th is  f inds  corroborat ion i n  

the r e s u l t s  of the present work. However, Borne frequen- 

c i e s  remained uninterpreted,  the 1176 cm'l frequency 

was assignned as before t o  a non-total ly  symmetric vi- 

bra t ion ,  furthermore the  frequency 1605 cm'l i n  the 

fluoreecence spectrum and the corresponding frequency 

1552 cm'l i n  the absorption spectrum which g ive  the 

moat i n t ense  vibronic t r a n s i t i o n s  were assigned t o  A 

symmetry type,  and the p a i r  1615 - 1588 cm'l w a s  aa- 

signed t o  B symmetry type. These assignments do not  

agree w i t h  the  r e s u l t s  of t h i s  work. In  general  one 

m a y  conclude that the asaignment of v ibra t ions  t o  def- 

i n i t e  symmetry types on the  basis of po la r i za t ion  

spec t ra  measured f o r  r i g i d  glass so lu t ions ,  even with 

the help  of da ta  of quasi-l ine spec t r a ,  gives r e l i ab le  

r e s u l t s  only i n  some p a r t i c u l a r  cases. For example, if 

i n  a c e r t a i n  i n t e r v a l  values of the degree of polar iza-  

t i o n  are obtained which are c lose  t o  the theo re t i ca l ly  

l imi t ing  values 1 / 2  or - 1/3 then one o r  s eve ra l  v i -  

brat ions m a y  be assigned with confidence t o  t o t a l l y  

symmetric o r  non-total ly  symmetric i r r educ ib l e  repre- 

g 

l g  
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694 ARABEI ET AL. 

sentation; if some vibronic t r a n s i t i o n  according t o  

data of quasi-line spectra  has no neighbouring 

o r  l e e s  inteaae t rans i t ions  the polar izat ion maasure- 

ments f o r  diffuse-banded spectra  w i l l  a lso  give a re- 

l i a b l e  resu l t .  Contrary t o  t h i s ,  invest igat ion of 

anisotropy of emission and absorption of light by mo- 

lecu les  introduced i n  monocrystalline Shpolsky matri- 

ces d i r e c t l y  gives r e l i a b l e  information on the sym- 

metry o f  vibrations act ive i n  vibronic spectra. 

more 

Data on the symmetry of vibrations can alao be  

obtained from the measurements o f  the polar izat ion 

r a t i o  for Raman l ines .  The Shpolsky method w i t h  the 

use of monocrystalline matrices has the adventage, 

from the point of view of e lectronic  spectroscopy, 

of d i r e c t l y  giving information on thoae 

which are active i n  vibronic epectra. Straightforward 

comparison of vibronic spectra  with Raman epsctra  i s  
not a l w a y s  poesible since i n  the presence of  a group  

of vibrations having close values of frequency the 

correlat ion m e y  be ambiguous. I n  pr inciple  the Shpol- 

sky method allows easy d i f fe ren t ia t ion  between the in- 

plane and the out-of-plane vibrations. It i s  essent ia l  

that  the method of Raman spectra  does not permit r e l i -  

able assignment of vibrational modes to  non-totally 

symmetric symmetry types since valuea of )It close 

vibrat ions 
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ANISOTROPY OF LIGHT EMISSION 695 

t o  3/4 are poss ib le  f o r  t o t a l l y  symmetric v ibra t ions .  

The Shpolsky method is f r e e  from th is  shortcoming. An 

advantage of the Shpolsky method i s  that i t  enables  

obtaining exact data on v ib ra t ions  o f  molecules i n  the 

exc i ted  e l ec t ron ic  s t a t e s .  F i n a l l y ,  some v ib ra t ions  

m a y  be ac t ive  only i n  the  vibronic  spectrum o r ,  con- 

ve r se ly ,  only i n  the  Raman spectrum. I n  gene ra l ,  the  

two methods can e s s e n t i a l l y  supplement each other.  

It m u s t  be noted that the f u l l  number of quasi- 

l i n e s  of one type of cen t r e s  i n  the 0 - 1650 cm" 

range w i t h  due regard f o r  very weak quasi- l ines  

ceeds the t h e o r e t i c a l l y  poss ib le  number of 30.  This 

m a y  be due e i t h e r  t o  l o c a l  v i o l a t i o n s  of symmetry for 

some of the cen t r e s  which would l ead  t o  v i o l a t i o n  of 

s e l e c t i o n  r u l e s  or t o  the appearance i n  the vibronic  

spectrum of combination frequencies .  We have not  ob- 

served out-of-plane v i b r a t i m s  i n  the quasi- l ine spec- 

t ra  inves t iga ted .  

ex- 

Earl ier  on t he  basis of spectroscopic  data w i t h -  

o u t  quasi- l ine s t r u c t u r e ,  bands P I  and IV i n  the  ab- 

so rp t ion  spec t r a  of porphyrina were assigned t o  vi- 

bronic t r a n s i t i o n s  t o  the  first and second exc i ted  

e l ec t ron ic  s t a t e s  and the bands I and I11 - t o  corre-  

sponding purely e l ec t ron ic  t r a n s i t i o n e l 2  '28it being 

shown tha t  i n  the vibronic  bands a c t i v i t y  o f  t o t a l l y  
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696 ARABEI ET AL. 

symmetric and aon-totally aymmetric vibrations is 

roughly equal12. Other interpretations were alzlo pro- 

poeed. Por example, Corwin and co-workers recently 

proposed to assign all bands from I to IV to separate 

electronic transitions 29*30. Although the problem of 

the origin of band IV remains not quite clear (see 

discussion in 

nature of band I1 is fully proved, in particular, by 

the data of the preeent etudy. It is seen from the 

Table that there ia complete detailed correspondence 

(mirror symmetry) of vibrational structure of fluor- 

escence and absorption spectm in the inveotigated 

spectral range which is the range of bade I and 11. 

Deviatione from mirror symmetry of intensities finds 

natural explanation 

21 it should be emphasized that vibronic 

16.27 
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