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SPECTROSCOPY LETTERS, 10(6), 483-488 (1977) 

ABSORPTION STATISTICS 

I N  LINEAR DICHROISM 

Bengt Nord6n 

Department of Ino rgan ic  Chemistry 1 ,  Un ive r s i ty  of Lund, 

Chemical Center ,  P.O.B.  7 4 0 ,  S-220 07 Lund 7 ,  Sweden. 

A t t e n t i o n  i s  c a l l e d  t o  an a r t i f a c t  i n  l i n e a r  dichroism 
( L D ) ,  so c a l l e d  abso rp t ion  s t a t i s t i c s ,  which l e a d s  t o  re- 
duced LD i n t e n s i t y  i n  r eg ions  of high abso rp t ion .  The re- 
duc t ion  f a c t o r  i s  l a r g e r  t han  t h a t  governing t h e  correspon- 
ding r educ t ion  i n  abso rp t ion ,  when LD i s ,measu red  by us ing  
a Legrand-Grosjean c i r c u l a r  dichroism spectrophotometer.  I n  
t h e  case  of i n f i n i t e  f i b r e s  a t  p e r f e c t  o r d e r  it c o i n c i d e s  
with t h e  abso rp t ion  s t a t i s t i c a l  r educ t ion  f a c t o r  of o p t i c a l  
a c t i v i t y .  The a r t i f a c t  was observed for  B-carothene solu-  
b i l i z e d  i n  l e c i t h i n  liposomes o r i e n t e d  a t  flow. 

The a r t i f a c t  gene ra t ed  by a b s o r p t i o n  s ta t i s t ics  (Duysens‘ 

e f f e c t )  i n  suspensions man i fe s t s  i t s e l f  i n  t h e  abso rp t ion  

spectrum by a decreased ampli tude i n  s p e c t r a l  r eg ions  of high 

abso rp t ion  by t h e  p a r t i c l e s .  A s  has  been r e c e n t l y  shown by 
Gordon and Holzwarth’ t h e  e f f e c t s  on o p t i c a l  a c t i v i t y  and 
c i r c u l a r  dichroism are s i m i l a r l y  decreased i n t e n s i t i e s  i n  
r eg ions  of high abso rp t ion .  W e  h e r e  cons ide r  t h e  correspon- 
ding in f luence  on l i n e a r  dichroism,  of o r i e n t e d  suspensions 

of e longated d i c h r o i c  p a r t i c l e s .  

t angu la r  p a r t i c l e s  (dimensions d xd xds, dl>>ds) arc arranged 
according t o  F igu re  1 ,  a t  complete o rde r .  Using Duysens‘way 
of rcasonincj and t h e  n o t a t i o n s  of Gordon and Holzwarth, t h e  
t r ansmi t t ance  of h cm suspension,  TSUS, w i l l  be g iven  by 

Let u s  d i s c u s s  a c a s e  i n  which absorbing elongated rec- 

1. s 

Tsus = 6”’ ( z )  exp (-az) dz 
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484 

where P ( z )  i s  t h e  p r o b a b i l i t y  of 

f i n d i n g  a p a t h  of l e n g t h  z through 

absorbing ma t t e r  and 1-2 through 

t h e  t r a n s p a r e n t  s o l v e n t .  The absor-  

bance (base  e) i s  consequent ly  Asus 

t i c s  i s  due t o  P ( z ) = l ,  o r  t h a t  d i f f -  

e r e n t  " r ays"  have va ry ing  p robab i l -  
i t y  of i n t e r a c t i n g  wi th  a g iven  num- 

ber of p a r t i c l e s .  The a b s o r p t i o n  

c o e f f i c i e n t , d ' . , o f  t h e  p a r t i c l e  i s  
d e f i n e d  so t h a t  t h e  s o l u t i o n  of i n -  
f i n i t e l y  sma l l  p a r t i c l e s  a t  a con- 

c e n t r a t i o n  (=volume f r a c t i o n )  q has  
t h e  absorbance (base  e )  

- - -logeTsus. The a b s o r p t i o n  s t a t i s -  

NORDEN 

FIG. 1 

This  i s  t h e  Bouguer-Lambert-Beer law. I f  w e  look upon a horizon-  

t a l  l a y e r  of t h i c k n e s s  ds p a r a l l e l  t o  t h e  d i r e c t i o n  of propaga- 

t i o n  of l i g h t  w e  have a r andom'd i s t r ibu t ion  of cub ic  boxes c u t  

o u t  from t h e  p a r t i c l e  rods  each having an edge ds. Each beam- 
l e t  io --t i t r a v e r s e s  a column of  a r e a  d 2  and l e n g t h  h which 
can be d i v i d e d  i n t o  m = h/ds c u b i c  s o l u t i o n  boxes of volume d . 
The volume c o n c e n t r a t i o n  q d e f i n e s  t h e  p r o b a b i l i t y  t h a t  a 

g iven  box w i l l  c o n t a i n  a p a r t i c l e  and (1-q) t h e  p r o b a b i l i t y  
t h a t  it w i l l  c o n t a i n  on ly  s o l v e n t .  The n e t  " p a r t i c l e  pa th"  
z can assume d i s c r e t e  v a l u e s  z = nd, n = 0 ,1 ,2  ..., m. P ( z )  

t hen  becomes t h e  binomial p r o b a b i l i t y  

3 

-ad The average t r ansmiss ion  of one p a r t i c l e  i s  T = e s ( w e  
have so fa r  assumed i s o t r o p i c  p a r t i c l e  a b s o r p t i o n )  and f o r  
t h e  suspension 
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ABSORPTION STATISTICS IN LINEAR DICHROISM 485 

It is in general realistic to assume q << 1 

or the absorption is given by 
so Asus@ q m ( 1 - T  ) P 

Asus- Q, Asol = QAaqh 

s, /ads ( 4 )  
e- ad where Q = ( 1  - 

A 

This is identical with Duysens' formula for a suspension of 
cubic particles. If the light is instead propagated along the 
particle fibre axes the effect of absorption statistics is 
strengthened according to T 
which is realized by dividing the solution into columns of 
cross-section d xds, ccntaining h/dl non-cubic boxes, whereof 
n are absorbing). 

e-adl, m = h/dl, Asus f qm(l-Tp), P 

I If linear dichroism is obtained by measuring A and A I1 
separately, the same correction for absorption statistics applies: 

Here a 
polarization of the electric radiation field parallel and 
perpendicular to the particle fibre axis, respectively. 

and aL denote specific absorption coefficients with 
II 

However, as in the case of circular dichroism detected 
with a Grosjean-Legrand instrument,linear dichroism measured 
differentially with similar photomodulation technique at a 
fixed incident light intensity,will depend linearly on z and 
is to be intensity averaged2 according to 

From this follows that 

Q,, = f-adS 
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486 NORDEN 

We may perhaps not apprehend d as the real particle dimension 
but more as an optical parameter of the model. Thus from 
knowledge of a (which is generally possible to determine se- 
parately) the experimental flattening in the absorption is 
obtained and Q,, may be calculated from eqs. ( 4 ) ,  ( 7 ) .  

1 5  

1.0 

1.5 

3 

F I G .  2 
Absorption statistical effect on LD of ori- 
ented lecithin/liposome/carothene solution 

Generally the orientation is not complete but the par- 
ticles are for instance distributed (we assume in a uniaxial 
way) at an average angle, say o<<e> - 45O, to the orientation 
direction. The light path in a particle is then average 
d s ( l  + l/cosg)/2 (dl >> ds) and 

A complete treatment requires the explicit expression of 

Tp, 
to be averaged over the appropriate molecular distribution 
function, which implies a problem analogous with that of 
polydisperse solution. 

then Q,, is obtained as -qm (aT /aAsol). The result has 
P 

An alternative way of approach is to consider, f, the 
order parameter be the fraction of completely aligned fibres, 
1-f being a randomly oriented fraction. Then one obtains 
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ABSORPTION STATISTICS IN LINEAR DICHROISM 

L D ~ ~ ~ , ~  = fe-ad S P l l  - al)qh 

-ad Asus, f ={f[(l - e S)/adsl + 

+ (  

Eq. (8bI 
solution 

- f) [ (1 - expa(dl + 2ds)/3)/a(dl + 2ds)/31'jaqh (9b) 

may be used when A in LD/A refers to the random 
(f = 0). 

Fig. 2 shows the effect of absorption statistics in a 
solution of lecithin liposomes containing solubilized 
p-carothene. A "new" LD maximum above 520 nm and a pre- 
dominant negative LD band corresponding to weak absorption 
at 340 nm (known to have perpendicular polarization are 
characteristic point that may be noted. Due to possible 
solvent effects A sol was difficult to estimate. However, 
from the knowledge that the broad absorption complex be- 
tween 370-550 nm derives from a transition polarized paral- 
lel to the polyene chain we expect the LD curve to have the 
same shape as the Acurve. Hence the flattering of LDsus as 
compared to Asus proves that exp(-ads) yields a harder re- 
duction than [ I  - expa(dl + 2ds)/3 /b(d, + 2ds)/3 does. We 
substitute dl and d with an average d and get the following 
hopefully useful equation holding for a band of pure polari- 
zation, that is one with a constant L D ( 1 )  

s 

/A(h)sol. sol 

QLD and QA may now be obtained as follows: 1. The wavelength- 
-independent factor f(a -a ) /a  is determined by observing 
LDsus/Asus at a wavelength of small absorption, where 
QL,/QA = 1. 2. Q /Q is calculated at a "safe point", viz. 
the absorption maximum where influence by solvent shift can be 
neglected. 3. d is obtained by scaling any E curve valid for a 
real solution. 

II I 
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The uncertain A spectrum for 
the P-carothene solution made 
us use instead a simulated ex- 
ample,the Gaussoid Asol,Fig. 3. 
QL,/QA = 0.074 obtained at abs. 
max. in Fig.2 yields d=4.0. 
With d=9.2-104 cm-', d=4.3.10-5 

TABLE 

pol =K*LDs,l 
/ '  ,-. - 3  

s,K-LD,ug10 

I S  '-- /. \, ; 
\ ; >\ 

,I( '4 v ,  - 2  
.'\ I, 

,I ; ' .  

(I \ *,% - 1  

' 1 .  

8' : /  
' \ .  

P, 

,: / 'I,, I .  

Asol ad Q~~ QA QLD'QA 
3.3 4.00 0.018 0.245 0.074 
3.0 3.64 0.026 0.267 0.098 
2.5 3.03 0.048 0.314 0 
2.0 2.42 0.089 0.376 0 
1.5 1.82 0.162 0.460 0 
1 . o  1.21 0.298 0.580 0 
0.5 0.61  0.543 0.749 0 
0.25 0.30 0.741 0.864 0 

154 
236 
352 
51 4 
726 
858 . . ~ .  . .  ____ .  . ~~~ 

0.10 0.12 0.886 0.951 0.930 

absorption statistics. We shall expect similar effect with a 
coloured solution in which large transparent particles are dis- 
persed, with liquid crystals containing transparent domains,etc. 
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cm. The liposomes may actually 
be as large as 10-4cm. The 
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