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The paper deals with the influence of the orientation factor on the photolumineseenee 
quantum yield for solutions in which restricted rotations of active moleeules oeeur. It  has 
been shown that eritical concentrations depend on the mean value of the orientation factor 

of the forro < > for one-dimensional systems, < t / ( ~ )  for two-dimensional systems, and 
<1/<-~~> for three-dimensional ones. 

1. Introduction 

L u m i n e s c e n t  molecules  exc i ted  to  the  f i rs t  e lec t ronic  s ta te  can  lose the  
exc i t a t ion  e n e r g y  t h r o u g h  a n o n r a d i a t i v e  t r ans fe r  to  molecules  in the  g r o u n d  

s ta te .  The  t h e o r y  o f  long- range  e lec t ronic  exc i t a t ion  e n e r g y  t r ans f e r  v i a  dipole- 
dipole i n t e r ac t i ons  deve loped  b y  F6RSTER [1, 2] gave  the  e x p l a n a t i o n  o f  t he  

p h e n o m e n o n .  Var ious  p rob lems  conce rn ing  l uminescen t  sy s t ems  as well as 

molecu la r  b io logy  sys tems  have  been  solved us ing this  t h e o r y  [ 2 - - 8 ] .  The  
n o n r a d i a t i v e  exc i t a t i on  ene rgy  t r a n s f e r  r a t e  c o n s t a n t  can  be expressed  as [1] 

kA, = (kp + kq)k~(/~o/R)~ (1) 

where  k F and  kq are r a te  c o n s t a n t s  o f  the  p h o t o l u m i n e s c e n c e  and  in t e rna l  
eonvers ion ,  r e spec t ive ly ;  k 2 is an o r i e n t a t i on  f ac to r  l d e p e n d e n t  on the  re la t ive  

o r i en ta t ion  o f  t he  t r ans i t i on  m o m e n t s  o f  the  exc i ted  A* and  unexc i t ed  B;  
R 0 is the  so-cal led " i s o t r o p i c "  cr i t ical  d is tance ,  i.e. ir is t he  va lue  o f  R for  

wh ich  kAB = k F -4- kq when,  s imu l t aneous ly ,  k g = 1. The  r a t e  c o n s t a n t  kAB 
depends  m a r k e d l y  on k 2, wh ich  can  v a r y  f r o m  0 to  6 [9]. I t  is the re fo re  impor -  

t a n t  to  d e t e r m i n e  the  m e a n  va lue  of  the  o r i en t a t i on  f a c t o r  in case o f  the  e n e r g y  
t r ans fe r  w i th in  a s y s t e m  of  molecules  o r i en ted  at r a n d o m  of  a s y s t e m  in wh ich  

ce r ta in  molecule  o r i en ta t ion  prevai ls .  The  p rob l em was  p a r t l y  solved for  

* This work was carried out under the Research Project MR. I. 9.--4.5.3. 
** Address: Instytut Fizyki, Politechnika Gda¡ 80--592 Gda¡ 

Majakowskiego 11/12, Poland 
1 k 2 differs from the orientation factor ~2 as defined in [1] by a constant factor 3/2 

(see also Eq. (2)); i.e. relation k 2 = 3/2 ~2 is satisfied. 
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solutions by  IVIAKsIMOV and ROZMAN [10]. DALE and EISIPr [8] presented  
ah extensive s tudy  of this problem for in te rac t ing  molecule pairs. 

In  this work we wouJd like to present  theoret ical  considerat ions of the 
or ien ta t ion  factor  inf luence on the photoluminescence of viscous solutions in 
which restr ic ted ro ta t ions  of  the t ransi t ion moments  of active molecules m ay  
also occur. The problem will be t rea ted  un i formly  for solutions of different  
dimensions (1 --  1, 2 and 3). 

2. Theoretical considerations 

Reeent ly  [11--13] ,  the problem of the exci ta t ion  energy t ransfer  effi- 
c iency for solutions of different  dimensions was studied for the energy t ransfer  
proecss regarded a s a  mult is tep one. I t  was assumed, among others,  t h a t  the 
solutions are rigid to the ex ten t  to whieh the mater ia l  diffusion can be negleetcd,  
and s imultaneously l iquid enough to allow for the complete ro ta t ion  of molecules 
dur ing the exei ta t ion energy t ransfer  lifctime. Under  this assumption a so-called 
isotropic value <~2> : 2/3 [9, 10] i.e. <k2> = 1 could be taken  in these works as 
the  mean  value of the or ien ta t ion  factor.  The assumption of complete molecule 
ro t a t ion  is, however,  not  valid for solutions of  sufficiently high viscosity,  
where during a t ime interval ,  T l (time of exc i ta t ion  energy localization on 
a single molecule) be tween the ins tant  of exc i ta t ion  of the molecule .4 and the 
ins tan t  of t ransferr ing this energy from .4" to one of the neighbouring molecules 
B, more  of less res t r ic ted  rota t ions  of the molecules involved ate possible. 

The t e m pora ry  value of the or ienta t ion  fac tor  for a pair  of molecules 
.4* and B i s  given by  [1, 9] 

~ ^ 
k2AB = -23 eA eZ --  3(~ARAB)(~B-RAB) , (2) 

where ~A, ~B and RAs are unir  vectors for the t rans i t ion moments  of the  mole- 
cules .4* and B and the distance between them,  respectively.  

The rota t ional  motions of molecules duc to tlleir stat ist ical  na tu re  cause, 
t h a t  the  exci ta t ion energy t ransfer  rates depend on values <k~B > averaged 
over  the t ime ~t" These in tu rn  depend on the initial  or ienta t ion of the transi-  
t ion  moments  of the in te rac t ing  molecules .4* and B. 

In  our considerat ions of  the influence of or ienta t ion  factor  on the effi- 
c iency of the exci ta t ion energy t ransfer  in solutions of different  dimensions 
we have  adopted  the same assumptions,  in principle,  as in [11--13] .  However ,  
unlike those earlier works, individual  values of <k~B > for each pair  of  mole- 
cules are t aken  into considerat ion.  Thus we assume th a t  the solution contains 
donor  D and acceptor  .4 molecules, the p robabi l i ty  of energy t ransfer  f rom an 
exci ted molecule D* to molecules D and .4 a round it, forming toge ther  a so- 
called luminescence centre,  depending on thei r  configurat ion.  This configura- 
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t ion is defined by  orientat ions of the t ransi t ion moments  of moleeules D and 
A, and their  vee to r  positions relat ive to the or ienta t ion of the molecule D*. 

Assuming t h a t  the molecule or ienta t ions  and distanees between them 
are stat is t ieal ly independent ,  the probabi l i ty  P(D* = D(~,)) of  D* belonging 
to the eentre of t ype  a (i.e. eharaeter ized by  a speeifie eonf igurat ion of mole- 
eules D and A wi th  respect  to D* can be wri t ten  as 

P ( D *  = D(~)) = / . I  xl -~d~, " [1,=, n ( ~ ~ ) d ~ ; .  

I I  yJ ~J " I I  n(O:) dO:, (3) 
j=l j=l 

where the f irs t  and th i rd  terms ate probabili t ies o f D  lying wi thin  x i ~ x i -q- dxi, 
and A lying wi thin  y:  - -  yj  -~ dyj, respect ively,  f rom the moleeule D*; the 
seeond and four th  terms can be regarded as probabili t ies of speeifie orienta- 
tions of the t rans i t ion  moments  and posit ion veetors of t ype  D and A mole- 
eules, respeet ively,  relat ive to the t rans i t ion moment  of the moleeule D*; 
~i and 01 represent  sets of angles defining the uni t  veetors  of moments  
and distanees, while n(~i) and n(~i) ate their  dis t r ibut ion funet ions for D and 
A, respeet ively.  1V D and N A denote  numbers  of donor  (ineluding D*) and 
aceeptor  moleeules, respeetively,  in an /-dimensional volume of radius R. 

Ir has been shown tha t  f o r a  mul t is tep proeess of exe i ta t ion  energy trans- 
fer f rom moleeules D to A the photolumineseenee q u a n t u m  yield ~7 of a solu- 

t ion is given by  [11] 
~q = PF/( 1 --  POD), (4) 

where PF and PDD are mean  probabili t ies of f luorescence of  an exci ted mole- 
cule D*, and nonradia t ive  exci ta t ion  energy t ransfer  f rom D* to D, respect-  

ively. 
For  the modif ied definit ion of the luminescence centre as presented above 

(see also remarks  in [11]) the probabil i t ies PF and PDD can be described by  
the following formulae  

PF : lim PF(R) : l im . ~  kF P(D* : D(,O), (5) 
/~~~ R~~ (o) k(~) 

PDI) = lira Pvv(R) : l im ('Ÿ kvD(~') P(D* = D(,~)) , (6) 

where 
k(~) = kp -}- kq -~- kDD60 q- kDA(G, ), (7) 

kD~<~> = (k,~ + kq) i~~D,~ <q>/x~ , (8) 
i 

kDA(o. ) = ( k  F .3f_ kq) R6 A ~ <k2>/y 6 �9 ( 9 )  
] 
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H e r e  ~Pt0D and R0A denote "isotropic" critical distances for the nonradiative 
energy transfer from D* to D, and from D* to A, respectively. 

Since the molecule distance and moment distribution functions are 
continuous it follows from (5) that 

G _ 

R R 

k lim . . . .  • 
k p A - k q  R~~ 

O�91 O~ ,i 
(N ~--I) + N.~ 

1 - I  ~-tdx,.n(?o,)dgoi ] . yŸ dy,.n(~:) d~: 
• i=1 I j=l (I0) 

I N/~--I N/~ 2 6] 
t = l  j = l  

Following the calculation procedure of [11--13], which permits separation 
of integrals over x, y,  and ~ and ~, we arrive at the formula 

PP = ~o [1 - -  F(z ) ] ,  (11) 

where ~7o = kp/(kF + kq) is the absolute yield of donor molecules for their 
concentration in the solution c o -+ 0 with simultaneous c A = 0, c A being the 
acceptor concentration; F(z) is desribed by 

where 

z ~  z D ~ Z A =  P 

H e r e  

and 

r 
F(z) = z f exp [-- (x6/t q- zx) ] ax ,  

O 

(12) 

~ V <----~A>) [ ROA ]I I ( 1 3 )  

t%-~J (~TJ J 

/ 6/l \ ff6]l 
~ V<-~o>/) (14) 

tb 

q _ \  f 6/l 
= J  V<k2A> n(~A) Cv~>? ~~~. (15) 

RD a n d  RA are radii, in the /-dimensional space, of the volume oceupied, in 
the average, by a single moleeule of the donor and aeeeptor, respeetively. 
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The probabil i ty  PDD can be calculated in a similar manner,  s tar t ing 
from relation (6). A s a  result the following formula is obtained 

Po,:, = (~d~)"  F(~) .  (16) 

Substi tution of (16) aud (11) into formula (4) yields 

t//t/0 = 1 -  F(z) , (17) 
1 - (~d~) F(~) 

which gives the relative quan tum yield of the system a s a  function of z. As 
relations (11), (12), (16) and (17) are identical with corrcsponding relations 
in [11--13] it  follows tha t  z should be regarded a s a  reduced concentrat ion 
in the /-dimensional space. 

This quant i ty ,  defined by (13), can also be described with a simpler 
formula 

! R o  / t RA ) J 

identical  with t h a t  in [12, 13] provided t h a t  Rov and ROA sat isfy the relations 

/£ \6/l 
~ D  ~- RO6D <~ V<---~D>~ , (19) 

1611 \611 
/~A ----- i~o~a ~V<--~A>) �9 (20) 

Rov and ROA ma), be regarded as averaged critical distances reflecting the 
dependence of the  orientat ion factor value on the energy transfer  rate.  I t  
follows therefore t h a t  changes of this factor  can be reduced to changes of the 
critical d is tante  R 0 or critical l-dimensional concentrat ion c o corresponding 
to tha t  dis tante .  

3. Condusions and final remarks 

The following relation between the /-dimensional critical concentrat ion 
c o and averaged critical dis tante  R o is satisfied 

c o = ~q243 (21) 

Here ~ is a constant ,  depending on the dimension of the system, equal to 
1/2, 1/4~t, and 3/4zt for l = 1, 2 and 3, respectively. Hence from relations 
(19) and (20) it  follows tha t  critical concentrations c o for solutions of different 
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dimens ions  depend  on  d i f fe ren t  m e a n  va lues  o f  the  o r i en ta t ion  fac tor ,  n a m e l y  

a) l : 1 Co : Co , (22) 

b) l -~ 2 Co = c0 , (23) 

c) / = 3  c0 = c 0 / ( V < - - ~  ~ ,  (24) 
\ / 

where  ~o deno te  the  a p p r o p r i a t e  " i s o t r o p i c "  cr i t ical  concen t r a t i ons .  

The  equa t ions  u n d e r  cons ide ra t ion  descr ibe  the  b e h a v i o u r  o f  l uminescen t  
s y s t e m s  wi th  respec t  to  the  ra te  of  n o n r a d i a t i v e  exc i t a t ion  e n e r g y  t r ans f e r  

b e t w e e n  act ive  molecules .  T h e y  render  possible t he  d e t e r m i n a t i o n  o f  t he  ene rgy  

t r ans f e r  eff ic iency w i t h  respec t  no t  on ly  to  the  d imens ion  of  the  so lu t ion ,  bu t  

also t o  the  ex t en t  to  o rde r ing  o f  molecule  t r a n s i t i o n  m o m e n t s  due to  t h e i r  
r o t a t i o n  and  d i s t r i bu t ion  o f  d i rect ions  o f  the  r o t a t i o n a l  axes.  

I t  can  be e x p e c t e d  t h a t  the  analysis  p r e s e n t e d  in this  paper ,  as t he  consi-  

de ra t ions  of  the  exc i t a t i on  ene rgy  t r ans f e r  dependence  on t ime  [14] will 
help to  d is t inguish  b e t w e e n  di f ferent  a r r a n g e m e n t s  o f  l uminescen t  sys t ems .  
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