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POLARIZED LUMINESCENCE OF COMPLEX MOLECULES 
I N  THE VAPOR PHASE 

ABSTRACT 

For t h e  l i fe t ime6 of luminemcence e m e n t i a l l y  ex- 
ceeding t h e  mean period of free molecular ro t a t ion  t h e  

manifestation of intramolecular or ien ta t ion  of abmrp- 

t i o n  and smieeion t r ane i t i on  dipole momenta and of t h e  

principal i n e r t i a  momenta r e l a t ion  i n  t h e  polarization 

of one- end two-photon excited luminemence and circu- 

l a r l y  polarized luminescence i 8  analyzed. The degree 

of polarization of dinaphtho [2, 1-bj 1t82t-d] furan, 

BPO, dibenz [ def ,nno] chryaene, triphendioxazine and 

perixanthenoxanthene d i lu ted  vapor f luoremcence i m  
maamred and by comparison of experimental and calcu- 

la ted  valuea t h e  intramolecular or ien ta t ion  of fluo- 

reacent  t r a n u t i o n  dipole moment i a  found, 

INTRODUCTION 

Convincing evidenae of t h e  exirtence of complex 

molecule polarized fluore6cence i n  gaa phame 

tained through theo re t i ca l  and experimental r tudiea 

waa ob- 
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302 BLOKHIN, PLISKA, AND TOLKACHOV 

of POPOP ( 1,4-bis [2-( 5-phenyl-oxazolyl] -benzene) va- 

pors  [1,2],  Nano- and picosecond l a s i n g  with a degree 

of polar iza t ion  up t o  1.0 also pointed to t h e  existen- 

ce of o p t i c a l l y  induced anieotropp i n  POPOP vapors 

[1,3,4 1. 
The l a r g e  i n e r t i a  moments and in t ens ive  i n t r a m o l e  

cu lar  dieturbances shade t h e  r o t a t i o n a l  quantum e f f e c t s  

and allow a c l a s d c a l  approach t o  t h e  descr ip t ion  of 

r eo r i en ta t ion  dynamics of complex molecules. In  t h e  ap- 

proach when t h e  d i e t r i b u t i o n  dennity of t h e  exoi ted mo- 

l e c u l e s  p ( r , t )  i n  t h e  r o t a t i o n a l  phase apace l' of t h e  

exci ted s ta te  is much emaller than  that  of t h e  ground 

s ta te  molecules po ( r )  t h e  master equation for p ( r )  i s  

QLZA- a t  + i i ( r ) p ( r , t )  = - p ( r , t ) / T  + P o ( r ) p a ( a , t )  , 
A 

where t is t h e  exc i ted  s ta te  l i fe t ime,  L(r)  is t h e  

Liouvi l le  operator  of f r e e  ro ta t ion ,  P a ( n , t )  is t h e  ra -  

t e  of o p t i c a l  exc i ta t ion ,  inducing anisotropy. The so- 

l u t i o n  of eq. (1)  for c o l l i s i o n l e s s  exci ted s t a t e s  is 

of t h e  general  form 

p ( r , t )  - p o ( r )  I Pa(n,t-t ')eXp{-(T-'+ i i ( r ) ) t ' l d t ' .  ( 2 )  

0 

0 
The observed l i g h t  i n t e n d t y  of given polar iza t ion  is 

proportional t o  t h e  d i f f e r e n t i a l  cross-section of t h e  

d t t i n g  t ranedt ion  u (n) averaged over t h e  phase space 

d e n d t y  of exci ted molecules 

W = < u ( n ) p ( r , t ) > r  . ( 3 )  

It is  &own [1,2,5-6] that  t h e  o r i en ta t iona l  r e l a -  

xa t ion  of an iso t ropic  d i e r i b u t i o n  of exci ted m O l e C U 1 0 8  
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POLARIZED LUMINESCENCE 303 

i n  t h e  m l u t i o n  of equation (1) is represented by t h e  

second-rank teneor cor re la t ion  function calculated for 

t h e  asymmetric-top molecules 171. The ana ly t ica l  form 

of t h e  solut ion [ 7 ]  permite a de ta i led  study of t h e  

propert iee  of polarized luminescence and induced di- 

chro ig l  of molecular vapors, t h e  time dynamics of op- 

t i c a l l y  induced anisotropy or ien ta t iona l  re laxa t ion  a s  

w e l l  a s  t h e  character of rcarbsequent s ta t ionary  (reddu- 

a l )  anisotropy observed i n  r a re f i ed  vapor fluorescence 

when t h e  fluorescence l i f e t ime  T eutceeds t h e  period 

W m t  of molecular ro t a t ion  ( T * > W ~ ~ )  The relaxing 

par t  of anisotropy uarrie6 a great deal  of information. 

As yet no muthods of subpicosecond resolut ion of ani-  

motropy (polar izat ion)  m e a s u r c a r e n t s  have been proposed, 

only polarized luminescence caused by t h e  s ta t ionary  

par t  of induced anisofropy i e  discussed below. 

-1 -1 

One-Photon Excited Luminescence 

The s ta t ionary  part of t h e  aecond-rank tensor  cor- 

relation funation allows a symmetric e x p r e a s i ~ n  f o r  t h e  

~ u m i n s ~ c e n c e  animotropy [ s ]  r - (w: - w~)/(w: + 2 ~ 2 )  : 

where t h e  coe f f i c i en t s  rA, rB, rc are equal to lumines- 

cenae anisofropies  t h a t  could be observed f o r  t h e  co- 

incident  abmrpt ion  and d a d o n  ze t r a n a i t i o n  di- 
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304 BLOKHIN, PLISKA, AND TOLKACHOV 

pole momenta or iented along t h e  A, B, C principal  in-  

B , ,  y 1  and 
Pe i n  
.+ 

e r t i a  axes, respect ively (IA ’ ID’ I c ) i  “1 , 
+ 

0 2 ,  6 2 ,  Y 2  are t h e  d i rec t ion  ms inea  of P a  and 

t h e  pr incipal  i n e r t i a  axem. The  coe f f i c i en t s  f A ,  rB, 
2 2  rc a r e  expreaeed by t h e  s ta t ionary  components GA, GB 

and Gc of t h e  or ien ta t iona l  second-rank cor re la t ion  

function C,(t) [ 5,7] s 

2 

2 I I 1  A , B , C =  ~ 4 4 ~ ‘  A , B , C  2 ’ ( 5 )  

C;= 1 f(F1-F2)’dc,  C;= f I f ( F 1 + F Z )  2 d o ,  C k J  f F Z d c ,  2 

r 

GA= cl+ ‘3 9 Gi* Ci+ C;’ , GC- C;+ C y  

1 1 with 

0 €0 ‘0 
I? 

A ( 1 - 1 ? ~ ) ’ / ~ / 1 ? * 6  , co= 6 / ( 1 + 6  2 ) 1 / 2  , 
K ( A ) ,  E ( A )  are t h e  complete elliptic in tegra l6  of t h e  

f i r s t -  and mcond-kind, cy ,2 ,3  a r e  obtained from 

c; , 2 , 3  by interchanging IA and Ice 

Based on t h e  polar izat ion degree value8 PA, pB,pc, 

whichare tabulated i n  [ S ]  and bearing i n  mind t h a t  

r=ZP/(3-P) it i s  p o 8 6 i b l O  t o  f ind  t h e  V a l U e 6  r ~ ,  r B  
and rC. 

ion dipole  moments and t h e  ratio. of pr incipal  i n e r t i a  

m o m e n t 6  determine t h e  luminemcenae animtropy of comp- 

l e x  molecule vapor8 when t h e  exaited 8 t a t e  i 8  eolli8iocl. 

Thus, t h e  inframolecular or ien ta t ion  of t r a n s i t -  

fern.. The luminemence i m  unpolarized when a l -  2 B 1 - y l  2 2  
2 2 2  or a 2 =  B 2 =  y 2 o r  both. 
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POLARIZED LUMINESCENCE 305 

Fig.1 i l l u s t r a t e s  t h e  fluorescence anieotropy de- 

pendence calculated from (4)  and ( 5 )  f o r  planar m o l e -  

cu les  with t h e  pr incipal  i n e r t i a  moment r a t i o  IA/fB - 
-1.6 (e, g, perixanthenoxanthene) on t h e  intramolecular 

o r i en ta t ion  of coincident t r a n d t i o n  dipole  moments f w  

(a1 =az, B 1  =B2, y1 m y 2  ) (Fig.la) and with t h e  fluores- 

cent t r a n s i t i o n  moment ce f ixed (Fig. lb) . The i m l i n e s  

ind ica t e  t h e  intramolecular d i rec t ion6  of' equal an im-  

tropy. The r a d i a l  coordinate R is  t h e  angle between 

t h e  t r a n d t i o n  dipole  moment v and t h e  a x i s  of t h e  co- 

ordinate  t r ihedron ( a - 8 - y  ); t h e  azimuthal ooordinate 

is t h e  angle between t h e  project ions of and t h e  

C-axis t o  t h e  plane perpendicular t o  t h e  a x i s  a - 6  - y .  

It can be  seen t h a t  t h e  d i r ec t ions  of equal anisotropy 

form i r r egu la r  cones around t h e  pr incipal  i n e r t i a  ax- 

es. 

+ 

Thus, t h e  solut ion of t h e  problen of f inding an 

intramoleaular or ien ta t ion  of t h e  vibronic t r a n s i t i o n  

dipole  moment using experimental polar izat ion spectra  

of luminescence i s  a8 a r u l e  many-valued, For a pla- 

nar molecule, t h e  m o m e n t s  of allowed t r a n d t i o n s  of 

n-electronic syotan are oriented i n  its plane and 

t h e  space of t h e  moments d i r ec t ions  are ahown i n  Fig.1 

by t h e  BC curve. I n  this case t h e  solut ion is t w o -  or 

four-valued. To reduce or resolve ambiguity addi t iona l  

information (molecular symmetry consideration, etc.) 

i s  needed. 

It has  been shown by t h i s  method t h a t  t h e  fluo- 

rescent t r a n s i t i o n  dipole  moments of p -quaterphenyl, 

psrylene and POPOP a r e  or iented along t h e  C-axee [ 8 ]  , 
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306 BLOKHIN, PLISKA, AND TOLKACHOV 

FIG. 1. Perixanthenoxanthene. Admotropy of diluted 
vapor lurinemaence a6 a f inet ion of intramole- 
aular t randt ion  lorent orientationt 
(a) abmrbing and emitting oauillatorm coin- 
cide j 
(b) luminement o m i l i a t o r  i m  f ixed i n  the  mo= 
leaular plane a t  33.5 t o  the  C-axis 
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POLARIZED LUMINESCENCE 307 

We have studied t h e  2-(4-biphenylyl)-5-phenyloxa- 

zolc  (I), dinaphtho [ 2,l-b; 1, %-dl furan (11), tri- 

phendioxazine (111), dibenz [ def, mno] chryeene ( I V )  

and perixanthenoxanthene (V). The condensed polycyclic 

6 8 

molecules 11-V are planar. The to r s iona l  vibrationa 

of BPO molecule cannot eaeent ia l ly  change t h e  intra- 

molecular or ien ta t ion  of t h e  C - a f i 6 .  The calculated 

degree of fluoremence polarization of BPO vapor when 

fluorescent and 8bmrpt ive  t r a n d t i o n  m o m e n t s  coinci- 

de and are oriented along t h e  B- or C - a x i s  i&i 4.3% 
and 10.6%, reapectively. The experimental value i r  

8.26, which i a  ind ica t ive  of t h e  t r a n s i t i o n  moment 

di rec t ion  along t h e  C-axis. 

The f l u o r e ~ c e n t  t r e n d t i o n  dipole m o m e n t 6  of mole- 

oulee, (11) and (111) a r e  oriented along t h e  B- or C- 

a d .  due t o  molecular aymfnetry. The calculated degree 

of fluorescence polarization of u b s t a n c e  I1 di lu ted  

vapors when t h e  dipole momer!te are oriented along t h e  

B- or C-axia i r r  4.9% and 9.61, respectively. Lou fluo- 

redcence polarization of i m t r o p i c  r i g i d  solution 

(ether + iaopentane -t ethanol, 585t2, 90'K) (32j) 

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



308 BLOKHIN, PLISKA, AND TOLKACHOV 

shows t h a t  t h e  fluorescent t r a n d t i o n  i m  compomed of 

two orthogonal p a r t i a l  t r a n d t i o n  moments. According 

t o  this, t h e  recalculated values of polar izat ion I S ]  

are 4.5% and 6.2%. So, t h e  experimental value 5.5% i 6  

ind ica t ive  of or ien ta t ion  along t h e  C-axis. 

The calculated 10.6% (C), 4.3% (B) and experimen- 

t a l  10.7% degree of polar izat ion of triphendioxazine 

vapor fluoremcence ind ica t e  t h e  G a d s  t r a n d t i o n  mo- 

ment o r i  ent a t  i o  n . 
The lower symmetry of planar anthanthrene (IV) 

and perixanthenoxanthene (V) molecules allows any ori-  

entat ion of t h e  t r a n d t i o n  dipole  moment. Molsaules 

IV and V have t h e  mme coe f f i c i en t s  rA , rB and rc due 

t o  p raa t i ca l ly  equal r a t i o s  of t h e  pr inc ipa l  i n e r t i a  

moment e. The obmerved value of fluorescence polariza- 

t i o n  of substance N vapors is low (2.5%), giving t h e  

t r a n s i t i o n  moment or ien ta t ion  242O and +64O t o  t h e  

C-axis. The d i rec t ion  of t h e  f luorescent  tranmition 

dipole  moment i s  43' as calculated from t h e  atomic 

function density data [ 101. Similarly, t h e  meamred 

degree of mbutance V fluorescence polar izat ion i s  41, 

corresponding t o  t h e  moment or ien ta t ion  9 4 '  and 9 6 O  

t o  t h e  C-axis. h e  t o  t h e  s imi l a r i t y  between t h e  n - 
-electron s t ruc tu res  and t h e  s p e ~ t r a  of theme molecu- 
les and t h e  planar configuration of l,l'-dinaphthyle 

[ 10,111, mbstance V has preferably or ien ta t ion  34'. 

The polar izat ion spectra of conpounds I, I1 and 

V confirm t h e  i d e n t i t y  of t h e  long-wave abmorptive and 

fluoremcent tranmition dipole  m o r s n t s  and constant 

or ien ta t ion  within t h e  oorremponding bandm (Fig. 2). 
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FIG. 2. The polar izat ion spectra of fluorescence (1) 
and abmrpt ion  (2) of perixanthenoxanthse 
(a), dimphtho [2,l-b j 1: 2Ld] furan (b) and 
BPO (c)  vapor.. The arrow. mark t h e  excitat- 
ion  and obeervation wavelengths. 

Circular Polarized Lumineecence 

The c i r c u l a r  polarized launineecence of t he  opt i -  

c a l l y  ac t ive  moleoulee i n  condenmd phaee i e  a w e l l  

studied phenomenon. It i e  known t o  be daterrnined by the  

ecalar  product of t h e  magnetic + 
p,,, and eleotrio :e di- 
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310 BLOKHIN, PLISKA, AND TOLKACHOV 

pole m o m e n t o  of t h e d e c t r o n i c  t r a n d t i o n .  The c i r cu la r  

polarized lumineocence is  meamred by t h e  diomymmdry 

f ac to r  

'L' 'R 
g - 2 v R  ' 

where W L  and HIR are t h e  left- and right-hand pola- 

r ized  component8 of t h e  luminemcence intenulty.  When 

ro ta t iona l  re laxat ion i 8  introduced by oecond-rank 

or ien ta t ion  eor re la t ion  functiono, t h e  dioaymmetry 

f ac to r  i o  expreooed i n  t h e  form [6]  

L where 

e= -* m- -,K(s)io t he  parameter determined by expo- 

riment geometry, C 2 ( ~ , , ~ , , ~ , , , ; t ' )  and C2(;e,Ge;t') 
are t h e  8econd-rank or ien ta t ion  cor re la t ion  functions, 

The f ac to r  K ( a )  for t h e  l i nea r ly  polarized exci t ing 

rad ia t ion  with t h e  angle rl between t h e  electric vector 

of exci t ing l ight  and t h e  ob8ervation d i rec t ion  i s  

Wa i,6 t h e  exciting light i n t e n d t y ,  aem-i I J ~ I J , , , ,  ae-ue, 
$e h n  
"e 'm 

The f o r m  of t h e  expreMion for t h e  diaaymmetry f ac to r  

i n  am f o r  t h e  i so t rop ic  distribution of excited mole- 

QUle8. 

2 when 3c06 r) -1. 
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POLARIZED LUMINESCENCE 311 

For t h e  s ta t ionary  collieionlesm condition. t h e  

di slryllmutry fac tor  (7 ) becomes 

Here, c2(Za,Ze9;,,,) and C2(;ascee) are t h e  s t a t io -  

MI-Y components of t h e  or ien ta t ion  correlation funct- 

ions; 

(11) 
+ G~((~f-a~)(826m-~2~m)+(~26m-a2am) (B1-yl 2 2  ) I  + 

2 2 2  2 2  
+ Gc((Y1-al)(Y2Ym-828,,,) + ( Y ~ Y , , , - ~ ~ ~ ~ ) ( Y ~ - B ~ ) )  , 

where am,Bm , y, 
magnetic tranmition dipole moment. C2( p a , p e  

t a ined  from c2 ( I ~ ~ , L ~ , u , , , )  

Gi,  Ce, G a r e  given i n  ( 5 ) .  One can B e e  from t h i s  sxp 

r e s d o n  that circular polarized 1unine.csnce f o r  free 

moleaules depend6 not only on t h e  value of electric 

and magnetic t r a n s i t i o n  dipole moments and on the an- 

gle between than, but a l so  on t h e i r  itxtramoleaular 

orientation. 

are t h e  d i rec t ion  codnem of t h e  

) i B  ob- + +  
+ + +  

if a 2 - 0 ~  B~ =B, 8 y 2  my, , 
2 2  

C 

It is intsremting that  relation. (10) and (11) 

rearlt i n  a cII6mymmetry f ac to r  of t h e  form ( 9 )  when 

0 1  = B 1 =  Y 1  or a2am - 62B,m y2ym or both. 
2 2 2  

!Two-Photon B x c i t e d  Luminescence 

The intendty of an a rb i t r a ry  l i n e a r l y  polarized 

component of two-photon excited luaine6cence of im- 
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312 BLOKHIN, PLISKA, AND TOLKACHOV 

t r o p i c  nonrigid media W is presented a s  a function 

of savbn independent molecular parametere, 

which are transformed a s  unreducible 8econ.d-rank ten- 

mrs ( c o d r a r y  t o  rigid media [ 121 ) 

Ms [ 131 

7 

w h e r e  

periment geometry 

Psare a o e f f i c i s a t s  introduced only by t h e  ex- 

PI" 1 ,  p2= s El1(;*;), pq p3= 5 E22(3(;*2)2- pq l), 

P E20(3(1*:)2-1), Pg= 5 E02(3(5*z)2- pq l), 

'6" 3 E1'((A0S)(M.*v)- pq i(x*s)), P,- & Ei92(3(t*f)2-1), 
(13) 

4 =  5 P9 
+ +  + +  

Jo a r e  t h e  Qobsch-Cordon ooefficientm, p clplq 
and 9 are equal t o  0, 1 and -1 f o r  t h e  l inear ,  r igh t -  

and left-hand c i r cu la r  polar izat ion of exoi t ing l i gh t ,  

X , , w are u n i t  vectors of exciting and d t t e d  pho- 

t o n s  polarization, r e e p e c t i v d y  ( f o r  c i r cu la r ly  pola- 

rized l i gh t ,  and bc are oriented along t h e  wave 

vector), E is a vector produced by oomponents Ci : 

+ + 

+ + 
+ 

In (12) ,  t h e  f i r e  t h r e e  moleoular parameters 
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are functions c o n a i d i n g  of McClain parameters of ab- 

mrpt ion  anisotropy 6 ~ ,  6~ , gH I 121 The other 

a r e  t h e  or ien ta t iona l  cor re la t ion  function6 of t h e  

unreducible second-rank teneora composed of t h e  two- 

-photon abmorption tensors  T. 

of emitting o s c i l l a t o r  ce [ 131 For t h e  s ta t ionary  li- 

m i t  they have t h e  form 

Ms 

[12]  and of t h e  vector I j  

J J  

where symmetrized mecond-rank tensors  S:o ( T  ' 2,  are 

t h e  functions of t h e  c o m p o n e n t m  of two-photon abeorpt- 

ion  tensor 
J J  J1 0 J20 

T T  C l m l i C l n l k  mn i k  ' T 1 ' =  
m,n , i  ,k=-1 

2 

t r a n s i t i o n  

and Smo(Ce) a r e  t h e  functions of or ien ta t ion  of t h e  

dipole moment of d o d o n  [13] .  

It can be 6een from relationship6 (12) t o  (17) 

t h a t  t h e  polarization ind ica t r ix  for a d v e n  direct- 

ion of two-photon excited luminemence has  a r8ther 

complex form. Since the  coeffioionte at Ha i n  (12)  de- 

pend on t h e  experiment gsometry ,  one aan f ind  than by 

.even srperimants of different gaometriem. 
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Fy 

\O 

5 

0 

-5 

- 10 

I I I I I I I I I I ,  
0,s 1-7, / 3, -15 

0 

FIG. 3. The polarisation degree o f  two-photon excited 
luminemcenae of planar rigid moleculem i n  a 
vapor phame am a f u n t i o n  of the  inert ia  para- 
nater l-Ic/IB wben the  fir& (i) and mecond 
(j) aboorptire and luminsrrcerrt (k) tranmition 
dipole m o r e n t m  are directed along the main 
inert ia  axe8 ( i jk ) ;  1-A.M; 2 4 C C j  3rBBB; 
4-ABbBCCj S a C A l e C B ;  6-ABbACCj 7MCB; 8-ABC; 
WBA3 IOIMBPBBA; JlrBBcUcCBj 12-McIccIs .  
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So, with t h e  aid of t h e  above r e l a t ionnb ips  t h e  

degree of l d n e m e n c e  po la r i za t ion  can be calarlated 

provided that  t h e  intramolecular components of t h e  

two-photon absorpt ion tenmr and t h e  d i r e c t i o n  of t h e  

l d n - e n t  t r a n s i t i o n  moment are known. Fig.3 ehowo 

po la r i za t ion  of two-photon excited luminescence of 

planar  molecules as a funct ion of t h e  i ne r t i a  parame- 

ter l - I c / ~ w h e n  t h e  t ranmit ion d ipo le  m o p r e n t s  are 

orisrrted along t h e  p r inc ipa l  i n e r t i a  axes and t h e  ex- 
c i t i n g  photons are equal and polar ized l i n e a r l y  and i n  

pa ra l l e l .  

The p a r a l l e l  t r a n s i t i o n  d ipole  moments ( M A )  re- 

s u l t  i n  t h e  highest  po lar iza t ion  degree ( 2 0 % ) .  The 

highest  negat ive value (-13%) is  predicted f o r  p a r a l l e l  

absorpt ive t r a n s i t i o n  moments or ien ted  along t h e  A - 
-axis and t h e  l d n e s c e n  t t r a n d t i o n  moment o r i en ted  

along t h e  C-axis o r  V.V. (AACICCA) . When t h e  or ien ta-  

t i o n  of absorp t ive  t r a n s i t i o n  d ipo le  moments is ortho- 

gonal t h e  polar iza t ion  is between -3.5% and 2%. 

CONCLUSIONS 

We have ahom t h a t  po lar iza t ion  of complex mole- 

cu le  luminescence in d i l u t e d  vapors depends not only 

on t h e  mutual o r i en ta t ion  of t h e  t r a n s i t i o n  d ipo le  mo- 

ments but on i t s  intramolecular  o r i en ta t ion  and on t h e  

pr inc ipa l  i n e r t i a  moments r e l a t ion ,  too. I n  t h e  s t a t i o -  

nary approach t h e  dependences a r e  represented by t h r e e  

product8 of t h e  s a m e  i n e r t i a  f a c t o r s  f o r  a l l  t h e  kind8 

of luminescence described and simple l i n e a r  func t ions  

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



3 16 BLOKHIN, PLISKA, AND TOLKACHOV 

of intramolecular components of t h e  t r a n s i t i o n  dipole 

moment 6. 
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