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SPECTROSCOPY LETTERS, 1 0 ( 6 ) ,  423-434 ( 1 9 7 7 )  

INTERPRETATION OF POLARIZED ABSORPTION AND EMISSION SPECTRA 
OF MOLECULES INCORPORATED IN YTEETCHED POLYMER FILMS 

Gershon Aviv, Leon Margulies, Jacob Sagiv and Amnon Yogev 
Isotopes Department 

and 
Yehuda Flazur 

Department of Organic Chemistry 
The keizmann Institute o f  Science, Rehovot, Israel. 

Different methods for the interpretation of linear dichroic 
spectra of molecules incorporated in uniaxial matrices are 
discussed. A method based on the combination of both pola- 
rized absorption and emission measurements is described for 
the resolution of absorption and emission spectra into their 
different polarized components, and for the investigation of 
molecular distributions in the oriented matrix. The distri- 
butions of some planar molecules of different shapes incor- 
porated in stretched polyethylene films are presented. 

In this article we shall discuss some methods for the interpretation 
o f  linear dichroism (LD) spectra of molecules incorporated in stretched 
polymers. 
is of crucial importance for such interpretation. In order to overcome 
the lack of sufficient information about these distributions, different 
models have been suggested. Many attempts have been made to analyze LD 
spectra using one parameter o f  orientation.’-’’. 
has  been widely used for the dichroic ratio do is 

The distribution of the incorporated molecules in these matrices 

An expression that 

where A and A are the absorption intensities for light polarized parallel 
and perpendicular to the stretching direction, respectively, f is an 

4 2 3  
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4 2 4  A V I V  ET AL.  

orientat ional  parameter and  cx i s  the  angle between the t rans i t ion  moment 
vector and the or ientat ional  axis  of the  molecule. 

I t  was shown t h a t  eq, ( 1 )  i s  valid f o r  matrices Dossessing uniaxial 
symmetry a n d  where the  incorporated molecules have uniform dis t r ibut ion 
a round  t h e i r  or ientat ional  axes. 1 2  

E q .  ( 1 )  can n o t  be solved f o r  a s ing le  spectrum without previous 
knowledge of e i t h e r  the or ientat ion (f)  o r  the polar izat ion of the  
t rans i t ion  ( a ) .  Besides the case o f  molecules possessing a manyfold 
axis o f  symmetry ( rod- l ike ,  d i sk- l ike) ,  "a pr ior i"  i t  i s  very d i f f i c u l t  
t o  know whether eq. ( 1 )  can be applied f o r  a cer ta in  molecular geometry 
o r  n o t .  In the following we shal l  present a method by which t h i s  equation 
was used ( a n d  i t s  va l id i ty  proved) in  the in te rpre ta t ion  of LD of 
s te ro id  molecules who do n o t  have the mentioned axial symmetry. The 
method i s  based on the use o f  a "small" chromophore which can be posi t io-  
ned in  d i f fe ren t  s i t e s  of the molecular skeleton, under the assumption t h a t  
t h i s  modification does n o t  a f fec t  the  geometry of the molecule, and hence 
i t s  or ientat ion in  the polymeric matrix. 13 

We have measured the dichroic r a t i o  in s t re tched polyethylene of the 
seven C I , ~  -unsaturated ketones of the cholestane ser ies  shown in Figure 1 .  

dot 

I I I I I I I I I -  

0 3 0  60 9 0  cYo 

F I G U R E  1 :  Plot o f  d0VS.a 
according t o  e q . ( l )  f o r  f q . 5  
The c i rc les  a re  measured d o  
values of cholestmones plot ted 
V S .  a values estimated from 
mol ecul ar models. 
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1.D SPECTRA OF MOT,ECUJ.ES IN STRETCHED POLYMERS 4 2 5  

Assuming t h a t  t h e  d i r e c t i o n  of t he  t r a n s i t i o n  moment w i t h  respect 

t o  t h e  chromophore i s  independent o f  i t s  p o s i t i o n  i n  t h e  molecu la r  
skeleton, t he  s h i f t s  i n  t h e  d i r e c t i o n  o f  t h e  t r a n s i t i o n  moments when 
passing f rom one compound t o  another,  can be  es t imatad f rom c r y s t a l l o -  

g raph ic  da ta  or f rom molecu la r  models. By s u b s t i t u t i n g  the  values o f  

t he  d i c h r o i c  r a t i o s  o f  se lec ted  p a i r s  o f  compounds i n  eq. ( 1 ) ,  t he  va lue  
o f  f and the  d i r e c t i o n  o f  bo th  t h e  o r i e n t a t i o n a l  axes and the  t r a n s i t i o n  
moment can be e luc ida ted .  The f va lue  f o r  t h e  cholestane se r ies  was found 
t o  be 0.5 and the  d i r e c t i o n  o f  p o l a r i z a t i o n  of  t he  t r a n s i t i o n  i s  shown 
i n  Figure 2 f o r  t h e  case o f  compound 2 .  

I n  f i gu re  1 t h e  curve desc r ib ing  t h e  r e l a t i o n  between c1 and do as 
ca l cu la ted  from eq. (1 )  us ing  f=0.5 i s  shown together  w i t h  t h e  exper imental  
values. The c lose  f i t  between t h e  two se ts  o f  values proves t h a t  eq. (1) can 

be used t o  analyze the  LD of  molecules possessing a cholestane skeleton. 
S i m i l a r l y ,  us ing  t h e  same chromophore, we have proved t h e  v a l i d i t y  

of  eq. (1 )  f o r  o t h e r  s t e r o i d s  such as the  androstane se r ies ,  ca rboxy l i c  

es te rs  o f  cho les te ro l  and o f  d i f f e r e n t  androstanols.  
Using the  same procedure, we have been ab le  t o  analyze the  LD spec t ra  

o f  these s t e r o i d s  con ta in ing  o t h e r  chromophores such as the  i s o l a t e d  
double bond and t h e  sa tu ra ted  ketone.” I n  a l l  these cases eq. (1) was 
found t o  be v a l i d ,  and the  same f values were found f o r  t h e  corresponding 
se r ies  o f  molecules. I n  both the  cholestane and androstane s t e r o i d s  the  
o r i e n t a t i o n a l  axes determined by the  above descr ibed method co inc ide  w i t h  

the  l o n g i t u d i n a l  p r i n c i p a l  axes o f  i n e r t i a  as c a l c u l a t e d  f rom X-ray data. 

9 

1 ,14,15 

FIGURE 2: D i r e c t i o n  o f  (---) t h e  ll -P t r a n s i t i o n  
moment vec to r  and ( . .. ) the  l o n g i t u d i n a l  ax i s  o f  
A4 - cholesten-3-one. 
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426 AVIV ET AL. 

A l l  these resul ts  were obtained without making any assumption on the 
polarization of the electronic  t rans i t ions  o r  the or ientat ion of the molecules 
in the matrix. These resul ts  demonstrate t h a t  e q . ( l )  i s  also applicable t o  a 
variety of compounds which do n o t  f u l f i l i t h e  symmetry requirements which have 
been previously proposed. 

I n  cases in which the molecule contains polar groups, the poss ib i l i ty  
of association with the matrix or with other  molecules should be considered. 

I t  i s  noteworthy t h a t  eq. ( 1 )  can also be applied f o r  studying the 
conformation, configuration and association of the incorporated molecules. 

I n  a l l  cases where eq. (1)  i s  val id ,  the medium has axial symetry and 
therefore  eq. ( 2 )  must a lso be valid: 

12 

16 

8,16,17 

where A, (A ) i s  the intensi ty  of  absorption of l i g h t  by the same assembly 
of molecules randomly dis t r ibuted.  We shal l  re fe r  t o  A, ( X  ) as t o  the 
" i so t ropic  spectrum". Overlaping t rans i t ions  in  the isotropic  spectrum can 
be resolved by u s i n g  the a values obtained from eq. ( 1 )  and simple t r igo-  
nometri c re la t ionships .  

compounds, there i s  no  solution t o  t h i s  equation i n  the case of bicycl ic  
compounds l ike  decalones and  namtalene. For these and s imi la r  cases 
overlapping t rans i t ions  can be resolved into t h e i r  components i f  the 
overlap a t  two d i f fe ren t  wavelengths i s  known.  I n  the case where these 
wavelengths correspond t o  two pure t rans i t ions  1 and  2 ,  the  par t ia l  
contributions of these t rans i t ions  t o  the to ta l  absorption intensi ty  
i s  given by eqs. ( 3 )  a n d  ( 4 ) .  

Although eq. ( 1 )  was found t o  be valid f o r  a great  variety of 

where dl and dp a r e  the dichroic r a t i o s  o f  the two pure t rans i t ions .  
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LD SPECTRA OF MOLECULES IN STRETC1iF.P POLYMERS 4 2 7 

A mnre genera l  t r e a t m e n t  based on t h e  i d e n t i f i c a t i o n  o f  s p e c i f i c  

f e a t u r e s  i n  t h e  a b s o r p t i o n  spect run? has been suggested by Eggers e t  a l .  

and has been w i d e l y  used r e c e n t l y .  

S ince  t h e s e  rrethods depend on  t h e  a s s u a p t i o n s  on t h e  p o l a r i z a t i o n  

of  t h e  t r a n s i t i o n s  a t  a t  l e a s t  two  d i f f e r e n t  wave leng ths ,  t h e y  can n o t  

be used as an e x p e r i m e n t a l  t o o l  f o r  t e s t i n g  t h c s e  assumpt ions.  

i t  i s  i m p o s s i b l e  t o  o b t a i n  more i n f o r m a t i o n  f r o m  a b s o r p t i o n  measurements 

o n l y ,  as l o n g  as t h e  m o l e c u l a r  d i s t r i b u t i o n  i s  n o t  known. A d d i t i o n a l  

i n f o r m a t i o n  can be o b t a i n e d  f r o m  p o l a r i z e d  e m i s s i o n  exper imen ts .  

18-25 

I n  p r i n c i p l e  

I n  t h e  f o l l o w i n g  we s h a l l  p r e s e n t  a method based on t h e  c o m b i n a t i o n  

of b o t h  p o l a r i z e d  a b s o r p t i o n  and p o l a r i z e d  emiss ion  measurements. 

d e s c r i b e  t h e  a p p l i c a t i o n  o f  such a method t o  t h e  r e s o l u t i o n  o f  t h e  a b s o r p t i o n  

and emiss inn  s p e c t r a  i n t o  t h e i r  d i f f e r e n t  p o l a r i z e d  components. 

L e t  us c o n s i d e r  two t r a n s i t i o n  moments P and Q ( F i g u r e  I ) ,  t h e  f o r m e r  

d e f i n e d  i n  t h e  m o l e c u l a r  c o o r d i n a t e  system a,b,c, t h e  l a t t e r  i n  terms o f  

a ' ,  b ' ,  c, and wh ich  a r e  r e s p o n s i b l e  r e s p e c t i v e l y  f o r  t h e  a b s o r p t i o n  and 

We s h a l l  
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428 A V I V  ET AL. 

emission of l i g h t  by a s ing le  molecule. These coordinate systems are  chosen 
in such a way t h a t  the-c axis coincides with a molecular axis (which we 
shal l  cal l  the "or ientat ional  axis")  and  the t rans i t ion  moments P and Q 
are  local ized in the g and a'c planes respectively. 

The individual components of these vectors in each o f  the two molecular 

coordinate systems are re la ted t o  t h e i r  components i n  the  laboratory-fixed 
coordinate system x ,  y ,  z 
respectively. 

(Fig.  1 )  by the transformation matrix T and T '  

(;) -Z =+) -€ 

where 

cos@cose-cos@in@sine -cos@ ino-cosBs inmcose s inasi nQ 

s i  n$cose+cosgcos@sin@ -sin@sin6+cosBcos@cosQ -sinpcosqi 

sinBsine sinficoso coso 

T '  has the  same expression as  T b u t  with 8 replaced by ( 0 % ) .  

The in tens i ty  of absorption of l i g h t  polarized in a cer ta in  direct ion 
is  proportional t o  the sum o f t h e  squares of the sca la r  products between 
the e l e c t r i c  vector of the l i g h t  and the components o f  the  t rans i t ion  moments 
- P in  t h a t  d i rec t ion ,  of a l l  the  molecules in the l i g h t  path. The probabi l i ty  
t h a t  a n  excited molecule will emit l i g h t  polarized in a cer ta in  direct ion will 
be proportional t o  the square o f  the  corresponding component of 4. 

For fluorescence measured a t  r igh t  angles t o  the exci t ing beam we define 
the fluorescence polar izat ion ratiosRzandRx a s  the r a t i o s  of the i n t e n s i t i e s  
of  fluorescence polarized in the z and x d i rect ions respect ively,  for exciting 
l i g h t  polarized along z and along y (Figure 3 ) .  
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LD SPECTE!A OF MOT.ECULES IN STRETCHED POLYMERS 429 

F o r  t h e  d i c h r o i c  r a t i o  do and t h e  f l u o r e s c e n c e  p o l a r i z a t i o n  r a t i o s  Pz 
and R>, we can w r i t e :  

g (6 ,  8, $1 i s  a d i s t r i b u t i o n  f u n c t i o n  wh ich  g i v e s  t h e  f r a c t i o n  o f  mo lecu les  

o r i e n t e d  as d e f i n e d  b y  t h e  angles B , O  and 6 ( F i g u r e  3 ) .  

So f a r  we have c o n s i d e r e d  s i n g l e  e l e c t r o n i c  t r a n s i t i o n s  i n v o l v e d  i n  t h e  
a b s o r p t i o n  and e m i s s i o n  processes.  U s u a l l y  e l e c t r o n i c  t r a n s i t i o n s  o v e r l a p  t o  a 

g r e a t  e x t e n t .  There c o u l d  b e  a l s o  cases i n  wh ich  more t h a n  one p o l a r i z a t i o n  i s  

i n v o l v e d  i n  t h e  e m i s s i o n  process.  T h e r e f o r e ,  eqs. ( 6 )  - (8)  s h o u l d  be extended 

t o  i n c l u d e  t h e  case o f  o v e r l a p p i n g  p o l a r i z a t i o n s  i n  b o t h  a b s o r p t i o n  and emiss ion .  

Moreover, t h e r e  a r e  cases i n  wh ich  t h e  d i s t r i b u t i o n  o f  t h e  o r i e n t e d  mo lecu les  

cannot  be  d e s c r i b e d  b y  a s i n g l e  d i s t r i b u t i o n  f u n c t i o n .  Such i s  t h e  case, f o r  

example, o f  mo lecu les  p a r t i t i o n e d  between two d i f f e r e n t  phases o f  an o r i e n t a -  

t i o n a l  m a t r i x .  I n  t h e s e  cases, t h e  exp ress ions  f o r  t h e  d i c h r o i c  r a t i o  and 

f l u o r e s c e n c e  p o l a r i z a t i o n  r a t i o s  s h o u l d  be  m o d i f i e d  t o  i n c l u d e  t h e  p a r t i a l  

c o n t r i b u t i o n  t o  each o f  t h e  p o l a r i z e d  a b s o r p t i o n  o r  e m i s s i o n  i n t e n s i t i e s  b y  
t h e  d i f f e r e n t  f r a c t i o n s  o f  mo lecu les  each d i s t r i b u t e d  a c c o r d i n g  t o  a d i f f e r e n t  
d i s t r i b u t i o n  f u n c t i o n .  

When d i f f e r e n t  t r a n s i t i o n s  c o n t r i b u t e  t o  t h e  t o t a l  a b s o r p t i o n  i n t e n s i t y ,  

each b y  a f r a c t i o n  hi and w i t h  i t s  t r a n s i t i o n  moment making an a n g l e  a w i t h  
t h e  o r i e n t a t i o n a l  a z s  o f  t h e  m o l e c u l e ;  and 5 t r a n s i t i o n s  c o n t r i b u t e  t o ' t h e  t o t a l  

em iss ion  each b y  a f r a c t i o n  k .  and w i t h  i t s  t r a n s i t i o n  moment making an a n g l e  

a E .  w i t h  t h e  o r i e n t a t i o n a l  a x i s ,  t hen  we can w r i t e ,  f o r  t h e  case o f  two d i f f e -  

Sdt d i s t r i b u t i o n  f u n c t i o n s  1 and 2, and f o r  an u n i a x i a l  d i s t r i b u t i o n ,  

4. 

73- 
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4 30 AVIV ET AL. 

( 9 )  

K -1 and J2 are  no rma l i za t i on  constants,  f and l-f are  t h e  f r a c t i o n s  o f  mole- 

cu les  d i s t r i b u t e d  according t o  t h e  d i s t r i b u t i o n  func t i ons  g ( 0 )  
and g (0) r e s p e c t i v e l y ,  and 

aA., a E .  and 6 . .  

d i i t r x d t i o n .  

f ac to r i zed  out o f  t h e  square hrackets o f  equat ions (9 ) - (11 ) .  

1 
2 1 and 2 are  func t i ons  o f  t he  angles 4 

T h e i r  expressions depend on the  symmetry o f  t h e  

I f  both d i s t r i b u t i o n s  a re  o f  t h e  same symmetry, 5 may be 

The above equat ions may be used t o  so lve  the  o r i e n t a t i o n  [ f ,g  ( B ) ]  
and t o  reso lve  the  absorp t ion  and emission spectra i n t o  t h e i r  d i f f e r e n t  
po la r i zed  components [hi (A) and k .  (A), respec t i ve l y ] .  

incorpora ted  i n  s t re t ched  po lye thy lene f i lms .  

- A. 

J 
We have s t u d i e d  t h e  o r i e n t a t i o n  o f  e longated and o f  p l a n a r  molecules 

I n  the  case o f  e longated molecules l i k e  4,4 '  - d i rne thy l s t i l bene  and 
anthracene, the  bes t  f i t  w i t h  t h e  exper imental  r e s u l t s  was ob ta ined when the  

d i s t r i b u t i o n  was descr ibed by t w o  func t ions .  The f i r s t  f u n c t i o n  descr ibes t h e  
number o f  molecules possessing i s o t r o p i c  d i s t r i b u t i o n  around t h e i r  o r i e n t a t i o n a l  

axes ( " a x i a l "  d i s t r i b u t i o n )  and as i t s  maximum a t  fl= r / 2 .  Th is  f u n c t i o n  co r -  

responds t o  the  random d i s t r i b u t i o n  [ g ( 6  ) = s inB 1. The second f u n c t i o n  
possess a sharp maximum a t  around B=o. I n  t h i s  case an " a x i a l "  d i s t r i b u t i o n  
i s  i n d i s t i n g u i s h a b l e  from a d i s t r i b u t i o n  i n  which a l l  t h e  molecules are  w i t h  
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LD SPECTRA OF MOLECULES IN STRETCHED POLYMERS 431 

t h e i r  planes p a r a l l e l  t o  t h e  d i r e c t i o n  of s t r e t c h i n g  ( "p lana r "  d i s t r i b u t i o n ) .  
Figure 4 shows t h e  d i s t r i b u t i o n  o f  anthracene in  t h e  s t r e t c h e d  f i lm.  

These d i s t r i b u t i o n s  may b e  r a t i o n a l i z e d  i n  view o f  t h e  s t r u c t u r a l  
p rope r t i e s  of  s t r e t c h e d  polyethylene f i lms .  I t  i s  now well e s t ab l i shed  t h a t  
when polyethylene i s  s t r e t c h e d ,  i t s  molecules tend t o  o r i e n t  themselves in  

26,27 the  s t r e t c h i n g  d i r e c t i o n .  According t o  t h e  model proposed by Hosemann 
we may cons ider  t h e  s t r e t c h e d  polymer as composed o f  domains in  which t h e  
molecular chains a r e  o r i en ted  p a r a l l e l  t o  each o t h e r  and t o  t h e  d i r e c t i o n  
of s t r e t c h i n g  ( t h e  so c a l l e d  " p a r a c r y s t a l s " ) ,  and domains i n  which no o rde r  
can be observed. Accordingly, the two curves shown i n  Figure 4 may r ep resen t  
the d i s t r i b u t i o n  of molecules incorpora ted  i n  t h e  o r i en ted  domains o f  t h e  
polymer. 

These observa t ions  may expl a in  the  f a c t  t h a t  many compounds which 
do not  possess a manyfold ax i s  of symmetry f u l f i l l  t h e  requirements o f  eq. ( 1 )  

According t o  t h i s  model b i c y c l i c  compounds which do no t  f u l f i l l  t hese  
requirements a r e  a l s o  p a r t i t i o n e d  between the two phases o f  t h e  s t r e t c h e d  
polyethylene.  However, t h e  o r i en ted  f r a c t i o n  exh ib i t s  a "p lanar"  d i s t r i b u t i o n .  
The d i s t r i b u t i o n  o f  nap,talene, as shown i n  Figure 5,  may serve  as  an examole 
of the d i s t r i b u t i o n s  of t hese  k i n d  o f  compounds. 

h 

FIGURE 4: D i s t r ibu t ion  of 
anthracene molecules i n  s t re t -  
ched polyethylene: (-) or i en ted  
f r a c t i o n ,  ( - - - )  unoriented 
f r a c t i o n .  
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FIGURE 5: Distribution o f  naphthalene molecules 
in s t re tched polyethylene: (-) "planar" 
d is t r ibu t ion ,  ( --- ) "axi a1 " dis t r ibu t ion .  

I n  case of disk- l ike molecules, the molecules in the oriented 
domains have i so t ropic  dis t r ibut ion within t h e i r  planes, as examplified 
by the d is t r ibu t ion  o f  coronene shown in Figure 6 .  

FIGURE 6: Distribution o f  coronene molecules in  
s t re tched polyethylene: (--) "planar" d is t r ibu t ion ,  
( - - - )  "axial"  d i s t r ibu t ion .  
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Since  i n  t h e  s t r e t c h e d  p o l y e t h y l e n e  f i l m  t h e  compound i s  p a r t i t i o n e d  

between two d i f f e r e n t  phases, t h i s  method can be  a p p l i e d  o n l y  t o  mo lecu les  

wh ich  have t h e  same a b s o r p t i o n  spec t rum and t h e  same quantum e f f i c i e n c y  o f  

f l u o r e s c e n c e  i n  t i l e  two  phases. Mo lecu les  wh ich  a r e  s t r o n g l y  deformed i n  t h e  

e x c i t e d  s t a t e  do n o t  f u l f i l l  t h i s  requ i remen ts  and, t h e r e f o r e ,  t h e y  can n o t  

be  s t u d i e d  by t h i s  method. F o r  example, t e t r a p h e n y l b u t a t r i e n e  shows a s t r o n g  

Stokes s h i f t  i n  i s o t r o p i c  media wh ich  i s  s t r o n g l y  d i m i n i s h e d  i n  t h e  c r y s t a l l i n e  

s t a t e ,  i n  s t r e t c h e d  p o l y e t h y l e n e  and i n  nemat i c  phases. T h i s  b e h a v i o u r  i s  

accompanied b y  an i n c r e a s e  i n  t h e  f l u o r e s c e n c e  i n t e n s i t y  and by a s t r o n g  i n c r e a s e  

i n  t h e  quantum y i e l d  o f  p h o t o d i m e r i z a t i o n . 2 8  S i m i l a r  e f f e c t s  have been observed 

i n  cynamic a c i d  d e r i v a t i v e s .  
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