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Grafting to Vinylpyrrolidone Polymers and 
Copolymers by the Ceric Ion Method 

L. J. GC.BAULT and T. W. BROOKS* 

Calgon Corporation 
Pittsburgh, Pennsylvania 15230 

A B S T R A C T  

Polymers and copolymers of vinylpyrrolidone were in- 
vestigated as grafting substrates for methyl nethacrylate 
using the ceric ion method. Ceric ion readily initiates . 
methyl methacrylate grafting to commercial pol9 (vinyl- 
pyrrolidone) ( PVP) of 360,000 nominal molecular weight. 
The resulting graft copolymer was surprisingly found to 
be an ABA triblock system with PVP in the center block. 
This conclusion is supported by three key pieces of evi- 
dence: first, selective degradation of the PVP/MMA graft 
copolymer showed two PMMA grafts per PVP chain: 
second, blocking of what are apparently hydroxylic or gly- 
colic PVP end groups by reaction with phenyl isocyanate 
rendered the PVP unreactive to ceric ion grafting; third, 
if the PVP is prepared by methods which preclude forma- 
tion of hydroxylic end groups, the PVP is w e a c t i v e  to 
ceric ion grafting. 
Vinylpyrrolidone polymers can be made graftable via cer ic  

+Present address: North Star Reseatch and Development Institute, 
Minneapolis, Minnesota 55408. 
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1582 GUD;BXULT ASD BROOKS 

ion if N-nethacryloyl-D-@ucosamine (?WAG) is  incorpor- 
ated as a comonomer in the PVP backbone. Regardless of 
the method of prepardion, incorporation of X 3 U G  provides 
3rd t ing  sites which are highly reactive to cer ic  ion. At 
copolymer compositions up to 10 mole 3 NXAG, the methyl 
methacrylate grdt copolymers a re  soluble in organic sol- 
vents. .Above 10 mole % XVLIG, the gra t ing  reaction leads 
to cross-linking and formation of intractable gels. 

I N T R O D U C T I O N  

Mino and Kaizerman [ la. l b ]  first reported the use of cerium( IV) 
salts to initiate grdt polymerization of vinyl monomers onto poly- 
(vinyl alcohol). Considerable attention has since been directed 
towaxd the use of cerium( N )  salts in gra t ing  to ocher hydroxyl- 
containing polymers, particularly cellulose [ 21, starch [ 31, and pro- 
teins [ 41. 

The nature of the grdt site in these systems is still the subject 
of controversy. One postulate proposes that in the c s e  of poly( vinyl 
alcohol) [ 51 and cellulose [ 1, 61 substrates,  initiation occurs via 
disproportionaiion of a coordinated complex between ceric ion and 
1,2-glycol units present in the substrate. Simultaneous cubon- 
carbon bond cleavage of the glycol leads to block polymer formation 
in the case of poly( vinyl alcohol) substrates i 5, 71. Isolation of 
adipaldehyde as a major product upon oxidation of cyclohexane 1,2- 
diol with cer ic  ammonium nitrate [ 81 provides strong support for 
this mechaaism. Other studies propose the participation of the 
hemiacetal reducing end of cellulose [ 9, lo], and carbonyl groups 
present in poly( vinyl alcohol) [ 71, and oxidized cellulose [ 111 in 
grdt site generation 

Ceric lon grafting to polymers containing reducing groups other 
than hydroxyl has received scant attention. The .Mino and 
Kaizerman patent [ lb] claims the use of polymeric reducing agent 
substrates containing hydroxyl, m i n e ,  thiol, ketone, a i d e ,  acid, 
es ter ,  acetal, and aldehyde groups for the preparation of grdt and 
oligio-block polymers. X preparation of poly( vinyl pyrrolidone-g- 
acrylonitrile) is presented .Uthough the structure of the graft 
p o p p e r  is not disclosed, Foly( vinyl pyrrolidone) is classified as a 
aolymeric ketone, implying participation of the lactam carbonyl 
in graftiag. 

Xn this paper we describe the synthesis and charscterization of 
graft p o l p e r s  derived from ?oly( vinyl pyrrolidone) and copolymers 
of vinyl pyrrolldcne with certain graft-reactive comonomers. 
Chemical and spectroscopic analyses vere utilized to obtain informa- 
tion pertaining to the structure and location of the grdt sites. 
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R E S U L T S  A N D  DISCUSSION 

Poly( vinyl pyrrolidone-g-methyl methacrylate) ( P V P - g - M U )  was 
prepared by ceric ion initiated graft polymerization of methyl meth- 
acrylate ( MhtA) onto poly( vinyl pyrrolidone) ( PVP) o r  vinyl pyrroli- 
done ( V P )  copolymers containing a minor proportion of a graft-reactive 
comonomer. The ceric ion method was particularly useful in these 
studies in that graft copolymer was obtained essentially free of 
poly( methyl methacrylate 1 ( P M M )  homopolymer. Acetone extraction 
experiments indicated that conversion of MhI.4 to homopolymer was 
less than 3% in all cases. 

Type I PVP-g-MMA was prepared by ceric ion grafting of MMA to 
commercial PVP (GAF Corp., PVP K-90. nominal mol wt 360,000) at 
room temperature. Type I polymers with compositions ranging from 
3 to 95 mole ’=% MMA were readily prepared by varying the PVP:MMA 
charge ratio. 

Chemical and spectroscopic studies of Type I polymers indicated 
surprisingly that grafting occurred virtually exclusively at the PVP 
chain ends, resulting in the ABA triblock structure depicted below. 
Molecular weights of X and Y for a Type I polymer containing 80 mole % 
MMA, for example, were found to be 5 to 7 X lo’ and 3 X lo’, respectively. 

The triblock structure of Type I polymers is proposed on the basis 
of the following evidence: 

1. Selective degradation experiments indicated that Type I polymers 
were composed of two PMMA graft chains per PVP backbone. The 
P W  graft chains were isolated quantitatively by nitric acid degrad- 
ation of Type I polymers. IR and elemental analyses confirmed the 
purity of the isolated PMLMA chains. Graft polymer compositions 
calculated from degradation data were in excellent accord with results 
obtained by other methods. Control experiments verified the fact that 
P- homopolymer was not degraded under the reaction conditions 
employed. The molecular weight of the isolated P M U  was calculated 
from viscosity data utilizing [ 121 

The number of PMMA grafts per PVP backbone, N, was estimated from 
the molecular weight data by use of Eq. (2).  Values of N determined in 
this manner ranged from 1.8 to 2.2 for several copolymers: 
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where S = DP of PVP backbone, C = copolymer composition (mole 
fraction VP), and C I DP of P M W  graft chains. 

2. Commercial PVP appears to contain hydroxylic chain end 
groups. Reaction of commercial PVP with phenyl isocyanate Y^forded 
a substrate polymer that failed to graft in the presence of ceric ion 
and l ~ I A  The IR spectrum of a low molecular weight PVP (CAF 
Corp., PVP K-15, nominal mol w t  10,000) exhibited a weak cmbamase 
absorbance ai 1725 c a '  ' after reaction with phenyl isocyanate. 

3. The reactivity of PVP toward ceric ion initiated grafting is 
dependent upon the polymerization conditions employed in the prepara- 
tion of the substrate polymer. PVP prepared in aqueous solution usin3 
hydrogen peroxide as initiator is readily grafted PVP prepared in 
benzene or  N-methyl pyrrolidone solution using AIBN as ini t ivor  iailed 
to graft in the presence of cer ic  ion and M\?I;LM. The early l i t e ra twe 
suggests that hydrogen peroxide initiated aqueous polymerization may 
be used to prepare commercial PVP [ 131. 

Ceric ion initiated MMr\ polymerization occurs readily in the presence 
of low molecular weight commercial PVP K-15. Extraction experiments, 
however, indicated that the product is a mixture of the respective homo- 
polymers. One c m  speculate that glycol-type chain transfer agents may 
be employed commercially to prepare low molecular weight PVP, result- 
ing in 1,a-diol chain ends. By analogy to the mechanism proposed for 
ceric ion grafting to poly(viny1 alcohol) [ 5, 71, cmbon-carbon bond 
cleavage could lead to PMMA homopolymer formation. 

In attempting to turther characterize the grait sites on commercial 
PVP, several  N-substituted pprrolidones were examined as model g r a f t  
substrates. Under graftinq conditions where PVP substrate resulted in 
70 to 95% MMA conversion, N-methyl-, N-cpclohexyl-, ?I-isopropyl-, and 
N-isobutylpyrrolidone model substrates resulted in 3 to 9q ?XU conver- 
sion. M U  conversions of 1 to 3 8  were obtained in the absence of sub- 
strate. These results appear to  confirm our belief thas ceric ion 
oxidation does not involve radical generation along the polymer backbone 
o r  on the pyrrolidone ring. In similar exgeriments N-rnethylol- and 
N-ethylolpyrrolidone vere examined as model chain end met substrztes. 
M U  conversions of 20 to 30% were observed These results, while 
unfortunately inconclusive, suggest that the N-alkylol pyrrolidones may 
be approximate models for the chain ends of commercial ?V?. 

bone can be prepared by incorporating a minor proportion of gr*- 
reactive comonomer into the PVP backbone. For this purpose we uti.!ized 
N-methacryloyl-D-glucosamine (NMAG). ,WAG homopolymer is 
reported to undergo a 1000% weight increase upon cer ic  ion grafting with 

P V P - g - m  possessing graft chains attached along the 2 V P  baclc- 

MMA [ 101. 
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In view of our evidence for  the participation of PVP end groups in 
the grafting reaction, we would expect the method of preparation of 
VP-NhUG copolymers to similarly affect the location of MMA graft 
chains. Thus VP-NMAG copolymers prepared under conditions which 
preclude the formation of hydroxylic end groups would be expected to 
possess NMAG units as the sole graft-reactive sites. Conversely, 
VP-NMAG copolymers prepared under conditions condusive to the 
formation of hpdroxylic end groups would be expected to contain 
both W G  and chain end graft sites. 

Accordingly, VP-NMAG copolymers containing 5 to 15 mole B 
NMAG were prepared in benzene o r  N-methylpyrrolidone, initiated by 
AIBN, and in aqueous solution initiated by hydrogen peroxide. MMA 
grafted readily to both types of substrate polymer in the presence of 
ceric i on  Backbone polymers containing 5 or  10 mole % NMAG 
afforded gait  polymers that were fully soluble in acetic acid. Exten- 
sive cross-linking and gelation occurred upon graiting to substrates 
containing 13 mole % NMAG. 

!VILLA grafting to V P - W G  copolymers prepared in organic sol- 
vents afforded Type II PVP-g-MMA, while Type III PVP-g-Mh4A 
resulted upon graiting to V P - N U G  copolymers prepared in aqueous 

.solution Proposed structures for Types iI and III graft polymers u e  
depicted below where a indicates a PMMA graft chain attached at an 
NXAG unit in the backbone. 

Selective degradation experiments provided support for the proposed 
structures of Types XI and III graft polymers. Table 1 summarizes the 
results of our exanination of the structures of Types I, II, and III graft 
polymers containing 77 to 90 mole % MMA. 

PMMA graft chains on Type II polymers proved to be resistant to 
isolation by nitric acid degradation The resistance of MMA-grafted 
NMAG homopolymer to selective degradation by periodic acid has been 
previously noted [ lo]. A portion of the PMM.4 graft chains could be 
isolated by prolonged alkaline degradation, however, with attendant 
cross-linking and gelation of the PVP backbone. ExZraction of the digested 
graft polymer gel afforded a sufficient quantity of the PMMA graft chain 
for identification and characterization As e.xpected, an increase in the 
number of graft sites (NMAG content) afforded Type II polymers with in- 
creasing graft frequencies and decreasing graft chain lengths. 

Nitric acid degradation of Type XII PVP-g-MMA afforded a high 
molecular weight PMMA component and a vinylpyrrolidone backbone 
containing a small amount of PMMA The former derives from the 
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end-grafted PMM.4 chains while the latter represents the remaining 
V P - W G  backbone with PSIMA chains attached at X U G  units. It 
3ppears that most (a8Qo) of the M M A  is consumed in end-grafting in 
the ciwe of Type III polymers. 

E X P E R I M E N T A L  

Vinylpyrrolidone w a s  purified by vacuum distillation from KOH 
pellets. The fraction boilinq at d9”C ( 1  Tom) w a s  collected and 
stored under nitrogen at -20°C. Poly( vinylpyrrolidone) K-15 and 
K-90, obtained from the GAF Corp., were dried over P,O, in vacuo 
prior to use. Methyl methacrylate w a s  washed vith aqueous KOH, 
then water, and dried over anhydrous sodium sulfate. The fraction 
boiling at 97. S’C ( 335 Torrs) w a s  collected a d  stored under nitrogen 
at -2O’C. 3-Methacryloyt-D-glucosamine (NXAG) w a s  prepared from 
methacrylic anhydride and glucosamine hydrochloride as iollows. A 
methanolic sodium methoxide solution was  prepared by slowly adding 
640 ml  of anhydrous methanol to 6.9 g ( 0.3 mole atom) of freshly cat 
sodium. To this solution was added 64.4 3 ( 0.3 mole) glucosamine 
hydrochloride. After 15 min the sodium chloride precipitate was re- 
moved by filtration and the filtrate waa cooled in an ice b a t h  To this 
glucosamine solution 60.1 g (0.39 mole) of methacrylic anhydride 
(stabilized with methylene blue) were added dropwise over a 1-hr 
period. M e r  stirring tor 3 .hr, the solution ‘was warrned to room tem- 
perature and treated vith activated charcoal. Ether was added to the 
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resulting clear solution to incipient clouding and the contents were 
stored overnight at ice-box temperature. Ffltration, followed by dr7- 
in3 in vacuo at 23'C, afforded X-methyacryloyl-D-glucosamine (43 g, 
58% yield, mp 190 to 192°C). Reference 14, mp 193 to 194". 

Preparation of a vinylpyrrolldone-N?J,IhG copolymer backbone 
utilized to prepare Type m PVP-g-.Cl.tLA IS described below. Back- 
bone polymers for Type II graft polymers were prepared in a similar 
manner employing XIBN cu initiator and benzene o r  X-methyl pyr -  
rolidone as solvent. h 4-02 polymerization bottle was charged with 
2.47 g ( 0.01 mole) of N U G ,  10.0 g ( 0.09 mole) of freshly distilled 
N-vinyl pyrrolidone, 0.1 ml  30% H20. , ,  and 50 ml boiled distilled 'rater. 
Following a nitrogen purge, the bottle w a s  capped and placed in a 40' C 
oil bat.!! for 16 hr .  The c o p o l p e r  aas isolated by precipitation of the 
viscous aqueous solution into acetone and purified by reprecipitation 
from DMF solution into acetone. Following dr*/ing in vacuo at 4O'C, 
the polymer was obtained as a hard white solid (8.6 3, 70% yield). IR 
analysis indicated a composition of 11.8 mole % XMAG. The polymer 
exhibited an intrinsic viscosity of 1.2 dl/g in water and 25°C and 
afforded flexible films on casting from water. 

Copolymer molecular weights were calculated from intrinsic vis- 
cosity data and appropriate viscosity molecular weight relationships 
for poly( vinylpyrrolidone) [ 1Sl .  

Compositional Analysis bf VP-NMAG Copolvmers. Copolymer 
comoositions were determined from the Ei soectra oi films cast from 
0. s- aqueous solution directly on silver chloiide plates o r  in the form 
of free films cast  on aluminum foil. Compositions were determined 
by calculatingLthe ratio (R) of the transrnittmce peak heights at 1280 
and 1365 cm' using a horizontal baseline at 1340 The co- 
polymer compositions were then obtained by me= of a calibration 
curve of mole ?J INMAG v s  R (obtzined from the spectra  of known 
homooolvmer mixtures ). 

Cer ic  ion initiated Faft ing of 41-MA to PVP or VP-XMAG copolymers 
employed similar procedures. The following e?cample describes the 
preparation of a Type II polymer. A three-;ecked,-250 m l  flask fitted 
with stirrer, condenser, and nitrogen purge tube w a s  charged with 125 
mi boiled, distilled water and 2.81 g oi  a VP-NWG copolymer 'Rhich 
contained 10 mole Cb N U G .  .Uter a 60-min nitrogen $urge, 8.0 g dis- 
tilled methyl methacrylate w;ls injected .After an additional 10 min 
purge a solution of 0.270 3 ceric ammonium nitrate in 5 m l  of 1 iv 
HNO, was injected (equivalent to 0.025 mole catalyst/mole of reFeat 
unit in the backbone). After 3 h r  at room temperlture the white suspen- 
sion was diluted with 1z1 equal volume of methanol and precipitated into 
ether. The solids were then collected and dried in vacuo at 40°C. The 
yield waa 9.8 3 of polymer containing 80.3 mole % M U  by IR analysis. 
Type II and IU graft polymers containing 10 mole "OXdAG in the back- 
bone were soluble in acetic acid. Backbone polymers containing 13 
mole QO AXMAG v e r e  severely cross-linked during the grafting reaction 
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GRAFTING TO VTXTLPYRROLIDONE POLYMERS 1589 

All graft polymers were subjected to consecutive exmactions with 
methanol and acetone to remove t races  of the respective homopolymers. 

Graft copolvmer compositions were determined from the IR spectra  
of fi lms cast  from acetic acid solution Compositions were determined 
by calculating the ratio ( R )  of the transmittance peak heights at 1740 
(ester) and 1675 ( a i d e )  cm” using a baseline drawn between the 
spectrum intercepts at 1600 and 1800 cm”. The compositions were 
then determined by means of a calibration curve of mole 5 V P  vs R 
( obtained from the spectra  of known homopolymer mixtures ). 

Nitric Acid Degradation of Type I PVP-g-MMA A 3.0-g sample of 
Type I PVP-g-IvI.XA, Containing 20.0 mole 5 V P ,  was digested in 35% 
nitric acid for 50 hr at l l j ’ C ,  affording two products. Product I was 
insoluble in  the reaction medium but soluble in chloroform. Product n, 
isolared fro= the reaction filtrate, was identified as poly( vinyipyrroli- 
done) by comparison of its IR spectrum with an authentic sample. 

spectrum with an authentic sample. The yield of I corresponded to a 
graft copolymer composition of 19.95 mole % vinylpyrrolidone. The 
elemental analysis of I was in excellent agreement with that calculated 
f o r  PMMA Nitrogen analyses by pyrolysis and Kjeldahl techniques 
were 0.00 and < 0.05%, respectively. 

The intrinsic viscosity of I in CHC1, at 25‘C was 2 4  dl/g. The 
molecular weight of I, calculated from Eq. (11, was 7 x lo’. The graft 
fFequency K’ (Eq. 2 )  was thus found t a  be 1.8 using values of 320C, 0.20, 
and 7000 for  S, C, and G, respectiveiy. 

Product I (2.35 g) was identified as P W  by comparison of its IR 
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