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GPC OF POLY (N-VINYLACETAMIDE) ON SILANIZED POROUS 
GLASS IN DMF AND DMF/LiBr 

Paul L. Dubin 
Magnetic and Chemical Technology Center 

Memorex Corporat ion ' 
Santa C? a r a ,  Ca? i f o r n i a  95052 

ABSTRACT 

Samples o f  poly(N-vinylacetamide) were cha rac te r i zed  by ex- 
c l u s i o n  chromatography on s i l a n i z e d  porous glass columns i n  OMF 
and DMF + 0.01M LiBr.  Chromatograms obtained i n  pure DMF were 
ve ry  d i f f e r e n t  i n  appearance from those observed us ing  DMF + 0.01M 
L iBr .  It i s  proposed t h a t  so lu t i ons  o f  t he  polymer i n  t h e  pure 
so l ven t  form s tab le  m ic roc rys ta l  1 i n e  aggregates l ead ing  t o  t h e  
appearance o f  exclusion l i m i t  peaks f o r  t h e  h ighe r  MW samples. 
S t rong ion-d ipo le  i n t e r a c t i o n s  between t h e  polymer and L i B r  pre- 
vent t h e  fo rmat ion  o f  such aggregates, r e s u l t i n g  i n  more normal 
chromatographic behavior. 

INTRODUCTION 

A number o f  important syn the t i c  polymers--e.g., a c r y l o n i t r i l e  
homo- and co-polymers, polyamides, poly imides, and c e r t a i n  po l y -  
urethanes--are so lub le  i n  po la r  organic solvents bu t  not i n  the  
more comnon GPC solvents,  such as THF, CHCl3 and toluene. Among 
t h e  po la r  so lvents  p rev ious l y  repor ted  f o r  GPC a re  N,N-dimethyl- 
acetamide( 1 )  , hexamethyl phosphotr iamide(2) , m-cresol(3),  hexa- 
f luoro isopropano l (4 )  and N-methylpyrrol  idone; bu t  t h e  most comon- 
l y  used i s  N,N-dimethylformamide (DMF)(5-12) which has t h e  advan- 
tages o f  r e l a t i v e l y  low t o x i c i t y ,  v i s c o s i t y ,  and cos t  as w e l l  as 
good so lvent  power f o r  a wide range o f  polymers. However, a l l  
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6 2 4  DUBIN 

o f  t he  forementioned polymers repo r ted l y  may d i s p l a y  unexpected 

chromatographic behavior when e l u t e d  from GPC columns w i t h  DMF, 
namely very broad o r  bimodal chromatograms, w i t h  apparent molecu- 

1 a r  weight averages and d i s t r i b u t i o n s  d iscordant  with expec ta t ions  

based on synthesis cond i t i ons  or  w i t h  values obtained by o the r  
methods(5,7,8,10). The same accounts a l so  repo r t  more "reason- 
ab le"  chromatography when LiBr i s  added t o  the  so lvent ,  bu t  no 

compel l ing  exp lanat ion  o f  t h i s  e f f e c t  has been advanced. Espe- 
c i a l l y  tenuous are those arguments t h a t  asc r ibe  " p o l y e l e c t r o l y t e "  
behavior t o  non- ionizable polymers(9,lO). On t h e  o the r  hand, more 

p l a u s i b l e  explanat ions based on aggregat ion(7) f a i l  t o  d e r i v e  
support  from vfscosf t y  data which show on ly  modest dependence on 
t h e  presence o f  the salt(5,7,8,11). 

One f a c t o r  compl ica t ing  the  r e s u l t s  c i t e d  above i s  t h e  i n f l u -  

ence o f  salvophobic p a r t i t i o n f n g  e f f e c t s  i n  t h e  OMF/Styragel sys- 
tems used, r e s u l t i n g  i n  the  excess r e t e n t i o n  o f  t he  po lys ty rene 

c a l i b r a t i o n  standards themselves(l3). This i n t e r a c t i o n  r e s u l t s  i n  
anomalously h igh  apparent molecular weights f o r  p o l a r  polymers 
t h a t  are not as s t r o n g l y  r e t a i n e d ( l 4 ) .  LiBr a m p l i f i e s  t h i s  e f -  

f e c t ,  a s  i s  evident f r o m  the  s h i f t  o f  po lys ty rene c a l i b r a t i o n  
curves t o  h igher  r e t e n t i o n  volumes i n  t h e  presence o f  t h e  
salt(7,10,11). For t h i s  reason, we have chosen as a DMF GPC 
s t a t i o n a r y  phase porous s i l a n i z e d  glass on which adsorp t ion  and 

p a r t i t i o n  ef fects a re  s u b s t a n t i a l l y  reduced( l3) .  
The present repo r t  descr ibes the  exc lus ion  chromatography o f  

poly(N-vinylacetamide) , a compound o f  cons iderab le  i n t e r e s t  as a 
p recursor  t o  polymeric dyes( l5 )  or other  f u n c t l o n a l  macromole- 
c u l e s ( l 6 ) .  I n  comnon w i t h  the  polymers mentioned above, i t  i s  
so lub le  on ly  i n  h i g h l y  p o l a r  so lvents  and e x h i b i t s  s i m i l a r l y  
complex GPC behavior i n  DMF. 

EXPERIMENTAL 
Poly(N-vinylacetamide) samples w i t h  a range o f  mo lecu la r  

weights were prepared by f ree - rad i ca l  po lymer iza t ion  o f  N-vinyl-  
acetamide( 15 )  under vary ing  cond i t i ons  o f  i n i t i a t o r  and monomer 
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concentrations. " D i s t i l  led-in-glass" DMF was from Burdick and 
Jackson. L iB r  was MCB Reagent Grade. GPC was ca r r i ed  out on fou r  
44 cm x 0.88 cm I D  s ta in less columcs, packed w i th  nominal 4938, 
3271, 1721 and 891 porous glass (Electronucleonics) s i l an i zed  w i th  
chlorotrimethylsilane(l3). The p la te  count, obtained w i th  toluene 
a t  2.0 m l  min'l, was 330 t p f .  A l l  samples were appl ied w i th  a 
Valco 500 ~1 loop i n j e c t o r  and monitored by d i f f e r e n t i a l  re f rac -  
t i v e  index. Except where noted, t he  so lut ions i n jec ted  were 10 
mg/ml i n  polymer. V i scos i t i es  were measured a t  30.0"C w i th  a 
So f i  ca V i  scomat automatic viscometer. 

RESULTS 
Polystyrene c a l i b r a t i o n  curves obtained i n  pure DMF and w i th  0.01M 
LiBr a r e  shown i n  Figure 1. The e f f e c t  o f  L iB r  on polystyrene 
e l u t i o n  i s  t o  increase i t s  re ten t i on  by less than 1%, which may be 
contrasted wi th  the ca. 3 4 %  increase i n  polystyrene re ten t i on  
found wi th  Styragel mobile phase(7,lO). This i s  evidence o f  the 
diminished r o l e  o f  p a r t i t i o n i n g  on s i l an i zed  glass. Also shown i n  
Figure 1 is the pr imary  c a l i b r a t i o n  curve f o r  poly(N-vinylacet-  
amide) based on membrane and vapor phase osmometry data( 17) .  
(Since t h i s  curve i s  generated by an i t e r a t i v e  procedure tha t  f i t s  
i t s  shape t o  the chromatograms and fin values o f  polydisperse 
f rac t i ons ,  the e l u t i o n  volumes o f  the data po ints  correspond t o  
t he  "number-average pos i t ion"  o f  the chromatograms and not t he  
peaks.) The divergence of polystyrene and poly(N-vinylacetamide) 
curves below 105 MW i s  p a r t l y  a consequence of p a r t i t i o n i n g  o f  
t he  former, but also r e f l e c t s  the greater contour length per u n i t  
mass and solvent a f f i n i t y  o f  poly(N-vinlyacetamide). Both o f  
these factors  lead t o  greater chain expansion and hence e a r l i e r  
e l u t i o n  r e l a t l v e  t o  polystyrene a t  equal MU'S. 

The inf luence of 0.01M LiBr  on the  chromatographic behavior 
o f  poly(N-vinlyacetamide) i s  demonstrated i n  Figure 2 in which 
chromatograms obtained i n  the  presence and absence of s a l t  are 
superlmposed f o r  polymers A-D, represent ing a range o f  W a s .  
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MW 

50 60 70 80 90 

V, , mi 

F igu re  1. C a l i b r a t i o n  curves fo r  po lys ty rene i n  pure DMF (a) and 
OW + O.OIM L i B r  (0). Broken l i n e :  poly(N-vinylacetamide)/O.OIM 
L i B r  "primary ca l  i b r a t i o n  curve'' (see t e x t ) .  

Polymer A and a high-MW sample E were s tud ied  i n  more d e t a i l .  GPC 
and v i s c o s i t y  data fo r  the  two samples, w i t h  and w i thou t  L i B r ,  are 

sumnarlzed i n  Table 1. 

The in f luences  o f  both polymer and s a l t  concent ra t ions  (Cp  

and C,, respec t i ve l y )  on chromatographic behavior were f u r t h e r  

examined f o r  Sample E w i t h  t h e  r e s u l t s  shown i n  F igures  3 and 4. 

While polymer concent ra t ion  has l i t t l e  e f f e c t  on t h e  chromatogram 
shape, L i B r  s t r o n g l y  a l t e r s  t h e  e l u t i o n  p a t t e r n  i n  the  range o f  

O<Cs<O.OIM, bu t  has no v i s i b l e  e f f e c t  between Cs = 0.01 and 

0.10M. It was o f  f n t e r e s t  t o  see whether t h f s  d i s c o n t i n u i t y  was 

a l so  re f l ec ted  in v i s c o s i t y  behavior;  i n  F igure  5 is shown t h e  
dependence o f  i n t r i n s i c  v i s c o s i t y  on Cs  a t  30°C. 
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F igu re  2. Chromatograms of 
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I 

40 60 a0 100 

40 60 a0 100 

po ly (  N-vinylacetamide) samples o f  
va ry ing  MW's (A<B<C<D). Broken l i n e s ,  pure DMF; s o l i d  l i n e s ,  
0.01M LiBr. 

DISCUSS ION 
The chromatographic behavior o f  poly(N-vinylacetamide) i n  t h e  

presence o f  L i B r  i s  normal and poses no problems. As shown i n  
Table 1 and Figure 1, MW values obtained through a po lys ty rene 
c a l  i b r a t f o n  curve are reasonably accurate above 5x104; a t  lower 
MW's, t h e  solvophobic r e t e n t i o n  o f  t he  standards r e s u l t  i n  a posi-  
t i v e  e r r o r  o f  200-300%. Resul ts obtained i n  pure DMF are more 
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TABLE 1 

DUBIN 

Chromatographic and Viscometric Behavior for 
Poly(N-Vinylacetamide) Samples A and E 

( a )  
PS (b) (c) ( d )  

Sample Solvent M, M, KH hv 

A DMF 4 . ~ 1 0 ~  - .10 .29 - 
* II 0.01M LiBr 2x104 5x103 .083 .37 6x103 

E DMF 2x104(e) - .48 .52 - 
II O.0lM LiBr 2x105 1 . 5 ~ 1 0 ~  .45 .52 2x105 

Peak MW based on polystyrene calibration curve. 
Peak MW based on poly(N-vinylacetamide) calibration curve 
(0.01M LiBr). 
Huggins Constant. 
F1w based on RI-M relationship obtained from osmometry and 
viscometry data on polydfsperse samples( 17). 
t" of major peak; chromatogram bimodal. 

complex. In the MW range below about 5x104 (i.e., samples A and 
B ) ,  the chromatogram is shifted towards higher elution volumes in 
the absence of LiBr. At higher K W ' s ,  the chromatogram i s  broad- 
ened in both directions in pure DMF, and with sufficient broaden- 
ing towards low retention volumes-i .e. , the column void volume-- 
a n  exclusion limit peak appears (e.g., samples C, D or E ) .  

These results resemble those obtained by Kenyon and Mottus(8) 
for MW fractions o f  an 82:18 acrylonitrile: ethyl vinyl ether co- 
polymer. As shown in Figure 6, these authors found that the 
higher polymers (W>4x104) exhibited "high MW tails" which 
developed into the dominant peak in the Mw range >lo5. Kenyon 
and Mottus discussed their results in terms of "association be- 
tween polymer molecules and solvent." A more intelligible explan- 
ation for the unusual behavior of polyacrylonitrile polymers in 
pure DMF was offered by Coppola et a1.(7) who cited studies by 
Chiang and Stauffer( 18) that demonstrated clearly the presence of 
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F i g u r e  3. E f f e c t  o f  polymer concent ra t ion  on chromatography. 

Value shown i s  mass o f  polymer app l ied  t o  column. 
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I 1 I I I I 

V, , ml 

40 60 80 

Figure 4. Effect of LiBr concentration in eluant on chromatogram 
shape. 

polymer aggregates in such solutions. However, the influence of 
LiBr on Intermolecular assocfation o f  this type was not explicitly 
discussed. 

Three findings reported by Chiang and Stauffer are particu- 
larly germane to the present study: (1) Those samples o f  poly- 
acrylonltrile that dissolve In OMF only upon heating tend t o  f o r m  
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.40 
0 .02 .04 .06 .oa .10 

LiBr Concentration, M 

Figure  5. Dependence of i n t r i n s i c  v i s c o s i t y  (Sample "E")  on L i B r  

Concentrat ion. 

s tab le  aggregates; these so lu t i ons  y i e l d  l i g h t - s c a t t e r i n g  molecu- 
l a r  weights t y p i c a l l y  tw ice  as b i g  as the  values obtafned i n  OMSO 

a t  140°C ( i n  which medium the re  i s  no aggregation). (2 )  Th is  i n -  

crease i n  &, i s  accompanied by an increase i n  [7] of l ess  than 
20%. ( 3 )  The discrepancy between 4 measured i n  ambient DMF vs. 
ho t  DMSO was l e a s t  f o r  t he  lowest MW polymer. Chiang and S t a u f f e r  

concluded tha t  in te rmolecu la r  d ipo le -d ipo le  i n t e r a c t i o n s  lead t o  
t h e  fo rmat ion  o f  s tab le  p o l y a c r y l o n i t r i l e  aggregates i n  which 
m i c r o c r y s t a l l  i ne  regions ac t  as phys ica l  c ross l i nks .  

L i k e  Chiang and Stau f fe r ' s  s e m i c r y s t a l l i n e  p o l y a c r y l o n i t r i l e ,  

poly(N-vinylacetamfde) samples w i t h  MU'S over ~ 1 .  2x104 d i s s o l v e  
p e r c e p t i b l y  i n  DMF only above 50°C. A l s o  i n  comnon w i t h  the  
former polymer, h igh  MW po ly (  N-vinylacetamide) exh ib f  t s  gradual 
phase separat ion on standing a t  room temperature. Both o f  these 

observat ions prov ide  evidence f o r  c r y s t a l l i z a t i o n  phenomena. The 
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s Figure 6. Chromatogranis of fractions o€ acrylonitrile: ethyl vinyl ether copolymers. Broken Li 
lines, pure DMF; solid lincs, 0.05M LiBr (redrawn from reference 8). 
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presence o f  a h igh MW shoulder or  exclusion l i m i t  peak f o r  the 
h igher  MW samples i n  pure DMF (see Figures 2C, 2D, 3 and 4) may 
then be ascribed t o  the formation o f  stable aggregates analogous 
t o  those found by Chiang and Stauffer. Should t h e  higher MW 
species p r e f e r e n t i a l l y  aggregate, one r e s u l t  nould be a broadening 
o f  the GPC chromatogram. This i s  i l l u s t r a t e d  by Figures 2C and 2D 
i f  the "L iBr"  chromatogram i s  assumed t o  correspond t o  the non- 
assoc iat ing d i s t r i b u t i o n .  

It has been observed i n  numerous repor ts  tha t  l i t h i u m  hal ides 
may lower the mel t ing point  o r  enhance the s o l u b i l i t y  o f  semicrys- 
t a l l i n e  polyamides(l9-23). These observations suggest t ha t  an 
ion-d ipo le complex i s  formed between s a l t  and polymer. On the  
bas is  o f  i n f ra red  and nmr data for  the system poly(l,4-benzamide)/ 
L iC l  /N ,N-dimethlyacetamide, Panar and Beste( 24) concluded that  the 
a f f i n i t y  o f  ch lo r i de  i on  f o r  polymeric N-H groups leads t o  an 
associat ion polyanion. Solvated Li' ( t h e  metal i o n  associated 
w i t h  the carbonyl oxygen o f  N,N-dimethylacetamide) then forms the 
corresponding p o s i t i v e  counterion. Such s t rong  in te rac t i ons  
between polymer and s a l t  should i n t e r f e r e  w i th  intermolecular 

polymer association, especia l ly  i f  the l a t t e r  process involves the 
slow formation o f  m fc roc rys ta l l i ne  molecular aggregates. Conse- 
quently, t he  presence o f  L i a r  prevents aggregation and y i e l d s  the 
"normal" chromatographic behavior. Since the associat ion process 
i s  very slow, simply increasing the  concentrat ion o f  polymer ap- 
p l i e d  t o  the column--as shown i n  Figure3--has no immediate e f f e c t  
on the  chromatogram. 

The addi t ion o f  L iBr  may generate an associat ion polye lect ro-  
l y t e ,  but simultaneously also raises the concentrat ion o f  simple 
e l e c t r o l y t e ,  thus "screening out"  intramolecular e l e c t r o s t a t i c  re- 
pu ls i ve  forces. Consequently, a d ras t i c  increase i n  reduced v i s -  
c o s i t y  a t  d iminishfng polymer concentrations and low s a l t  content 
--so t y p i c a l  o f  polyel  ectrolytes--cannot be observed, and normal 
Huggins p l o t s  are obtained a t  a l l  L iB r  concentrations. On the  
other  hand, we note two forms o f  discontinuous behavior as the 
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634 DUBIN 

q u a n t i t y  o f  s a l t  var ies.  As shown I n  F igure  4, t h e  e f f e c t  o f  
i nc reas ing  L i B r  content on GPC e l u t i o n  ceases when L f B r  concentra- 
t i o n  exceeds 0.01M; and t h i s  same so lvent  composit ion a lso  cor res-  
ponds t o  a minimum i n  t h e  dependence o f  polymer i n t r i n s i c  viscos- 

i t y  on Cs. Since the  molar concent ra t ion  o f  polymeric amide 

groups decl ines from 0.06M t o  about 0.006M as the  sample i s  e lu ted  
through t h e  columns, t h e  d i s c o n t i n u i t i e s  observed a t  0.01M L i B r  

a re  cons is ten t  w i t h  t h e  fo rmat ion  o f  a s t o i c h i o m e t r i c  complex 

between s a l t  and polymer. 
The basis o f  the  reduc t ion  I n  [q] upon a d d i t i o n  of 0.01M L i B r  

i s  unclear as i s  t h e  subsequent v i s c o s i t y  increase a t  h igher  C,. 
We note  t h a t  t h e  re levan t  works on a c r y l o n i t r i l e  homo- and co- 

polymers a l l  r e p o r t  v i s c o s i t y  changes o f  s i m i l a r  magnitude and 
direct ion-- i .e.,  5-20% decrease on a d d i t i o n  o f  salt(5,7,8). One 
cou ld  speculate t h a t  t h i s  reduc t ion  i n  Q] corresponds t o  t h e  

d i s s o l u t i o n  of aggregates: Chiang and S tau f fe r  observed v i scos i -  
t i e s  4-18s h igher  f o r  associated s. nonassociated po lyacry lo -  
n i t r i l e  s o l u t i o n s ( l 8 ) .  I n  t h e  present case, such d i s s o l u t i o n  is 

a t ta ined  a t  r e l a t i v e l y  low C,. and h ighe r  L i B r  concent ra t ion  
increases the  v i s c o s i t y ,  poss ib l y  through mod i fy ing  t h e  solvent 

s t ruc tu re .  
I n  conclusion, t h e  anomalous GPC behavior o f  po ly (N-v iny l -  

acetamide) i n  pure DMF may be ascr ibed t o  the  format ion o f  s tab le  
aggregates whose existence der ives from t h e  tendency o f  the  poly- 

mer t o  c r y s t a l l l z e  below ca. 50°C. L i B r  prevents the  format ion o f  
such aggregates by generat ing an assoc ia t ion  p o l y e l e c t r o l y t e  v i a  

i on -d ipo le  i n t e r a c t i o n s  w i t h  both polymer and solvent.  DMF i s  

most t y p i c a l l y  employed as a GPC solvent fo r  polymers t h a t  are i n -  
so lub le  f n  THF o r  MEK because o f  strong po la r  in te rpo lymer  forces. 

Since these types of i n t e r a c t i o n s  of ten form the  basis o f  c r y s t a l -  
1 i t a t  i o n  phenomena, "anomalousn chromatographf c behavior o f  the 
k i n d  observed here might seem t o  go hand i n  hand w i t h  the  use o f  
DMF as a solvent f o r  GPC. 
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