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SIZE EXCLUSION CHROMATOGRAPHY 
WITH LOW ANGLE LASER LIGHT 

SCATTERING DETECTION 

Robert C. Jordan 
Chromatix, Inc., 

560 Oakmead Parkway 
Sunnyvale, California, 94006 

ABSTRACT 

A review is given of the use of low angle laser light 
scattering (LAtLs) detection in conjunction with size exclu- 
sion chromatography (SEC) to measure polymer molecular weight 
distributions without conventional SEC colmin calibration methods. 
A summary of light scattering theory is presented, and instru- 
ment configurations and principles of operation are described 
for two LAUS photometers. Also discussed are the overall per- 
formance of the SEC/LALLS technique and data from selected 
applications. 

INTRODUCTION 

Size exclusion chromatography (SEC) separates molecules 
of a polymer sample on the? basis of hydrodynamic volume. 
When the chromatograph is equipped only with a concentration- 
sensitive detector, i.e., conventional SEC, a molecular weight 
distriLution (MWD) can be obtained from the chromatogram through 
use of a calibration function relating molecular weight and elu- 
tion volume (V). ( 2 )  

SEC seldom gives the correct MWD, however. The molecular volume 
of a dissolved polymer depends on its molecular weight, chemical 
composition, molecular structure, and experimental parameters such 
as solvent, temperature, and pressure. ( 3 )  If the polymer sample 
and calibration standards differ in chemical composition the two 
materials probebly will feature unequal molecular volume/weight 

The calibration technique used in conventional 
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440 JORDAN 

r e l a t i o n s h i p s .  Such d i f f e r e n c e s  a l so  w i l l  p e r s i s t  between branched 
and l i n e a r  polymers of i d e n t i c a l  chemical composition. Consequently,  
assumption of t h e  same molecular weight v s .  V r e l a t i o n  f o r  d i s s i m i l a r  
c a l i b r a n t  and sample leads t o  t r ans fo rma t ion  of t h e  sample chromato- 
gram t o  an appa ren t  MWD. I n  some cases t h e  r e l a t i o n s h i p  between poly- 
mer i n t r i n s i c  v i s c o s i t y  (t,,]) and molecular weight (M) of bo th  sdm- 
p l e  and c a l i b r a n t  has  been e s t a b l i s h e d  f o r  t h e  SEC s o l v e n t  and t e m -  
p e r a t u r e  cond i t ions ;  i .e. the e m p i r i c a l  Mark-Houwink(3) c o e f f i c i -  
e n t s  (X,a) i n  t h e  equa t ion  

have been determined. Under t h e s e  c i rcumstances  t h e  " u n i v e r s a l "  
c a l i b r a t i o n  approach can  be u t i l i z e d  t o  c a l c u l a t e  t h e  c o r r e c t  MWD 
from t h e  sample chromatogram. (lr 4 ,  

a v a i l a b l e  f o r  many samples. 

come through u s e  of a low ang le  l a s e r  l i g h t  s c a t t e r i n g  (LALLS) 
d e t e c t o r  a t t ached  i n  series wi th  a concen t r a t ion  d e t e c t o r :  
SEC/LALLS. ('-') 

a b s o l u t e  molecular weight a t  each  p o i n t  i n  a sample chromatogram. 

The SEC/ULLS technique  i s  capab le  of q u i c k l y  y i e l d i n g  t h e  c o r r e c t  
MWD without  r ecour se  to  t h e  approximate column c a l i b r a t i o n  methods 
of convent iona l  SEC. 

However K,a v a l u e s  are n o t  

A number of t h e  l i q i t a t i o n s  of conven t iona l  SEC can  be over -  

Data from both  d e t e c t o r s  a r e  used t o  o b t a i n  t h e  

This  paper i s  a review o f  t h e  p r i n c i p l e s  of SEC/LALLS, LALLS 
d e t e c t o r  des ign ,  SEC/LALI.S s e n s i t i v i t y  and accuracy ,  and s e l e c t e d  
a p p l i c a t i o n s  of SEC/LALLS. 

PRINCIPLES AND THEORY 

The Rayleiqh Fac to r  
The measurement of molecular weight by l i g h t  s c a t t e r i n g  methods 

makes u s e  of t he  i n t e n s i t y  of t h e  l i g h t  s c a t t e r e d  a t  some ang le ,  6 ,  

as a func t ion  of t h e  i n t e n s i t y  impinging on t h e  s c a t t e r i n g  volume. 
The r a t i o  of t h e s e  i n t e n s i t i e s  may be pu t  i n  a form(*) 

where R e  ( c m - l l  i s  t h e  Rayleigh f a c t o r  and J e  i s  t h e  r a d i a n t  i n t e n -  
s i t y  ( w a t t s / s t e r a d i a n )  s c a t t e r e d  a t  ang le  8 with  r e s p e c t  t o  t h e  i l l u -  
minating beam of i r r a d i a n c e  10 ( w a t t s / c m 2 ) .  
s c a t t e r i n g  volume, de f ined  as t h e  p o r t i o n  of the  i l l umina ted  sample 

Re= Je/IoV ( 2 )  

The q u a n t i t y  V is t h e  
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LOU ANGLE LASER LIGBT SCATTERING DETECTION 641 

tha t  is "seen" by t h e  d e t e c t o r .  I n  s o l u t i o n ,  l i g h t  s c a t t e r i n g  d a t a  
can be i n t e r p r e t e d  accord ing  t o  t h e  f l u c t u a t i o n  theo ry  of l i g h t  scat- 
t e r i n g .  ( 3 r 9 ' 1 0 )  
t e r e d  as a r e s u l t  of changes i n  t h e  p o l a r i z a b i l i t y  of t h e  s o l u t i o n  
caused by assumedly random f l u c t u a t i o n s  i n  t h e  s o l u t e  c o n c e n t r a t i o n  
i n  small volume elements.  

The f l u c t u a t i o n  theo ry  dictates t h a t  l i g h t  i s  scat- 

The MWD From SEC/LALLS 

The sample e f f l u e n t  pas ses  o e q u e n t i a l l y  through t h e  LALLS and 
c o n c e n t r a t i o n  d e t e c t o r s  and t w o  chromatograms are ob ta ined  as 
shown i n  f i g u r e  2. A s  i n d i c a t e d  i n  t h i s  f i g u r e ,  t h e  concen t r a t ion  
and LALLS d e t e c t o r  responses  w i l l  b e  used to  o b t a i n  t h e  a b s o l u t e  
molecular weight a t  uniform incrementa through t h e  chromatograms. 

parameter ob ta ined  d i r e c t l y  from s c a t t e r i n g  i n t e n s i t y  measure- 
ments w i th  t h e  LALLS d e t e c t o r .  

t h e  i i n t e r v a l ,  however, is t h e  excess  Rayleigh f a c t o r :  

F igu re  1 shows a schemat ic  of a t y p i c a l  SEC/LALLS system. 

The Rayleigh f a c t o r  a t  t h e  i increment ( R e  i s  t h e  
,i 

The q u a n t i t y  used t o  c a l c u l a t e  t h e  molecular weight  i n  

and Re, i ( so lv)  r e f e r  t o  t h e  Rayleigh f a c t o r s  Where R e ,  i (samp) 
( a t  ang le  0 )  cf  sample and s o l v e n t ,  r e s p e c t i v e l y ,  i n  t h e  i 9 i n t e r -  
v a l  o f  t h e  chromatogram. A t  t h e  low polymer c o n c e n t r a t i o n  i n  t h e  
SEC e f f l u e n t  and f o r  t h e  l o w  forward s c a t t e r i n g  a n g l e s  (ca .  5O t o  7O) 

used by LALLS d e t e c t o r s  i n  m o s t  SEC/LALLS a p p l i c a t i o n s  , ('I R e ,  
i s  r e l a t e d  t o  t h e  molecular weight (Mi)  i n  t h e  i i n t e r v a l  th rough 

o r ,  

I n  eqs  4 ci is  t h e  sample concen t r a t ion  i n  i, K is  an  o p t i c a l  
c o n s t a n t ,  and is  t h e  second v i r i a l  c o e f f i c i e n t .  I t  should  
be emphasized t h a t  t h e  l inear  form of t h e s e  r e l a t i o n s h i p s  r e s u l t s  
from t h e  low ang le  c o n f i g u r a t i o n  of t h e  LALLS d e t e c t o r s :  . s c a t t e r i n g  
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FIGURE 2 SEC/LALLS d a t a  a n a l y s i s .  Value of t h e  excess  Rayleigh 
f a c t o r  (Ti ) and concen t r a t ion  ( C . )  a r e  eva lua ted  a t  
uniform i a t t r v a l s  (i) and used t o  h a l c u l a t e  t h e  molecu- 
l a r  weight a t  i. 

measurements a r e  c a r r i e d  o u t  a t  such  sma l l  ang le s  t h a t  t h e  s c a t t e r -  
i n g  i n t e n s i t y  is  independent of polymer s i z e  o r  shape  for  most 
samples analyzed by SEC/LALLS. (I1) The s c a t t e r i n g  i n t e n s i t y  of t h e  
sample e f f l u e n t  can  be  cont inuous ly  monitored and t h e  d a t a  conver ted  
t o  a b s o l u t e  molecular weights through a p p l i c a t i o n  of eqs  4 .  The 
concen t r a t ion  i n  i can be c a l c u l a t e d  from t h e  c o n c e n t r a t i o n  d e t e c t o r  
peak. From t h e  i n j e c t e d  mass ( m ) ,  t h e  e f f l u e n t  volume (Vi)  pa s s ing  
through t h e  d e t e c t o r  c e l l  du r ing  t h e  i i n t e r v a l ,  and t h e  f r a c t i o n  

i of t h e  t o t a l  peak area rep resen ted  by t h e  increment xi X - 
EXi 

The o p t i c a l  c o n s t a n t  K is  de f ined ,  f a r  t h e  v e r t i c a l l y  p o l a r i z e d  
laser l i g h t  sou rce  and annu la r  c o l l e c t i o n  o p t i c s  of t h e  LALLS 
d e t e c t o r s  desc r ibed  he re ,  a s :  

I n  eq 6 n,  Xo, and N r e p r e s e n t  t h e  s o l u t i o n  r e f r a c t i v e  index ,  & 
- vacuo s c a t t e r i n g  wavelength, and Avogardro's number, r e s p e c t i v e l y ;  
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444 JORDAN 

e denotes the angle of observation of scattered radiation. The 
quantity dn/dc is the specific refractive index increment (12) and 
represents the incremental change in solution refractive index 
with sample concentration at the wavelength, temperature, and 
pressure of the SEC/LJULS measurements. 
Since dn/dc reflects the different optical characteristics of 
the polymer and solvent, the value strongly depends on the chemi- 
cal composition of both components. (I2) However, differences 
in structure between species of identical composition, e.g., linear 
and branched polystyrene, hzve a relatively small effect on dn/dc. 
Extensive tabulations of dn/dc'r have been published, 
when literature values are unavailable dn/dc can be measured with 
a differential refractometer. 

(12,131 but 

Finally the second virial coefficient (AZ) is a quantity 
which depends in a complex manner on the temperature, pressure. 
molecular weight, size, and thermodynamics of polymer/solvent 
interactions. (3'10) The A2 value can be found in the literature 
or determined from a static molecular weight analysis (below) of 
the polymer sample in the chromatographic solvent, and often 
A2,i can be assumed invariant with molecular weight without intro- 
ducing significant uncertainty. However, high precision measure- 
ments on samples with wide MWD's require consideration of the vari- 
ation of A2 From static analysis of 
narrow MWD fractions of the polymer sample the constants CI and 6 
may be obtained, where 

with molecular weight. (14) ,i 

T h i s  expression for A then is substituted into the general LALLS 2,i 
equation (eqs 4) and the molecular weight analysis carried out. In 
many cases, however, it is adequate to estimate A 2  and set a con- 
stant value across the MWD, since at the low effluent concentrations 
encountered i n S E C ,  A2,ici is usually small relative to the other 
terms of eqs 4. This will be illustrated further, below. 

No column calibration methods are required when the SEC/LALLS 
technique is utilized. 
(or estimated), the LALLS and concentration detector responses can 
be used in eq 4b to calculate Mi at each interpal of the chromato- 
gram. In other words the concentration dector response is used to 
evaluate the concentration dependence of the LALLS detector signal. 
From the MWD found in this way the number -, weight -, and z-average 

After K has been calculated and A2 determined 
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(10)  moments can be ca l cu la t ed :  

445 

Due to t h e  s u b s t a n t i a l  da t a  handling t a sk  inhe ren t  i n  such analy- 
ses, da t a  from both d e t e c t o r s  i n  SEC/LkLLS a r e  usua l ly  c o l l e c t e d  and 
processed by a l abora to ry  d a t a  rystem. Descr ipt ions of d a t a  system 
hardware and sof tware a r e  given elsewhere,  i n  a d d i t i o n  to numerous 
a p p l i c a t i o n s  examples. ( 6 ,  ') 

The Weight Average Molecular Weight (&) from S t a t i c  Analysis.  Given 
a polymer s o l u t i o n  of concentrat ion c which i s  polydisperse  with re- 
s p e c t  t o  molecular weight, t h e  general  LALLS equation becomes ('') 

Consequently, i f  K is known, measurement of t h e  concen t r a t ion  depend- 
ence of t8 enables  < and A2 to be determined from the i n t e r c e p t  and 
3lope,  r e spec t ive ly ,  of the l i n e a r  dependence o f  Kc/& on c .  

LRUS INSTRUMENTATION 

Common Design Features .  The t w o  L W S  photometers descr ibed below 
have been designed with s e v e r a l  coIIIIK)n f e a t u r e s ,  y e t  they a r e  sub- 
s t a n t i a l l y  d i f f e r e n t  i n  terms of t h e i r  range of  app l i ca t ions .  Both 
instruments allow abso lu te  measurement of  t he  Rayleigh f a c t o r  of a 
l i q u i d  without use of c a l i b r a t i n g  s o l u t i o n s  o r  standards.  I n  o t h e r  
words from de teminak ions  of r a t i o s  of s c a t t e r e d  t o  i n c i d e n t  in- 
t e n s i t i e s  a t  l o w  forward angles ,  s o l u t i o n  and so lven t  Rayleigh fac- 
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446 JORDAN 

to rs  c a n  b e  measured and used t o  d e t e r m i n e  a b s o l u t e  m o l e c u l a r  w e i g h t s  
o f  polymer samalea ( P r i n c i p l e s  and T h e o r y ) .  

ized,  2 m i l l i w a t t ,  632811 and optical  c o n f i g u r a t i o n  o f  the  LALLS 

photometers  allow s c a t t e r i n g  measurements  t o  b e  made a t  a n g l e s  less 
t h a n  7’ f o r  nmst sample  m o l e c u l a r  w e i g h t  measurements .  
the need f o r  t h e  a n g u l a r  e x t r a p o l a t i o n  p r o c e d u r e  used i n  c lass ica l ,  
h iuh-angle  l i g h t  s c a t t e r i n g  e x p e r i m e n t s .  (lo 15’ Futhermore ,  u s e  o f  

t h e  laser l i g h t  s o u r c e  p r o d u c e s  a s c a t t e r i n g  volume of  z. 0 . 1 ~ ~ ;  
o n l y  s i n g l e  t r a n s i e n t  c o n t a m i n a n t s  (e .g .  d u s t  p a r t i c l e s )  c o n t r i b u t e  
t o  the sample s c a t t e r i n g  i n t e n s i t y  and are  r e a d i l y  d i s t i n g u i s h e d  
from s o l u t i o n  s c a t t e r i n g .  T h i s  r e d u c e s  the  sample  c l a r i f i c a t i o n  
problems which have  been a s s o c i a t e d  w i t h  classical  l i g h t  s c a t t e r i n g .  

h e l d  between two h i g h l y  p o l i s h e d ,  f u s e d - s i l i c a  windows. The metal 
c e l l  body haa a 10  u i  h o l e  which c o n t a i n s  t h e  SEC column e f f l u e n t .  
I n c i d e n t  laser l i g h t  is  f o c u s e d  t o  a beam d i a m e t e r  o f  80 m i c r o n s  i n -  
s i d e  t h e  sample c e l l  t o  g i v e  t h e  O.1ur s c a t t e r i n g  volume. When 
measur ing  t h e  sample s c a t t e r i n g  i n t e n s i t y ,  a cone  o f  s c a t t e r e d  l i g h t  
a t  low forward a n g l e  8 t o  t h e  i n c i d e n t  beam i s  c o l l e c t e d  t h r o u g h  a n  
a n n u l a r  r i n g  by a r e l a y  l e n s ,  f o c u s e d  t h r o u g h  a f i e l d  s t o p ,  and t r a n s -  
m i t t e d  to  t h e  p h o t o m u l t i p l i e r  tube .  S c a t t e r i n g  from t h e  air/qlass  
i n t e r f a c e s  i s  removed from view o f  t h e  c o l l e c t i o n  o p t i c s  by t h e  sub-  
s t a n t i a l  l e n g t h  o f  t h e  s i l i ca  windows. L i q u i d / g l a s s  i n t e r f a c e  scat- 
t e r i n g  i s  minimized by t h e  h i g h l y  p o l i s h e d  g l a s s  s u r f a c e s .  
- KMX-6. The WX-6 Low Angle Laser L i g h t  S c a t t e r i n g  Photometer  (Chromat i :  
is  shown i n  F i g u r e  3, w i t h  t h e  d e s i g n  and o p t i c a l  c o n f i g u r a t i o n  
i l l u s t r a t e d  i n  F i g u r e  4 .  The sample c e l l  body/window assembly  is 
h e l d  on a movable s t a g e .  The sample and c e l l  windows c a n  be examined 
by u s i n g  a p l u n g e r  t o  i n s e r t  a microscope  i n t o  t h e  o p t i c a l  p a t h .  

T h i s  is used t o  f o c u s  and a l i g n  t h e  c e l l  a f t e r  window c l e a n i n g .  
I n  p l a c e  of t h e  a n n u l u s ,  a h o l e  i s  i n s e r t e d  i n  t h e  a x i s  of t h e  o p t i c a l  
p a t h  when measurinq t h e  i n c i d e n t  beam i n t e n s i t y :  movable a t t e n u a t c r s  
d i m i n i s h  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  beam and i n s u r e  measurement 
w i t h i n  the l i n e a r  r a n g e  o f  t h e  p h o t o m u l t i p l i e r  tube. 

t h e  f low-through sample  c e l l  body c a n  be h e a t e d  t o  165O C.  S e v e r a l  
d i f f e r e n t  a n n u l i  which allow s c a t t e r i n g  i n t e n s i t i e s  t o  be  measured 
from 2O t o  lo are  mounted on a movable wheel .  Another  wheel  a l l o w s  
selection of a range o f  f i e l d  s t o p  d i a m e t e r s .  A 15 mm t h i c k  T e f l o n  
cel l  body w i t h  a 150 u L  sample volume is a v a i l a b l e  f o r  s ta t ic  gW 
measurements and Rayle igh  s p e c t r o s c o p y  measurements  ( b e l o w ) .  Acces- 

The h i g h l y  c o h e r e n t  H e N c  laser l i g h t  s o u r c e  ( v e r t i c a l l y  p o l a r -  

T h i s  removes 

(16 

I n  e a c h  i n s t r u m e n t  a 5 mm wide f low- through sample  c e l l  body i s  

The KMX-6 is c o m p a t i b l e  w i t h  h i g h - t e m p e r a t u r e  SEC s y s t e m s :  
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LOW ANGLE LASER LIGIIT SCATTERING DFTECTION 449 

sories are available which allow scattering intensity measurements 
to be performed at angles of 90° and close to 180'. The KMX-6 can 
be used in Rayleigh spectroscopy (17'18) 
scattering ( Q L S ) )  siudies. With a photon counting interface and Model 
64 Autocorrelator (Ch.:omatix) the Doppler shifted frequency spectrum 
of scattered light from the sample can be analyzed. Diffusion 
coefficient data and size-shape information about the sample can be 
obtained. 

being a measurement of the signal, G e l  from the photomultiplier caused 
by the light scattered from the sample at an angle 8 ;  the second is 
a measurement of the signal from the photomultiplier caused by the 
illuminating beam transmitted through the sample, Go. 
Ge the annulus that defines the scattering angle is then removed, 
and the illuminating beam is permitted to pass directly through the 
sample and light-collecting optics to impinge on the photomultiplier, 
giving the Go signal. 
of l d 9  times that of the incident intensity, a series of attenuators 
is inserted in the beam when measuring Go. ThL only difference between 
the optical path in the G 0 
ment is the insertion of the attenuators. Thus, the Rayleigh Factor 
is obtained as the ratio of these two signals, . 

(i.e., quasielastic light 

(20) 

The Fayleigh factor is obtained from two measurements: the first 

After measuring 

Since the ocattered intensity is on the order 

measurement as compared to the Go measure- 

and 

Go = PODSaTO 

Where Po is the radiant power incident on the sample, u' is the solid 
angle over which the scattered light is viewed, II' is the length para- 
llel to the incident beam of the scattering volume, Sa is the anode 
sensitivity of the photomultiplier, D is the transmittance of the attenu 
ators used in measuring the incident beam, and Te and To are the trans- 
mittances, exclusive of the attenuators, for the scattered and incident 
beams. The terns u' and II' are dependent on the refractive index (n) 
of the scattering liquid. For any pair of Go and Ge readings, Sa is 
held constant, and Te = To. Therefore, eqs 10a and 10b yield 
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450 JORDAN 

S ince  t h e  terms D, u', and a' are ins t rumen t  c o n s t a n t s ,  R e  may be  ob- 
t a i n e d  wi thout  r ecour se  t o  c a l i b r a t i o n  s t a n d a r d s ,  and eq 11 rep re -  
s e n t s  an a b s o l u t e  measurement o f  Re.  

f a c t o r  a t  each i n t e r v a l  i of t h e  chromatsgram. T y p i c a l l y ,  s c a t t e r e d  
l i g h t  i s  c o l l e c t e d  a t  6O - 7O, and the s o l v e n t  ( b a s e l i n e )  scatter- 
i n g  i s  used, a long  wi th  s c a t t e r i n g  from t h e  e l u t i n g  sample, t o  cal-  
c u l a t e  t h e  excess  Rayleigh f a c t o r  

For SEC/LALLS, t h e  KMX-6 is  used t o  measure t h e  excess  Rayleigh 

Where G e I i  (smpl) and G e l i  (solv) deno te  t h e  p h o t o m u l t i p l i e r  s i g n a l s  
from sample and s o l v e n t ,  r e s p e c t i v e l y .  
u s u a l l y  made b e f o r e  t h e  sample run. The s o l v e n t  va lue  ( G e , i  ( s o l v ) )  
is  t y p i c a l l y  c a l c u l a t e d  by c o n s t r u c t i n g . a  b a s e l i n e  between G g  ( s o l v )  

readings  on each s i d e  o f  t h e  sample peak. 

Measurement o f  G o  is  

LSD-100. The LSD-100 L igh t  S c a t t e r i n g  Detector (Chromatix) is de- 

s igned  s p e c i f i c a l l y  f o r  use  i n  SEC: it i s  shcwn i n  F igu re  5 wi th  
t h e  des ign  and dual-beam o p t i c a l  c o n f i g u r a t i o n  i l l u s t r a t e d  i n  
F igu re  6.  The SEC ce l l  body/window assembly and i t s  mount a r e  
" l i inemat ica l ly"  conf igured .  Af t e r  removal f o r  window-cleaning, 
the assembly i s  remounted wi thou t  focus ing  o r  a l ignment  by t h e  
ope ra to r .  A thumbwheel moves t h e  c e l l  window f a c e s  i n  a p l ane  
perpendicular  to t h e  i n c i d e n t  beam. N o  microscope/plunger is a v a i l -  
a b l e ,  so t h e  o p e r a t o r  cannot  i n s p e c t  the c e l l  c o n t e n t s  du r ing  
SEC/LALLS opera t ion .  The thumbwheel on ly  i s  used t o  f i n d  a "c l ean"  
window p o s i t i o n  whi le  moni tor ing  t h e  pho tomul t ip l i e r  ou tpu t  wi th  an 
ana log  record ing  device  (e .g .  s t r i p  c h a r t  r e c o r d e r ) .  

The LSD-100 has a f i x e d  f i e l d  s t o p  and s i n g l e  annulus ,  where 
the l a t t e r  collects scattered l i g h t  a t  5.1' - 6.1' ( i n  a i r ) .  
from t h e  source  f i r s t  i s  s p l i t  i n t o  t w o  beams: one passes  through 
a f i x e d  a t t e n u a t o r  and bypasses t h e  c e l l ,  whi le  t h e  o t h e r  i s  i n c i -  
d e n t  on t h e  ce l l .  A chopper a l t e r n a t e l y  a l lows  t h e  l a s e r  beam t o  
fo l low t h e  d i f f e r e n t  pathways, bu t  s c a t t e r e d  and i n c i d e n t  l i g h t  
impinge on t h e  same pho tomul t ip l i e r  d e t e c t o r .  This  cont inuous  
monitoring of i n c i d e n t  l i g h t  i s  used t o  compensate f o r  f l u c t u a t i o n s  
i n  laser i n t e n s i t y .  A feedback c i r c u i t  v a r i e s  t h e  p h o t o m u l t i p l i e r  
v o l t a g e  t o  main ta in  a c o n s t a n t  i n c i d e n t  i n t e n s i t y  s i g n a l :  t hus  no 
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LOU ANGLE LASER LIGET SCATTERING'DETECTION 

v a r i a t i o n s  i n  s c a t t e r i n g  i n t e n s i t y  r e s u l t  from changes i n  l a s e r  in- 
t e n s i t y .  
s i g n a l s  Po and Pe which r e s u l t  
beams, r e spec t ive ly .  

The Rayleigh f a c t o r  is  d i r e c t l y  obtained following measure- 
ments of Pe and Po bu t  t h e  "Pen and "Po" o p t i c a l  pa ths  (Figure 6 )  
c l e a r l y  d i f f e r .  
s i g n a l s  through 

45 3 

The ope ra to r  uses a switch t o  select the  pho tomul t ip l i e r  
from the  inc iden t  and s c a t t e r e d  

Therefore Re i s  related t o  t h e  photomult ipl ier  

Nhere @ i s  an instrument cons t an t  which t akes  account of the d i f f e r -  
e n t  t ransmit tance and beam i n t e n s i t i e s  a long t h e  t w o  paths ,  and Q ( n )  
includes the r e f r a c t i v e  index (n)  r e l a t e d  terms ( a ' & * )  noted f o r  
t h e  KMX-6 (above).  The dependence of Q(n) on n is c a l c u l a t e d  from 
t h e  o p t i c a l  configurat ion and so lven t  r e f r a c t i v e  index; it is 
suppl ied a s  a l i s t i n g  with t h e  instrument.  The instrument cons t an t  
0 is  determined a t  t h e  f ac to ry  from measurements on samples w i t h  
known Rayleigh f a c t o r s .  

For SEC/LALLS, t he  LSD-100 is used t o  determine the excess 
Rayleigh f a c t o r  a t  each i n t e r v a l  i of t h e  chromatogram from 

L 
Solvent values  (Pe ( s o l v ) )  are c a l c u l a t e d  from a base l ine  which has 
been constructed from so lven t  s c a t t e r i n g  i n t e n s i t i e s  on each s i d e  of 
t h e  chromatogram. Measurement of Po and Pe (smpl) during sample 
e l u t i o n  allows c a l c u l a t i o n  of Ee, is  

,i 

,i  

PERFORMANCE OF SEC/LALLS 

Factors  determininq p rec i s ion ,  s e n s i t i v i t y ,  and accuracy 

The l i m i t i n g  f a c t o r  i n  t h e  p rec i s ion  of SEC/LAUS ana lyses  
i s  the s i g n a l  t o  noise  r a t i o  ( S / N )  of the measured excess  s c a t t e r i n g  
i n t e n s i t y  a t  each po in t  i n  t he  chromatogram: i.e. 
( G e l i  (smpl) - Ge,i ( so lv )  f o r  t he  KM3-6, and 

(Pe, i  (smpl) - P e l i  ( s o l v ) )  f o r  t he  LSD-100. 
p r ec i s ion  may be r e l a t e d  by determining t h e  minimum excess Rayleigh 
f a c t o r  ae,min, a t  which t h e  S/N achieves a s p e c i f i e d  value.  

The s e n s i t i v i t y  and 

P r inc i -  
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454 JORDAN 

p a l  n o i s e  sou rces  inc lude  p a r t i c u l a t e  matter i n  t h e  sample and homo- 
dyne bea t ing  of the Doppler-shifted s c a t t e r e d  l i g h t .  

t i o n s  i n  SEC ana lyses .  (”  

e f f l u e n t s  is  f r e q u e n t l y  much lower than  encountered  i n  s ta t ic  ana ly-  
ses. Thus 5e-min 
1 x 10-6cm-1 t y p i c a l l y  observed i n  s ta t ic  measurements f o r  a S/N 
equal  t o  10.  

t o  as 

(18) 

Homodyne n o i s e  i s  s i g n i f i c a n t l y  reduced by t h e  f lowing  condi- 
The p a r t i c u l a t e  c o n c e n t r a t i o n  i n  SEC 

i s  g e n e r a l l y  lower f o r  ana lyses  than  t h e  v a l u e  of 

The minimum d e t e c t a b l e  concen t r a t ion ,  cmin may be r e l a t e d  - 
- 

c .  = Re-min mn 
4 . 0 7 9  x loa6 (z) dn ‘ n BW 

The terms i n  eq 15 a r e  expla ined  i n  t h e  d i s c u s s i o n  of eqs  9 

and 6 ,  from which eq 15 i s  de r ived .  
c e n t r a t i o n  i n  t h e  LAUS d e t e c t o r  f low-ce l l .  To de te rmine  t h e  mini- 
mum d e l e c t a b l e  concen t r a t ion  i n  the  i n j e c t e d  sample, c G m i n ,  a ca l cu -  
l a t i o n  m u s t  be made based on the  d i l u t i o n  of  t h e  sample du r ing  t h e  
chromatographic a n a l y s i s .  The e x t e n t  of t h e  d i l u t i o n  i s  dependent 
on t h e  na tu re  of t h e  sample d i s t r i b u t i o n  and t h e  a n a l y s i s  t i m e ,  
and w i l l  vary f o r  d i f f e r e n t  f r a c t i o n s  of t h e  sample. As a s imple  
approximation, t h e  d i l u t i o n  f a c t o r  may be taken  a s  t h e  r a t i o  of 
t h e  e l u t i o n  width of t h e  sample peak, V ,  t o  t h e  i n j e c t e d  volume, 
v.  Thus, 

The cmintenn r e f e r s  t o  a con- 

- zm min C’ 
V min (16) 

The SEC/LALLS chromatogram of 0.18 mg of a narrow MWD 
polys tyrene  s t anda rd  SRM 705 (Nat iona l  Eureau of S tanda rds )  
i s  shown i n  F igu re  7. The KMX-6 LALLS photometer w a s  
set a t  nea r ly  maximum ga in  t o  demonstrate t h e  s e n s i t i v i t y  and 
r a t i o  of s igna l - to-noise  obta ined .  The maximum usable  photo- 
m u l t i p l i e r  ou tpu t  of t h e  KMX-6 is reached a t  s i g n a l s  of 2.5 
v o l t s  (Go = 2 5 0 0 ) .  Above t h i s  l e v e l ,  non- l inear  responses  may 
occur.  Thus a pho tomul t ip l i e r  vo l t age  w a s  s e l e c t e d  such  t h a t  
t h e  t o t a l  s c a t t e r i n g  from t h e  so lven t  and s o l u t e  d i d  no t  exceed 
a Ge of ,2500. 

a Ge - solvent 
peak (B) maximum occurred a t  a G o  - of 2310, i . e . ,  

For t h e  a n a l y s i s  i n  F igu re  7 ,  t h e  g a i n  was set  t o  y i e l d  
of 2000. The corresponding Go w a s  1236. The  KMX-6 
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LOW ANGLE LASER LIGHT SCATTERING DETECTION 455 

28 29 30 31 

RETENTION VOLUME. ml 

FIGURE 7 KMX-C/GPC Chromatogram of NBS 705 at near maximum KMX-6 
gain. Top, D R I  response, attenuation x4; bottom, KMX-6 
response as G, The G at the peak maximum was 
2310, above 2300 non-lk&P'&!ponse may occur. Condi- 
tions: Quantity injected: 0.18 mg NBS 705; mobile 
phase: toluen_eg 1 ml/min; G = 2000, Go = 1236; 
D = 1 . 2 9 8 2 ~  10 
mole-cm /g : 0 . 2  mm field stop, 6-Pannulus. 

, !u'L')-l =. ?ay.%?' K = 1.099 x 10-7 

?i8 = 310 and g6 = 2.27 x 

to-peak noise by a factor of 10 at-an R, of 5.85 x 
responding to a c . of 2.66 x g/nl, assuming a poly- 
styrene sample of Mw = 200,000. 

As given by eq 15 the sensitivity of the LALLS detector 
increases with increasing molecular weight. With samples of ex- 

tremely wide molecular weight distribution, it may not be possible 
to obtain on-scale LALLS response at both high and low molecular 
weight with a single photomultiplier gain. In such cases the gain 
should be increased at low molecular weights. In addition to un- 
certainty in the determination of the excess scattering intensity, 
the accuracy of calculated molecular weights is affected by error 
in the KMX-6 and LSD-100 instrumental constants (D, c r ' , L ' ) ,  and 
(Q, Q(n)), respectively. A l s o  some error will be introduced from 
the measurement of the KMX-6 and LSD-100 incident intensities 
Go and Po, respectively. The probable molecular weight error 
propagated from these terms is less than 3%. It should be noted 
that for a single instrument this error is systematic, not random, 
and therefore does not affect reproducibility. 

The G, signal exceeded the peak- 

cor- 
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456 JORDAN 

As seen  from eq 15 ,  for a p a r t i c u l a r  molecular weight t h e  
minimum d e t e c t a b l e  concen t r a t ion  by LALLS depends of t h e  magnitude 
of t h e  squa re  of dn/dc. S ince  t h i s  parameter  is s t r o n g l y  s o l v e n t  
dependent, j u d i c i o u s  cho ice  of chromatographic s o l v e n t  c a n  cons i -  
de rab ly  ex tend  t h e  molecular weight d e t e c t a b i l i t y  range .  Th i s  is  
i l l u s t r a t e d  by the po lyo l  a n a l y s i s  shown i n  F igu re  8 .  The v a l u e  of 
dn/dc for THF and methanol i s  3. 0.05 m l / q m  and 0.15 ml/gm r e s p e c t i v e l y  
Consequently t h e  r e l a t i v e l y  low molecular weight m a t e r i a l  g i v e s  
a light S c a t t e r i n g  s i g n a l  which is  6 X  h ighe r  i n  methanol than  
THF. For h igher  molecular weight po lyo l s ,  however, t h e  l i g h t  
s c a t t e r i n g  response  i n  THF may be s u f f i c i e n t  f o r  a c c u r a t e  SEC/ 
W L S  a n a l y s i s .  

I I I I 
a 16 24 a 16 24 

VR IMLI 

FIGURE 8 SEC/LALLS (KMX-6) a n a l y s i s  of a poly  ethylene/propy- 
l e n e  g l y c o l  sample. Sample load ,  2.5 mg: Columns, 
Aquasore (OH-4000, OH-1000, OH-500, OH-300, OH-100) : 
Condi t ions ,methanol ,2  027 ml/min, o p t i c a l  c o n s t a n t  (K) = 
1.292 x m a l e - c m  / g  . Result-s: Rv - 3060,  
Bn = 2850. 
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LOW mGU, LASER LIGHT SCATTERING DETECTION 457 

Comparison of SEC/WLS d a t a  with t h a t  obtained from o t h e r  methods. 
Table 1 p r e s e n t s  s t a t i c  Rw and PJWn da ta  obtained by LAtLS 

and SEC/LALLS, r e spec t ive ly ,  f o r  some “standard“ m a t e r i a l s  a long 
with s u p p l i e r ’ s  s p e c i f i c a t i o n s  and da ta  from o t h e r  methods. 
Although 3, and RZ/Rw values  a r e  sometimes quoted by s u p p l i e r s  
t he  ;din r a t i o  is most commonly used a s  a po lyd i spe r s i ty  index: 
While not  deprecat ing t h e i r  value i n  MWLl analysis, RZ’s and M z / M w ‘ s  
have been omitted from the d i scuss ion  here.  The t a b l e  p r imar i ly  
is presented t o  i l l u s t r a t e  t h e  range of a p p l i c a b i l i t y  of t h e  SEC/ 
LALLS technique t o  polymer molecular weight a n a l y s i s .  

I n  m o s t  c a ses  s a t i s f a c t o r y  agreement is shown between t h e  Rw 
from s t a t i c  LALLS and Rw from SEC/WLS. 
between t h e  s t a t i c  W L S  and SEC/LALLS ww f o r  polyethylene SMR 1476 
has been discussed elsewhere; (21) 
may have removed high molecular weight ma te r i a l  which w a s  p re sen t  
during t h e  s t a t i c  a n a l y s i s ) .  However, appa ren t ly  SEC/LALLS usua l ly  
g ives  a lower R,JEn than t h a t  found by t h e  s u p p l i e r  using o t h e r  
methods (e.g., conventional SEC, o r  c l a s s i c a l  l i g h t  s c a t t e r i n g  and 
membrane osmometry). The na tu re  of t h e  SEC/IALLS measurement con- 
t r i b u t e s  t o  these  discrepancies .  Dub to band-spreading and a s s o r t e d  
hardware mixin? of t h e  sample, t h e  LALLS d e t e c t o r  ce l l  con ta ins  a 
mixture which is polydisperse  i n  molecular weight. As pointed 
o u t  before ,  (5’14) t h e  weight average of spec ie s  i n  i n t e r v a l  i (Mw,i) 
is c a l c u l a t e d  d i r e c t l y  from t h e  SEC/LALLS d a t a ;  summation over a l l  
i n t e r v a l s  i (eqs 8a and 8b) always y i e l d s  t h e  c o r r e c t  sample Ew, 
bu t  g ives  a gn Of cour se ,  
poor column r e s o l u t i o n  con t r ibu te s  towards low f iJR 
I n  conventional SEC band-spreading always r a i s e s  MJMn above t h e  
c o r r e c t  value. 

of SEC/LALLS. ( 2 4 )  

been appl ied t o  SEC/L?ULS d a t a  t o  compensate f o r  molecular weight 
po lyd i spe r s i ty  i n  the  LALLS d e t e c t o r  ce l l .  The e f f e c t  of t h i s  
approach was t o  inc rease  the  %,&, by 1% - 4 %  f o r  narrow MWD poly-  
s t y r e n e  s tandards ( M J M n < 1 . 2 ) ,  while a 5 %  i nc rease  i n  MJM, was 
noted f o r  a broader MWD (c,/wn = 1 . 7 )  polystyrene s tandard.  The 
l a t t e r  ma te r i a l  (National Bureau of Standards SRM 7 0 6 )  was a l s o  
analyzed by conventional SEC: a p p l i c a t i o n  of t he  band-spreading 
co r rec t ion  y i e lded  congruence of t h e  SEC and SEC/WLS fiw and 

EJRn. E r ro r s  of  about 1% due t o  band-spreading i n  SEC/LALLS 
RJEn values  w e r e  found by Basedow‘”) during ana lyses  of dex t r ans ,  
whereas uncorrected and co r rec t ed  ( f o r  band-spreading) conventional 
SEC RJfin values  d i f f e r  by a s  much a s  22%. 

(The marked d i f f e r e n c e  

passage through t h e  SEC columns 

which is  l a r g e r  than t h e  c o r r e c t  value.  
from SEC/LALLS. - n- 

Recent experiments i n  our l abo ra to ry  have examined t h i s  a spec t  
A band-spreading c o r r e c t i o n  procedure ( 2 7 )  has 

- -  - -  
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The technique  of MWD a n a l y s i s  used by t h e  s u p p l i e r  should ,  
t h e r e f o r e ,  be c a r e f u l l y  s c r u t i n i z e d .  For example t h e  s u p p l i e r  
(Pharmacia) of some of t h e  s t anda rd  d e x t r a n s  l i s t e d  i n  Table 1 
ob ta ined  GJEn from "ge l  f i l t r a t i o n "  f r a c t i o n a t i o n ;  appa ren t ly  
no c o n s i d e r a t i o n  was given t o  band-spreading e f f e c t s .  F igu re  9 
p r e s e n t s  t h e  chromatograms ob ta ined  from t h e  SEC/LALLS a n a l y s i s  
of one of t h e  d e x t r a n s  l i s t ed  i n  Table 1; i n  a d d i t i o n  t h e  f i g u r e  
shows KWD informat ion  given by a computer a n a l y s i s  of t h e  d a t a .  

POLYMER BRANCHING ANALYSIS 

Q u a l i t a t i v e  Data. 
A s  s t a t e d  ear l ier  ( I n t r o d u c t i o n )  conven t iona l  SEC a n a l y s i s  

of bfanched polymers w i l l  u s u a l l y  l ead  t o  an appa ren t  MWD. This  
r e s u l t s  from t h e  d i s s i m i l a r  molecular s i z e l w e i g h t  r e l a t i o n s h i p  o f  
t h e  branched sample and l i n e a r  c a l i b r a n t .  The SEC/LALLS t echn ique ,  
however, g ives  the a b s o l u t e  molecular weight of t h e  components a t  
a p a r t i c u l a r  r e t e n t i o n  va lue  (VR), and is capab le  of p rov id ine  t h e  
c o r r e c t  blWD of branched samples. But t h e  p o l y d i s p e r s i t y  i n  mole- 
c u l a r  weight a t  VR can be s i g n i f i c a n t ,  depending on t h e  t r anch inq  
c h a r a c t e r i s t i c s  of t h e  sample. ( 2 8 )  

c u l a r  weight e l u t e  a t  VR w i th  high molecular weight ,  dense ly  branched 
polymers, t h e  SEC/LALLS method g ives  t h e  a b s o l u t e  weight average  
molecular weight of t h e  po lyd i spe r se  mixture  a t  VR ( above ) .  

However, i n  c a s e s  where branching i s  suspec ted ,  SEC/LALLS can 
be used t o  provide  c o r o l l a r y  or q u a l i t a t i v e  d a t a .  F i g u r e s  10a and 
10b show SEC/LALLS chromatograms ob ta ined  f o r  egoxy r e s i n  samples.  
The samples were suspec ted  of  con ta in ing  d i f f e r e n t  amounts of branchc 
m a t e r i a l .  I n  F igu re  10b (sample B), t h e  d i s t i n c t  "shoulder"  on t h e  
low r e t e n t i o n  volume ( V  ) s i d e  of t h e  concen t r a t ion  d e t e c t o r  response  
cu rve  sugges t s  t h e  presence  of a h igh  molecular weight component 
which is  n o t  appa ren t  i n  F igu re  10a (sample A ) .  The shou lde r  may 
r e p r e s e n t  high molecular weight branched spec ie s .  Comparison of t h e  
l i g h t  s c a t t e r i n g  curves  suppor t s  t h i s  a n a l y s i s  s i n c e  LALLS depends 
p r i m a r i l y  on concen t r a t ion  and molecular weight.  L igh t  s c a t t e r i n g  
peak assymmetry i n  F igu re  10b r e f l e c t s  t h e  f a c t  t h a t  m a t e r i a l  i n  t h e  
D R I  peak - shou lde r  g ives  a very  h igh  l i g h t  s c a t t e r i n g  response ,  i n d i -  
c a t i n g  h igh  molecular weight m a t e r i a l .  Note a l s o  t h e  four - fo ld  
d i f f e r e n c e  i n  t h e  weight average  molecular weight (RW) o f  t h e  samples 
Conventional SEC column c a l i b r a t i o n  wi th  l i n e a r  s t a n d a r d s  would prob- 
ab ly  g i v e  a much lower and i n c o r r e c t  fiw f o r  sample B. 

If l i n e a r  polymers of low mole- 

R 

However, t h e  
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FIGURE 9 Analys is  of dex t ran  wi th  SEC/LALLS (KMX-6). The  
upper curve  is t h e  DRI response ,  lower curve  is LALLS 
s i g n a l .  
Sample: Dextran T-10 (Pharmacia) ,  2.5 mg; 
Columns: Aquapore (OH-4000, OH-1000, OH-500, OH-300); 
Condi t ions :  0 .05  p_hosphate, p H 7 . 0 ,  0.7 ml/min. 
Resul t s :  

Bottom Cumulative weight f r a c t i o n  p l o t  c a l c u l a t e d  from 
t h e t a  shown i n  t h e  chromatograms, us ing  an LDS-2 
l a b o r a t o r y  da tg  system wi th  MCLWT so f tware  (Chromatix).  
Note t h a t  t h e  Mv 
i n  Table I; 
runs.  

Ew = 9260, Mn= 6220 

d i f f e r  from those  g iven  above and 
t h e ' l a p t e r  r e p r e s e n t  mean v a l u e s  of four 
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FIGURE 10 

461 

I I 1 

'l,l.ll 

Z I  11 0 M 36 

SEC/LALLS 

Conditions: THF, 2 ml/min. (a)  qpoxy resin 9, 4,02 mg., 
cptical constant K = 2.819 x 10- 
M = 5490; (b17epoxy reqin2BI-1.17 mg, optical constant 
K"- 2.858 x 10 

KMX-6) analysis i f  ;pxy rpigs. Columns 
u-StyragellR) (500, 10 , 10 , i 10 A 1 ;  

mole-cm /? , Mw = 12600, 

mole-cm /g , M~ = 51700, An = 5690 .  
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462 JORDAN 

e x t e n t  of  mixing of  branched and l i n e a r  components i n  t h e  d e t e c t o r  
ce l l  i s  unknown, s i n c e  no in fo rma t ion  is a v a i l a b l e  abou t  t h e  branch- 
ing  c h a r a c t e r i s t i c s  of  t h e  epoxy: 
t h i s  d a t a  must be cons ide red  c a r e f u l l y .  

Mz and Sn v a l u e s  c a l c u l a t e d  from 

Q u a n t i t a t i v e  Branching Analys is .  Q u a n t i t a t i v e  a n a l y s i s  of  poly- 
e t h y l e n e  branching has  been c a r r i e d  o u t  u s ing  SEC/LALLS. ( 2 9 )  

work has  a p p l i e d  SEC/LALLS t o  t h e  a n a l y s i s  of  branching  i n  
p o l y v i n y l a c e t a t e  and polychlorof-eze.  ( 2 4 )  

s t u d i e s  t h e  u n i v e r s a l  c a l i b r a t i o n  t echn ique  of  SEC was used 
i n  con junc t ion  w i t h  SEC/LALLS. More work i n  t h i s  d i r e c t i o n  
is  expec ted  t o  accompany t h e  i n c r e a s e d  u s e  of  SEC/LALLS i n  
polymer molecular weight a n a l y s i s .  

Other  
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