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Critical assessment of size exclusion chromatography

S u m m a ry  —  Size exclusion  ch rom atograph y (SEC) o f synthetic p o ly m ers is 
assessed from  the poin t o f v iew  o f its both strong and w eak  points, a d va n ­
tages and  draw backs. Basic inform ation  on the SEC retention m ech an ism  are 
presented together w ith  the com p lexity  o f SEC system s and processes. Present 
stand o f SEC instrum entation is outlined and the role o f experim ental con d i­
tions is described. The need o f further d ev elop m en t o f SEC and  o f stan­
dardization  o f experim ental conditions is dem on strated . The enthalpic inter­
actions, leadin g to adsorption  and  enthalpic partition ph en om en a in the SEC  
colu m n s are described. It is sh o w n  that the latter sh ou ld  be su p p ressed  to 
obtain reliable SEC results. A lternatively, enthalpic interactions can be d eli­
berately com b in ed  w ith  the entropie partition (exclusion) basic SEC retention  
m ech an ism  either to a llo w  separation o f com p lex  p olym ers exhibiting m u lti­
p le  distributions in their m olecu lar characteristics or to increase selectivity of 
separation.
K e y  words: size exclusion  chrom atography, separation m ech an ism , interlabo­
ratory reproducibility, equ ip m en t influence, experim ental conditions role.
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SIZE EXCLUSION CHROMATOGRAPHY 
— ILLUSION AND REALITY

can run the instrum ents in the m o d e  "sw itc h -o n , inject, 
sw itch -o ff".

M o le c u la r  ch aracterization  o f sy n th etic  p o ly m e rs  
is d o m i n a t e d  b y  s iz e  e x c lu s io n  c h r o m a t o g r a p h y  
(SEC ) [called  a lso  gel p erm e a tio n  ch ro m a to g ra p h y  in  
case o f lip o p h ilic  m a cro m o lecu les  an d  gel filtration  
c h ro m a to g ra p h y  in  the case o f h y d ro p h ilic  (b io )p o ly -  
m ers]. SE C  b e lo n g s  to the fa m ily  o f h igh  p erfo rm a n ce  
l iq u id  c h r o m a t o g r a p h y  (H P L C ) m e th o d s . U n lik e  
oth er p ro ced u res o f  p o ly m e r  H P L C , the SEC retention  
m e ch a n ism  is b a sed  ex c lu siv e ly  o n  the processes o f  
the en tropie p artition  w h ile  en th alpic interactions are 
su p p re sse d  or e v en  fu lly  e lim in a ted . SEC is a fast, 
s im p le , a n d  r e la tiv e ly  ch e a p  m e th o d  n o te d  for its 
h ig h  in tr a la b o r a to r y  r e p e a ta b ility  a n d  lo w  sa m p le  
co n su m p tio n .

SEC gives absolute data on  m olar m ass both averages  
(M M W ) and  distributions (M W D ) o f n u m erous linear 
solu ble  p o ly m ers, on the lon g-ch ain  branching, on the 
lim iting viscosity  n u m bers and sizes o f m acrom olecules  
in solu tion , as w ell as on preferential solvation  o f p o ly ­
m er species in tw o -c o m p o n e n t so lv en ts . Fractions o f  
p olym ers sh o w in g  relatively narrow  m olar m asses can  
be p ro d u ced , w h ich  are n eeded for various other p h ysi­
cochem ical m eth o d s. SEC also furnishes valu able esti­
m ates on  M M W  and MWD  o f variou s cop olym ers or 
fu n ction alized  p olym ers.

A ll  these attractive features lead to the notion  that 
SEC is a con clu d ed  chapter o f p o lym er science that does  
not need further d evelop m en t. H ow ever, SEC is trou­
bled  b y  m a n y  problem s that sh ou ld  be so lv ed  or attenu­
ated. For exam p le , SEC exhibits a su rprisingly  poor in­
terlaboratory reproducibility. L o w  separation selectivity  
and efficiency o f SEC result in poor resolution o f p o ly ­
m er species. This m a y  lead to a w ro n g  conclusion  that 
the a n a lyzed  p rodu cts o f synthesis are "g o o d " ,  "n a r ­
r o w ", "p u r e " ,  etc. A lso  scientists like illu sio n s... O n ly  
exceptionally, SEC gives absolute valu es o f M M W  and  
M W D  for co m p lex  p o ly m ers, w hich  sh o w  m ore than one  
distribution in their basic m olecu lar characteristics that 
is in m o la r  m a s s , c h e m ic a l stru ctu re  (c o m p o sitio n )  
a n d /o r  ph ysical architecture.

Selected p rob lem s o f SEC are briefly discu ssed in this 
contribution w ith  the aim  to sh o w  that the m eth od  needs  
further d ev elop m en t. It is also dem onstrated that the 
stan dardization  is n eeded  for

—  sa m p le  preparation,
—  m easu rem en ts,
—  processing o f results.
The specific standard procedures, a sort o f "S E C  g oo d  

laboratory p ra ctice ", sh ou ld  cover particular grou ps of 
p o ly m ers, for exam p le the tetrahydrofuran solu ble p o ly ­
m ers, h ig h ly  polar p o ly m ers, p o lym ers solu ble at ele­
vated tem perature (e.g. p o lyo lefin s), w ater solu ble  p o ly ­
m ers, etc. It is also  im portant to k n ow  that SEC is not yet 
in the stage o f d ev elop m en t w h en  u n qualified  operators

SEPARATION MECHANISM

It is w ell accepted that the basic retention m ech an ism  
o f SEC is steric exclusion  o f m acrom olecu les from  both  
the pores and the surface o f the particles o f co lu m n  pack­
ing. M acrom olecu les are p u lled  into the packing pores to 
equ alize their concentration w ith  that in the interstitial 
v o lu m e. The species are partially sq u eezed  to fit into the 
pores u p  to the poin t w h en  the lost o f conform ational 
en tropy outbalances the p u llin g  force. Larger m acro ­
m olecu les find sm aller v o lu m e  o f pores available and  
elute in front o f sm aller species. O n e  speaks about en­
tropie partition o f p o lym ers betw een  tw o  liquid  phases 
o f the sam e chem ical nature. T h e processes based on  the 
changes o f m ix in g  and  con form ational entropy are pro­
bably  com b in ed  w ith  the changes o f orientation entropy  
o f m acrom olecu les. M oreover, lon g  segm en ts o f large 
m acrom olecu les can be selectively  p u lle d  into relatively  
narrow  pores, w h ich  are unable to a ccom m od ate  entire 
p olym er species. This partial penetration o f m a cro m o le ­
cules can lead to an unexpected increase in retention  
v o lu m e s and  also to the m echanical d egradation  o f p o ly ­
m er species, especially in the area o f ultra high  m o lecu ­
lar w eights.

T h e entropy based processes are too  com p licated to 
be a priori assessed in the quantitative w ay. T h ey are also  
influenced b y  the h yd ro d y n a m ic  effects caused b y  the 
differences in the flo w  rate o f eluent in dep en d en ce on  
its distance from  the surface o f co lu m n  packing. M o re ­
over, m o st m e so - and m acroporou s SEC co lu m n  pack­
ings exhibit co m p lex  geom etry, w h ich  can n ot be d e ­
scribed by a sim p le  m o d el. Therefore the exact theory of 
SEC w as not yet form u lated  and  the m e th o d  is not abso­
lute. Each SEC co lu m n  (system ) m u st be calibrated by  
appropriate "s ta n d a rd s " w ith  k n o w n  characteristics or 
m olar m asses o f p o lym ers in co lu m n  effluent m u st be 
m on itored  w ith  the "a b so lu te " detectors.

Besides entropie partition, variou s enthalpic (interac­
tive) retention m ech an ism s can be u n w a n ted ly  active in 
the SEC co lu m n . These m a y  affect retention v o lu m es of 
p olym ers (VR)

VR = f ( K h exp -AG 
R T

= exp ' AS AH 4 
R RT

(1)

w here: К —  distribution constant; AG  —  Gibbs function; AS 
and AH —  the entropie and enthalpic contributions to reten­
tion volume, respectively; T —  temperature; R —  gas con­
stant.

Enthalpic contribution to VR d ep en d s on  the interac­
tion energy (e) betw een  co lu m n  packing and  segm en ts  
o f m a cro m o lecu les , w h ich  is affected  b y  presen ce of 
sm all m olecu les o f eluent.

E n th alpic reten tion  m e ch a n ism s in p o ly m e r  H P L C  
are a d so rp tio n , en th alp ic partition , p h a se  sep aration ,
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ion  effects, a n d  b io -a ffin ity . For syn th etic p o ly m e rs  the  
a d so r p tio n  a n d  en th alp ic  partition  are m o st im p o r ­
tant.

A d s o r p tio n  o f m a cro m o lecu les  takes place on  the  
su rface o f  c o lu m n  p a ck in g  or o n  the interface b etw een  
m o b ile  p h a se  a n d  the " l iq u i d "  im m o b iliz e d  on  the co ­
lu m n  p a ck in g  su rface . A d so r p tio n  is con trolled  b y  the  
affin ity  b e tw e e n  th e m o le cu le s  o f  e lu en t a n d  the co ­
lu m n  p a ck in g , that is b y  the elu en t stren gth . If the 
affin ity  is larger b etw een  seg m e n ts  o f m a cro m o lecu les  
and the c o lu m n  p a ck in g  than b etw een  m o le cu le s  o f  
m o b ile  p h a se  an d  c o lu m n  p a ck in g , p o ly m e r  species  
w ill b e  reta in ed  a n d  their V r w ill  increase. M o b ile  
p h ase s, w h ich  stro n g ly  interact w ith  the su rface o f co ­
lu m n  p a ck in g , m a y  fu lly  su p p ress  a d so rp tio n  o f p o ly ­
m er sa m p le .

Enthalpic partition o f m acrom olecu les takes place b e­
tw een the v o lu m e s o f the stationary liquid  w ithin co­
lu m n  packing an d  the m obile  phase. The stationary li­
qu id  is u su ally  chem ically  b on d ed  to the co lu m n  pack­
ing surface. Typically, it is the array o f so lvated  alkyl (e.g. 
C 18 H 37 -) g ro u p s b o n d ed  on the surface o f so lid  particles, 
e.g. o f silica gel. T h e  stationary phase can be created also  
b y  the so lvated  loop s of free ends o f m acrom olecu les  
chains p rotru din g over the surface o f co lu m n  packing  
form ed b y  crosslinked p o ly m ers [e.g. p o ly (s ty r e n e /d i-  
vin ylb enzen e) resins (P S /D V B )]. The extent o f enthalpic  
partition o f m acrom olecu les d ep en d s on  the difference  
in their solubilities w ithin  both phases. It is controlled b y  
the so lvatin g  p o w er (th erm odyn am ic quality) o f m obile  
phase tow ard  separated m acrom olecu les. If the m obile  
phase is a poorer so lven t for p o ly m er species than the 
s o lv a t e d  s ta t io n a r y  " l i q u i d " ,  m a c r o m o le c u le s  are  
p u sh ed  into the latter and their retention v o lu m es in­
crease. If the m o b ile  phase is (m uch) better solven t for 
p o ly m er species than the solvated  (b on ded) grou ps on  
the co lu m n  p acking , enthalpic partition m a y  be fu lly  or 
partially su ppressed .

If e n th a lp ic  reten tio n  m e c h a n ism s  are efficien tly  
elim in ated , m acrom olecu les are separated exclusively  
on the base o f entropie and  h yd ro d y n a m ic  processes. 
O n e speaks abou t ideal size exclusion  chrom atography. 
This situation is generally  expected in the SEC analytical 
system s. U nfortunately , too often the u n w an ted  enthal­
pic interactions affect retention v o lu m e s o f an alyzed  
p olym ers. This m a y  lead to large errors in determ ined  
m olar m asses. The errors g ro w  w ith  increasing differ­
ence betw een  effect o f enthalpic retention o f the ana­
lyzed  p o ly m er and  o f m acrom olecu les u sed  for calibra­
tion o f SEC colu m n .

S O U R C E  O F ER R O R S  IN  SEC  R ESU LTS

Let u s briefly discuss particular com p on en ts o f the 
SEC instrum ents an d  so m e other factors from  the point 
of v ie w  o f their p ossib le  contributions to the errors in the 
SEC results.

C o lu m n  p a ck in g s

F ollow in g  properties are im portant for a choice o f the 
SEC co lu m n  packing m aterials:

a) particle size and  shape,
b) pore size, sh ape and v o lu m e,
c) m echanical stability,

d ) feasibility o f preparation o f regular and  stable bed  
o f particles,

e) com patibility  w ith  eluents and  elu en t additives  
and feasibility o f eluent changes,

f) enthalpic interactivity,
g) price.
The fou r param eters, n am ely  a)— d ), largely  affect the 

selectivity  and  efficiency o f sep aration , attainable b y  
a packing m aterial.

A l l  m o d e r n  SE C  c o lu m n  p a ck in g s  are co m p o se d  
from  spherical m icroparticles. T h ey  create a den se bed  of 
packing. The arrangem ent o f particles w ith in  the bed  is 
affected b y  the tech n ology o f co lu m n  packing process. 
This process is carefully o p tim ized  b y  the co lu m n  pro­
ducers for each packing m aterial. The m echanical stabi­
lity o f bed d ep en d s on  the stability o f packing particles, 
the packing bed density  and the sw ellability  o f particles. 
G el particles m a y  d e -sw ell in eluent, w h ich  is a poor  
so lv en t or n o n so lv e n t for their b u ild in g  m a cro m o le ­
cules. Typical exam p le is d im eth yl fo rm a m id e  as eluent 
for so m e P S /D V B  gels. A s  a result, the v o id s  are form ed  
w ithin  the gel b ed , the peaks are b roaden ed  and co lu m n  
efficiency drops. Therefore, it is necessary to consult co ­
lu m n  m an u al before ch an ging the eluent nature. T h e re­
arrangem ent o f packing particles m a y  b y  cau sed also by  
m e c h a n ic  stro k e s  a n d  s u d d e n  c h a n g e s  o f  p ressu re  
w ithin a colu m n .

Excessively  w id en ed  and sk ew ed  peaks m a y  be in­
terpreted as broad and n on -sym m etrical m olar m ass dis­
tribution o f a sam p le . Therefore, it is necessary to check  
occasion ally  the co lu m n  efficien cy  u sin g  appropriate  
lo w  m olar m ass probes or better, the w ell characterized  
narrow  or broad m olar m ass p olym eric  reference m ate­
rials.

The resistance tow ard d iffu sion  o f m acrom olecu les  
into the pores and back into the m o b ile  phase (solute  
m a ss  transfer) co d eterm in es effic ien cy  o f separation  
process. It d ep en d s on  the size o f particles and on the 
pore geom etry. T h e sm aller particles o f co lu m n  packing, 
the higher the co lu m n  efficiency. H o w ev er , w ith  decreas­
ing particle size the flo w  resistance o f co lu m n  increases, 
and con sequ en tly  also experim ental p rob lem s connected  
w ith the flo w  rate instability m a y  becom e m ore sign ifi­
cant. A lso  the m echanical d egradation  o f u ltra-high  m o ­
lar m ass species d u e  to shearing raises w ith  decreasing  
particle size.

D e p e n d in g  o n  the e lu en t a n d  p o ly m e r  a n a ly z e d , 
5 p m  or 10 p m  particles are a p p lie d  for o lig o m e rs  and  
p o ly m e r s  o f  m e d iu m  —  h ig h  m o la r  m a s s . L arger, 
e v e n  2 0  p m  p a c k in g  p a rtic les  are u se d  for ch arac-
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teriza tio n  o f  u ltra -h ig h  m o la r  m a ss  p o ly m e r s  at lo w  
flo w  rates.

Pore g eom etry  is op tim ized  b y  co lu m n  producers. 
The aim  is to prepare an open  pore structure w ith the 
m a x im u m  large pore v o lu m e  a llow ed  b y  necessary m e ­
chanical stability o f particles.

Presently, m o st SEC separations o f lipoph ilic  sy n ­
thetic p o ly m e r s  is p e rfo rm e d  w ith  P S /D V B  c o lu m n  
packings. S o m e com m ercial P S /D V B  packings exhibit 
su rprisingly  h igh  interactivity tow ard  polar m acrom ole­
cules. Probably variou s polar com p on en ts of the p o ly ­
m erization  system  are built into the m atrix o f the gel and  
interact w ith  the polar separated m acrom olecu les, esp e­
cially if eluent is not strong en ou gh . The sam e p h en om e­
n on  is expected also for other kinds o f the SEC co lu m n  
packings.

In the im p rop erly  chosen SEC system , a fraction of 
sa m p le  m a y  stay fu lly  retained w ithin  the co lu m n  pack­
ing. E vidently, the retained part o f sam p le  is not consi­
dered in m olar m ass calculation. M oreover, the retained  
species deteriorate co lu m n  efficiency and usu ally  fur­
ther increase the enthalpic interactivity o f a co lu m n . Ef­
fective sizes o f pores are ch an ged and  even retention  
v o lu m es o f non-interacting sam ples can be altered. O n e  
speaks abou t SEC co lu m n  history.

H ig h ly  p o la r  acid ic or basic su b stan ces are often  
a d d ed  to the eluents in order to su ppress polar interac­
tivity o f the SEC co lu m n  packings. These additives m ay, 
h o w e v e r , attack the in stru m en t an d  a lso  co m p lica te  
quantitative detection o f a sam ple.

It seem s that in order to su ppress enthalpic retention  
m ech an ism s described ab ove, the SEC system s: sam p le- 
m ob ile  p h ase -co lu m n  packing sh ou ld  be as sim ilar as 
p o ss ib le  a n d  the b in a ry  in tera ction s sa m p le -e lu e n t, 
e lu e n t-c o lu m n  p a ck in g  a n d  s a m p le -c o lu m n  p ack in g  
sh ou ld  be alike.

Im portant draw backs o f SEC represent intrinsically  
lo w  both efficiency and  selectivity o f separation. Effi­
ciency o f SEC is affected b y  relatively s lo w  diffu sion  rate 
of m acrom olecu les, as w ell as by various parasitic m ix ­
ing  processes, w h ich  lead to the ch rom atographic zon e  
broaden in g.

Lim ited  selectivity o f SEC separation is proper to the 
exclu sion  retention m ech an ism . Retention v o lu m es o f  
p o ly m er species are situated w ithin  a relatively narrow  
slice betw een  the interstitial v o lu m e  (Vo) and the total 
v o lu m e  (V m ) o f a liquid  in the co lu m n , that is w ithin  the 
pore v o lu m e  o f co lu m n  packing. M oreover, the p olym er  
m olecu lar w e ig h t area subject to SEC separation spans at 
least over tw o  decades for h ypothetical co lu m n  packing  
w ith  u n ifo rm ly  sized  pores. The real SEC co lu m n  pack­
ings u su ally  sh o w  relatively broad pore size distribu­
tion, w h ich  results in further broaden in g o f separated  
m olar m ass area.

L o w  selectivity o f SEC colu m n s has especially serious 
consequences w h en  "u n iv e r s a l", "lin e a r " SEC colu m n s  
are applied . T hese contain m ixtures o f packing m aterials

w ith  various pore sizes to separate p o ly m e r species in 
the broad range o f their m olar m asses and to produce  
linear or quasi-linear calibration dep en d en ces log  M vs. 
VR or log  Vfj vs. VR, w h ere M  is the m o st abu n dan t m olar  
m a ss presen t in the n arrow  m o lar m a ss  d istribu tion  
p o ly m er "s ta n d a r d s " u sed  for calibration and V/, is the 
h y d ro d y n a m ic  v o lu m e  o f m a cro m o lecu les d efin ed  as 
product o f m olar m ass and  lim iting viscosity  n u m ber of 
the calibration standard in eluent. B roadening the area 
o f m olar m ass covered w ith  the "u n iv e r s a l"  SEC co­
lu m n s  facilitates a n a ly se s o f  u n k n o w n  sa m p le s  and  
lin ea rity  o f  ca lib ra tio n  d e p e n d e n c e s  s im p lifie s  data  
processing. H ow ever, the universal co lu m n s further re­
d u ce the actual separation selectivity o f  the system . A s  a 
result, b im od ality  o f M W D  in a n a lyzed  p o ly m er sa m ­

ples is often m a sk ed  and even  the presence o f m acro- 
m olecular adm ixtures rem ains u n d iscovered  so  the SEC  
data m a y  be w ro n gly  interpreted.

It is eviden t that even  the lo w  selectivity SEC gives  
very  valu ab le inform ation  on  the tendencies o f m an y  
bu ild in g  and  degradation  reactions o f m acrom olecu les  
in the course o f scou tin g m easu rem en ts, w h ich  include  
also  ultra-fast h ig h -th ro u g h p u t an alyses. Th ese sem i- 
quantitative data are certainly im portant for initial opti­
m ization  o f polyreactions, for exam p le in the com b in ato­
rial m aterial science, but they d efin itively  sh ou ld  not be  
u sed  in the precise calculations o f p o lym erization  kine­
tics param eters, and  so  on. Increased selectivity o f sep a­
ration is necessary to acquire the h igh  p recisio n /a c cu - 
racy com p rehen sive inform ation  on m olecu lar charac­
teristics o f p o lym ers.

P u m p s  and  detectors

N u m ero u s different p u m p in g  sy stem s are available  
on  the m arket. Both short term  and lo n g  term  flo w  stabi­
lity, as w ell as p u m p  resetability represent im portant re­
q u irem en ts for h ig h  p recisio n  a n d  accu racy  o f SEC  
m easurem ents. P ulseless elu en t flo w  is n eed ed  for a su c­
cessful operation o f so m e  types o f detectors. It seem s  
that the op tim u m  solu tion  m a y  be the p u m p in g  system  
equ ipped  w ith  tw o  pistons, each d riven  b y  its o w n , co m ­
p u te r  co n tro lled  m o to r. T h e  f lo w  rate can  be in d e ­
pen den tly  checked by the internal standards or b y  the 
(broad) reference p olym eric  m aterials.

Besides retention v o lu m e s, concentration o f sam ple  
in the co lu m n  effluent is the m o st im portant prim ary  
inform ation  obtained from  con vention al SEC. It is fur­
nished b y  the flo w  —  th rou gh  concentration or m ass  
detectors. Sensitivity, linearity o f response and com p ati­
bility w ith sam p le  and eluent belo n g  to the im portant 
requisites o f m ajority o f the detectors.

U nfortunately, m o st p o ly m ers d o  not contain appro­
priate ch rom oph ores and  therefore the application  of 
photom eters as detectors is rather lim ited . Differential 
refractom eters (RI detectors) are the m o st im portant d e ­
tectors in conventional SEC . U nfortunately , they exhibit
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relatively lo w  sensitivity. D u e  to preferential solvation  
effects, the signals o f differential refractom eters m u st be  
corrected w h en  m ix ed  m ob ile  phases are applied , esp e­
cially in the low er m olar m ass area. The base line ( in s ta ­
bility o f RI detectors necessitates their careful therm o- 
stating. RI detectors "s e e "  peaks o f air d issolved  in sa m ­
ple solu tion , peaks o f lo w  m olar m ass im purities, as w ell 
as system  peaks d u e  to local excess o f one eluent co m p o ­
nent if m ix ed  m o b ile  phases are applied . The system  
peaks are caused b y  preferential so lvation  o f sam p le  b y  
one eluent com p on en t, b y  the selective d isplacem en t of 
o n e e lu en t co m p o n e n t from  the co lu m n  p ack in g , b y  
preferential evaporation  from  the sam p le  solu tion  or b y  
preferential ad sorp tion  on the w alls o f sam p le  container 
and syrin ge. T h e peaks o f air and  other im purities as 
w ell as the system  peaks often interfere w ith  the lo w  
m olar m a ss fractions o f p o ly m ers, especially if linear 
SEC co lu m n  o f lo w  selectivity is applied . The base line  
and peak lim it setting b ecom e uncertain. The errors in  
the m olar m a ss valu es, m ain ly  in the nu m ber averages  
caused b y  these p h en om en a m a y  be very large, even  
several h u n d red  o f percent.

Im portant progress b rough t evaporative light scatter­
ing detectors (ELSD ) and interfaces w h ich  a llo w  d ep o si­
tion o f the co lu m n  effluent on  an appropriate surface, for 
exam p le on  a germ a n iu m  disk. A fter evaporation  o f a 
solven t, E LSD  m on itors intensity o f light scattered b y  
"d r y "  particles o f po lym er, w h ich  are created b y  nebu li- 
zation  o f the co lu m n  effluent and fo llow in g  evaporation  
of so lv en t from  the m icrodroplets. The intensity o f scat­
tered ligh t d ep en d s on  the m ass concentration o f p o ly ­

m er in the effluent. The film  prod u ced  b y  an interface 
can be subject o f infrared m easurem ent.

Both ab ove approaches a llo w  w o rk in g  w ith  continu­
ous or local eluent gradients. Sensitivity o f ELSD  is g e ­
nerally 10— 20 tim es higher than that o f RI detectors. 
Still, further im p rovem en ts o f both detector types are 
n eeded . For exam p le  the linearity o f ELSD  response is 
lim ited an d  it d ep en d s on the nature o f both p olym er  
and m o b ile  phase. T h e  film s created by the present inter­
phase devices are often uneven.

V iscom etric an d  ligh t scattering detectors w ere d e ­
v e lo p e d  for c o n tin u o u s m o n ito rin g  o f sa m p le  m o lar  
m asses in elu en ts. V arious approaches to flo w  through  
viscom eters an d  ligh t scattering detectors w ere elabo­
rated . M u lti-ca p illa ry  v iscom eters are preferred over  
s in g le -c a p illa r y  in stru m e n ts  w h ile  the "b r i d g e "  ar­
ran gem en t seem s to be op tim al. L igh t scattering detec­
tors w o rk  either at a lo w  (7 °) or at right angle. A ltern a ­
tively , s im u lta n e o u s  m e asu rem e n ts at several angles  
(u p to 18) are ap p lied  w ith  an ad van tage. It is expected  
that a fe w  n ew  viscom etric and  ligh t scattering detec­
tors so o n  appear on  the m arket —  after expiration o f  
present patent righ ts —  an d  that prices o f these very  
u se fu l in stru m en ts w ill d ro p . In sp ite o f  several at­
tem p ts, the con struction  o f flo w  th rou gh  o sm o m eter  
w a s n ot yet su ccessfu l.

Very attractive is cou p lin g  o f SEC w ith  m ass spec­
trom etry (M S), especially w ith  the m atrix assisted laser 
desorption  ionization  (M A L D I) and electrospray ion iza­
tion (ESI) m ass spectrom etry. Progress in appropriate  
m atrices and interfaces for M A L D I  and  in the data inter­
pretation concerning both M S  techniques is very  fast and  
the e x p e c te d  d r o p  in in str u m e n t p ric es  w ill  lik e ly  
broaden the applications o f both techniques.

Linearity o f detector response on sa m p le  concentra­
tion is u su ally  g o o d  except for m en tion ed , otherw ise  
very  attractive evap o ra tiv e  lig h t scattering detectors. 
H ow ever, the relatively lo w  sensitivity o f differential re­
fractom eters m a y  m ak e "in v is ib le " the extrem e parts of 
SEC chrom atogram s that is the regions o f retention v o ­
lu m es, w h ere the highest and the low est m olar m ass  
fractions d o  elute. A n  instable base line m a y  cause large  
error in the calculated data. T h e base line drift m a y  be  
brought about, for exam ple , b y  tem perature or pressure  
variations or b y  m obile  phase com p osition  changes, for 
exam ple d u e to gradual saturation o f eluent by air or 
m oistu re —  especially in case o f differential refractom e­
ters. The base line drift m a y  be h id d e n  w ith in  the sam ple  
peak. Vice versa, the lon g  tail o f lo w  m olar m ass fraction  
in the sam ple  m a y  be considered a base line irregularity. 
C o u p led  detection and  especially  com bin ations o f con ­
centration detectors w ith the "a b s o lu te " detectors, that is 
w ith  the devices con tin u ou sly  m on itorin g  light scatter­
ing a n d /o r  viscosity  o f effluent as w ell as w ith  the m ass  
spectrom eters, can help  in d ia g n o s is /d e le tin g  problem s  
w ith the concentration detectors.

M o b ile  p h ase s

T h e  im p o rta n c e  o f sp e c ific  p h y s ic o c h e m ic a l p a ­
ram eters o f SE C  m o b ile  p h ase s is w e ll re co g n ize d . The  
ability  o f  e lu en t to d isso lv e  sa m p le , its v iscosity , re­
fractive i n d e x /U V  tran sparen cy, b o ilin g  p o in t —  to ­
gether w ith  h ealth  effects an d  price b e lo n g  to th em . 
T h ese  p aram eters are w e ll co n sid e red  b y  m o st SEC  
sy ste m  operators.

Som ew h at overlook ed  is the m ob ile  ph ase purity —  
m oistu re ab sorb ed  fro m  air, resid u es an d  im pu rities  
com in g  from  p ro d u ctio n /p u rifica tio n  processes, oxid a ­
tion products form ed d u rin g sto ra g e /a p p lic a tio n , pur­
p osefu lly  a d d ed  auxiliary co m p o u n d s, as stabilizers, etc. 
A lread y  m in u te am oun ts o f adm ixtu res in eluent m ay  
stron gly  affect its SEC behavior. Im purities in an eluent 
together w ith lo w  m olar m ass im purities in sam p le  m a y  
form  additional peaks at ch rom atogram s. A s  m en tion ed , 
peaks o f lo w  m olecu lar im purities, together w ith peaks 
o f d issolv ed  gases and w ith system  peaks m a y  interfere 
w ith the lo w  m olar m ass tail o f a sam p le . C on sequ en tly, 
the valu es o f n u m ber average m olar m ass (M „) can be 
affected. These latter_phenom ena are rather frequent and  
their influences on  M n data increase w ith  decreasing co­
lu m n  selectivity. Im purities in an elu en t m a y  change  
solubility  o f p o ly m er sa m p le  (eluent qu ality) and also
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eluent strength. C on sequ en tly , enthalpic partition and  
adsorption  o f m acrom olecu les can be affected.

Typical exam p le is tetrahydrofuran (TH F) rap id ly  ab­
sorbin g the m oistu re from  air. W ater is an efficient n on ­
so lven t for m ajority o f synthetic p o lym ers and a very  
stron g a d d itive  concerning polar sites or the co lu m n  
packing. T h e  azeotropic m ixtu re T H F /w ater contains 
about 4 .5  w t. %  o f w ater and its boiling poin t differs on ly  
about 3 °C  from  the b oilin g  poin t o f pu re TH F.

Sample concentration and injected volume effects

It is k n o w n  that SEC retention v o lu m es o f polym eric  
sam p les increase w ith rising sam p le  concentration. The  
depen den ces o f VR on  injected p o ly m er concentration  
are u su ally  linear and their slopes (kc) increase w ith  both  
p o ly m er m olar m ass and th erm od yn am ic quality o f m o ­
bile phase for p o ly m er sam ple. The depen den ce o f kc on  
th e rm o d y n a m ic  q u a lity  o f  elu en t m a y  cause m u tu a l  
shifts o f universal calibration depen den ces o f different 
p olym ers. A t  a certain lo w  m olar m ass (u su ally  in the 
o ligom er range o f a fe w  k g /m o l )  and in a th erm o d y ­
n am ically  p o or (theta) eluent kc approaches zero. S im i­
larly, kc d im inish es for m acrom olecu les excluded from  
the packing pores.

C o n ce n tra tio n  effects in flu en ce  a lso  the w id th  o f  
p o ly m er peaks. Increased viscosity  o f concentrated sa m ­
ple so lu tion  decreases the diffu sion  rate and  decelerates 
the m ass transfer o f m acrom olecu les. Large difference  
betw een  viscosities o f m obile  ph ase and sam ple  solution  
m a y  cause flo w  disturbances o f sa m p le  zon e ("v isc o u s  
fin g e r in g "). A s  a result, the ch rom atograph ic zon e  is 
broaden ed  and  d eform ed . A t  the sam e tim e, the m olar  
m a ss  d e p e n d e n c e  o f kc m a y  b rin g  a b ou t so m e  peak  
sh arpen ing for broad m olar m ass distribution sam ples  
because the lo w  retention v o lu m es (for higher M ) in­

crease m ore d u e  to the concentration effects than the 
high retention v o lu m es. It d ep en d s on  the particular sy s ­
tem  w h ich  influence even tually  prevails.

To reduce the role o f injected p olym er concentration  
one sh ou ld :

—  Inject the low est p ossib le  p o ly m er concentration. 
This requirem ent m a y  be not feasible for so m e SEC sy s­
tem s, d u e to lo w  sensitivity o f detectors, especially of 
refractom eters.

—  U se eluents o f nearly equal th erm od yn am ic q u a ­
lity for calibration "s ta n d a r d s " an d  for p o lym er ana­
ly zed . U nfortunately , enthalpic partition o f m acrom ole­
cules m en tion ed  in previou s section m a y  severely  co m ­
plicate the w ork  w ith  poor or even  w ith  theta solvents as 
eluents.

—  Introduce corrections o f V r for injected concentra­
tion. The existing procedures for such corrections are, 
h ow ever, rather cu m b ersom e and therefore practically  
not u sed .

Injected v o lu m e  o f sa m p le  solu tion  (u,) affects both  
the p osition  and  w id th  o f ch rom atographic peaks. This

w a y  the SEC data m a y  be influenced b y  applied . Im ­
portant effects o f V{ w ere observed a b ov e  Vt/v; ~  102, 
w h ere Vt is total v o lu m e  o f the co lu m n  packing.

Temperature effects

A s  typical for entropy driven  process, SEC retention  
v o lu m e s intrinsically d o  not d ep en d  o n  tem perature. A n  
exception represents the vicinity o f theta poin t w here  
m acrom olecu les extensively  change their sizes w ith tem ­
perature. Tem perature variations m a y  also stron gly  af­
fect the enthalpic interactions w ithin  a co lu m n  and  the 
viscosity  o f m obile  phase. A s  m en tion ed , the tem pera­
ture changes deteriorate the detector base line, especially  
at differential refractom eters and affect the actual v o ­
lu m e o f the co lu m n  effluent. Therefore, it is ad visab le to 
u se a co lu m n  therm ostat and  to w ork  w ith  a pretherm o- 
stated eluent. Poor sa m p le  solu bility  often requires an 
application o f elevated tem perature. This is typical for 
p olyolefin s, polyesters and m a n y  p o ly a m id es. C h rom a­
tographic experim ents at h igh  tem perature bring m an y  
additional problem s and it is to be h o p e d  that the new  
generation  o f h igh -tem p eratu re SE C  instrum ents w ill 
sh o w  an im p rov ed  perform ance.

Instrument operation, data acquisition 
and processing

In m a n y  laboratories, the operation  m o d e  o f SEC in­
strum ent is sim ilar to U V  or IR spectrom eters ones. The  
in stru m e n ts  are c o m m o n ly  a cce ssib le  a n d  th ey  are  
sw itched o n /o f f  for any (single) m easu rem ent. U sually, 
colu m n s are not therm ostated. C alibration depen den ces  
and co lu m n  efficiencies, as w ell as intralaboratory repro­
ducibility are checked on ly  rarely. T h e basic experim en ­
tal conditions especially injected concentration are not 
kept constant. T h e eluents are neither purified  before use  
nor protected from  o x y g en  and  m oistu re absorption . A n  
identical co lu m n  pack in g , u su ally  P S /D V B  linear co­
lu m n  is u sed  for any an alyzed  p olym er, w h ich  is soluble  
in the eluent available (u su ally  tetrahydrofuran) and  ir­
respective o f the sam p le  m olar m ass. A  sa m p le  loop  of 
the sam e v o lu m e  is often u sed  for co lu m n s o f fairly dif­
ferent sizes. The injected concentrations u su ally  vary.

Surprisingly, even  in spite o f this situation  the short­
term , intralaboratory repeatability o f SEC m easu rem ents  
m a y  be g o o d . H ow ever, the recent rou n d  robin tests or­
gan ized  u n der auspices o f IU P A C , in w h ich  participants 
d id  not ap p ly  prescribed, nearly identical experim ental 
conditions, sh o w ed  a very  large data scatter, the MMW  
valu es easily differed several h u n d red  o f percents. It is 
eviden t that the SEC system s and experim ental con di­
tions sh ou ld  be stan dardized . The stan dardization  w as  
attem pted in the past, h ow ever, the standard sets o f ex­
perim ental conditions differed in particular countries. 
The data obtained un der reco m m en d ed  standard con di­
tions sh ou ld  be appropriately design ated .
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E ven the h ig h ly  autom ated  and com p uterized  SEC  
data acquisition  system s often need skilled operators. 
For ex am p le , the operator sh o u ld  decide w here to situ ­
ate the base line and  the peak lim its, especially  if sam ple  
contains a broad spectrum  o f m acrom olecu les. Typically  
those are sam p les sh o w in g  an extended and not w ell- 
m arked tail at lo w  m olar m ass area. C om p u ter m a y  con ­
sider such lon g  and  lo w  tail just as a base line pertur­
bance. Frequent ch an ges o f m ob ile  ph ase nature and  
tem perature o f instrum ent belon g  to further sources of 
erroneous SEC results.

It seem s that skilled  and specialized  operators su per­
v isin g  a series o f con tin u ou sly  running instrum ents, one  
for each m ob ile  ph ase, belon g  to the im portant prerequi­
site for obtaining accurate SEC data.

COUPLED AND TWO-DIMENSIONAL TECHNIQUES

A s  sh o w n , the u n w an ted  en th alpy based retention of 
m acrom olecu les can bad ly  affect the results o f SEC. O n  
the other h an d , exclusion  m ech an ism  can be deliberately  
and in the controlled w a y  com b in ed  w ith enthalpic re­
tention m ech an ism s. In any case, the entropie effects, es­
pecially the changes in conform ational entropy o f m ac- 
rom olecu les are a lw ays present. The com bination  o f en­
tropie and  enthalpic retention m ech an ism s w ithin  the 
sa m e co lu m n  leads to cou p led  procedures o f p o lym er  
H P L C .

T h e m o st c o m m o n  co u p led  proced u re is p o ly m er  
H P L C  u n der critical conditions. It is based on the m utual 
com pensation  o f exclusion  (entropie partition) o f m acro­

m olecu les, w h ich  reduces their retention v olu m es w h en  
their m olar m asses increase, w ith  either adsorption or 
enthalpic partition that is w ith  enthalpic retention m ech a­
n ism s, w h ich  increase sam p le  retention v o lu m es o f sam ­
ples w ith gro w in g  m olar m asses. The successful com p en ­
s a tio n  o f  AS a n d  A H  co n trib u tio n s resu lts in in d e ­
pendence o f p o ly m er VR on  its m olar m ass [see equation  
(1)]. This a llow s to practically elim inate the effect o f one  
constituent o f a com p lex  polym er, for exam ple a block in 
the block cop olym ers, a com p on en t in p o ly m er blends or 
one part o f the fu n ction alized  m acrom olecules on the 
overall elution behavior o f p o ly m er species. A s  a result, 
both parts o f a com p lex  p o ly m er can be independently  
characterized successively  u sin g  different experim ental 
conditions (colu m n  packing, eluent, tem perature).

O ther im portant cou p led  procedures a p p ly  continu­
ou s or step w ise  elu en t gradient. C o u p led  procedures  
form  an im portant part o f tw o(m u lti) d im en sion al p o ly ­
m er H P L C , in w h ich  fractions o f p o ly m er sam ple  ob ­
tained in the first co lu m n  w orkin g w ith cou pled  reten­
tion m ech an ism  are transported into the second or fu r­
ther co lu m n (s) for su bsequ en t separation. First co lu m n  
separates m acrom olecu les exclu sively  or at least prevail­
ingly  according to one characteristic w h ile  the last co ­
lu m n , u su a lly  SE C  sy ste m , accom p lish es the charac­
terization o f sam p le .

Enthalpic retention m ech an ism s can be u sed also for 
au gm enting  o f the selectivity o f p o ly m er separation ac­
cording to their m olar m asses. Isocratic enthalpy d o m i­
nated separations, in w h ich  retention v o lu m e s increase  
w ith the m olar m asses o f m acrom olecu les are, h ow ever, 
feasible on ly  in the area o f low  m olar m asses, b elow  
about 10 k g /m o l .  A b o v e  this lim it, VR increases very  
rapidly  w ith sam p le  m olar m ass and  even tually  m acro­
m olecu les are fu lly  retained in the co lu m n .

Increased selectivity o f isocratic p o ly m e r separation  
in the high  m olar m asses area can be obtain ed ap p lyin g  
tem perature gradient (tem perature gradient interaction  
chrom atography) or b y  controlled isocratic, isotherm al 
com bination  o f enthalpic and exclu sion  retention m ech a­
n ism s in the vicinity o f critical conditions above "S E C  
e x clu d e d " sam p le  m olar m ass (enthalpy assisted SEC). 
The latter, novel m eth od s a p p ly  the rapid decrease in the 
enthalpic interactions w ith  sa m p le  M  ab ove its pore ex­
clusion  lim it.

T h e co m m o n  problem  o f all cou p led  procedures in 
p o ly m e r  H P L C  is a p o ss ib le  in c o m p le te  sa m p le  re­
covery. The danger o f the full retention for a fraction of 
sam p le , usu ally  that w ith the h ighest m olar m ass, in­
creases w ith increasing extent o f enthalpic interactions 
betw een co lu m n  packing and  p o ly m er species. Sam ple  
recovery problem  is m ore distinct in co u p led  procedures 
than in "p u r e " SEC. Enthalpic interactions are the part of 
the separation process and therefore they cannot be su p ­
pressed or oven  rem oved .

CONCLUSIONS

S ize  e x c lu s io n  c h r o m a to g r a p h y  is a m a r v e llo u s  
m eth od . A t  present, it is routinely (m ay b e too routinely!) 
applied  in m ajority o f p o ly m er research laboratories and  
production  units. SEC is a sim p le , fast, repeatable and  
relatively inexpensive analytical tool. M easu rem en ts are 
not labor-intensive and sa m p le  co n su m p tio n  is low . D u e  
to above features, SEC practically substituted classical 
m eth od s o f m olecular characterization o f the polym ers. 
In com b in ation  w ith  the flo w th rou g h  light scattering  
and viscom etry, as w ell as w ith  infrared and m ass spec­
trom etries, SEC can provid e detailed inform ation  about 
m a n y  various p o ly m er species.

SEC gives the data o f g o o d  to very  g o o d  precision  
(high intralaboratory repeatability). O n  the other h an d , 
SEC results suffer from  lim ited  to very  lo w  accuracy  
(low  interlaboratory reproducibility). Standardization  of 
sa m p le  preparation , exp erim en tal con d ition s o f m e a ­
surem ents, and data processing is n eeded  w h ich  w o u ld  
be enforced by increased experience o f operators. Selec­
tivity o f SEC separation is generally  low . This is espe­
cially eviden t w h en  the "lin e a r " (universal) colu m n s are 
u sed. L o w  selectivity o f SEC further deteriorates results 
o f h igh  sp eed , h igh  sa m p le  th rou gh p u t procedures.

SEC data for co m p lex  p o ly m ers sh o w in g  m u ltip le  
distributions o f their m olecu lar characteristics and the
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data p rod u ced  b y  the fast or ultra-fast procedures can be  
c o n s id e r e d  o n ly  as s e m i-q u a n t ita t iv e , a p p ro p ria te  
m a in ly  for assessm en t o f tendencies. For detailed m o ­
lecular characterization o f com p lex  p olym ers, coupled  
a n d  tw o -d im e n s io n a l p ro ced u res o f  p o ly m e r  H P L C  
sh ou ld  be u sed  instead o f SEC alone. So far the form er  
m e th o d s , h o w e v e r , are slow , w o rk -in ten siv e  and  not

universal. Therefore, their applications are lim ited  to a 
fe w  special cases.

ACKNO WLEDGMENT
This work was supported by the Slovak Grant Agency 

VEGA, project #  2-301 123. The author thanks Mrs. Jana 
Tarbajovska for her technical assistance.

W kolejnym zeszycie ukażą się następujące artykuły:

—  Telecheliczne o ligom ery  otrzym an e z  tlenku etylenu i k w asu  fo sfo row eg o . Struktura oraz p rze­
kształcanie w  polim ery  glin oorgan iczn e (;. ang.)

—  Badania oksyety len ow an ych  ży w ic  fenolow ych . C z . I. C harakterystyka pow ierzch n i i w łaściw ości  
p o w ło k  na p o d łożach  m etalicznych (j. ang.)

—  O trzy m y w a n ie  n o w eg o  akrylanu poliorgan osilok san ow ego  i w łaściw ości zaw ierających g o  k o m ­
pozycji akrylan ow ych  u tw ard zan ych  p rom ien iow an iem  U V  (;. ang.)

—  W p ły w  m odyfikacji rezolow ej ży w ic y  fe n o low o-form ald eh y d ow ej p rodu ktam i chem icznej degra ­
dacji poliftereftalanu etylenu) na jej w łaściw ości

—  O  p rzyczyn ach  efektu w ielok rotn ego topnienia w ystęp u jącego p o  izoterm icznej krystalizacji jed n o ­
rod n ych  k o p o lim eró w  e ty le n /1 -o k te n  (;. ang.)

—  Biodegradaq'a folii z  polietylenu  m o d y fik o w a n eg o  skrobią. Badanie zm ian  struktury n adcząstecz- 
kow ej polietylenu

—  M iesza n in y  p o lim ero w e P E T / P E -L D  i P E T /P P  z  d odatkiem  n o w eg o  kom patybilizatora

—  O cen a  p rze p ły w u  w  form ie w tryskow ej p olim eru  z  napełn iaczem  p ły tk o w y m  jako zn aczn ik iem

—  O słab io n e  w iązania  w  stanach przejściow ych procesu  degradacji p o lim e ró w  jako p ra w d o p o d o b n e  
m iejsca pękania m akrocząsteczek (;. ang.)


