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Previously a wide range of values have been reported for the glass transition temperature, Tg, of poly(N- 
vinyl pyrrolidone), PVP, and it was suggested that lower values are due to variable uptakes of water 
caused by the hygroscopic nature of the polymer. Now it has been found that there are large variations in 
T 0, even in carefully dried specimens of PVP. Other factors found to influence T o are residual monomer 
and the molecular weight of PVP. Polymers prepared by bulk polymerization, either by~/-irradiation or by 
heating with 2-azobisisobutyronitrile, have much lower values of Tg than dried ones prepared containing 
30% water. The difference is mainly due to depression of Tg by residual monomer which, in the absence 
of water during polymerization, fails to react completely because of conversion to a glassy state. An 
unexplained observation is that even when all residual monomer has been removed, polymers prepared 
by bulk polymerization still have a lower Tg than would be expected from their molecular weight. 

(Keywords: glass transition temperature; poly(vinyl pyrrolidone); differential scanning calorimetry; 
influence of water on polymerization) 

INTRODUCTION 

As many at eight literature references have been cited to 
show that a wide range of values have been reported for 
the glass transition temperature, Tg, of poly(N-vinyl 
pyrrolidone)*, PVP, ranging from 54°C to 175°C 1 
Generally, too little information was given about sample 
preparation or the method of measuring Tg to form an 
opinion about the reason for such a wide range of values. 
However, Tan and Challa suggested that the hygroscopic 
nature of PVP is responsible, following an experimental 
demonstration that water depresses Tg by a normal 
diluent effect 1. They pointed out that 'careful drying at the 
highest temperature possible, preferably under a nitrogen 
blanket, is necessary in order to obtain correct Tg values'. 
This advice was followed in the present work but, 
nevertheless, a wide range of T~ values was still observed. 
Therefore, because of the increasing applications of 
PVP 2-4, the influence of other variables on Tg was 
investigated. This included the effect of radiation polyme- 
rization with presence of water which, for hydrophilic 
polymers in general 5'6, is important in the synthesis of 
hydrogels for biomedical applications. 

Subsequently, after present work on this aspect had 
been completed, it was learned that a decrease in Tg with 

* Presented, in part, at the 2nd World Congress on Biomaterials, 
Washington, DC, USA, 27 April 1984. 
t Poly[ 1-(2-oxo- 1-pyrrolidinyl)et hylene]. 

decreasing molecular weight of PVP had been reported by 
Sanner, Straub and Tschang 7. 

EXPERIMENTAL 

Commercial samples of PVP were obtained which differ 
in nominal molecular weight K90 (360 000), K30 (40 000) 
and K15 (10000) from GAF Corporation, New York. 
These are fine off-white powders which are specified as 
having maximum values of 5.0% moisture and 1% 
unsaturation (calculated as residual monomer). Similar 
preliminary results were obtained on several batches and 
on a sample, here designated A, with a nominal molecular 
weight of 10000 (Polysciences, Warrington, PA). For 
some experiments, polymers were purified by dialysis 
against distilled water, using dialysis tubing with a 6000- 
8000 molecular weight cut off (Spectra/Por, Los Angeles). 

Inhibitor was removed from N-vinyl pyrrolidone, VP 
(Aldrich, Milwaukee, Wisconsin), and from tetraethylene 
glycol dimethacrylate, TEGDM (Polysciences), by shak- 
ing with Amberlite IRA45 (Polysciences). For some 
experiments, VP was fractionally distilled giving a pro- 
duct which melted at 18°C. Only a single component was 
detected in both distilled and undistilled VP by thin layer 
chromatography, using variable mixtures of n-hexane and 
ethyl acetate as solvent. Monomer, either alone or mixed 
with water (30%), was polymerized under nitrogen. The 
reaction was initiated either by Co-60 ~,-irradiation for 
20 h at 0.1 Mrad/h or by overnight heating at 60°C with 2- 
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azobisisobutyronitrile, AIBN (1~). The latter samples 
were heated for a further 1 h at 100°C and had a light 
yellow coloration. Samples prepared in water were rub- 
bery because of plasticization. They were allowed to dry in 
air, or over anhydrous calcium sulphate (Drierite, Ham- 
mond, Ohio) to yield glassy off-white products. 

To effect crosslinking during polymerization, the mo- 
nomer mixture included TEGDM (2 wt~o). The mixture 
was used immediately after preparation to avoid any 
spontaneous polymerization such as has been reported 
for mixtures of VP and methyl methacrylate s. To effect 
crosslinking after polymerization, samples were exposed, 
in nitrogen at 35°C, to y-rays from a Cs-137 source 
(0.8 Mrad/h). No gel fraction was formed up to the maxi- 
mum dose investigated, of 18 Mrad. However, gelation 
did occur in the same samples plasticized by addition of 
water. Gel fractions were determined gravimetrically and 
the gel swelling ratio, qw, expressed as the ratio of the 
weight of the swollen sample to the weight of the residue 
left after drying. 

Samples were dissolved in water and filtered through 
lens tissue paper for measurements in a Cannon-Fenske 
capillary viscometer at 25°C. Limiting viscosity numbers, 
[r/I, were obtained by extrapolation of values of reduced 
viscosity to zero concentration. Values of viscosity ave- 
rage molecular weight, My, were calculated from It/], ml/g, 
suing equation (1). A few samples were checked in 
methanol, at 25°C, using equation (2) 9. 

[q] =5.65 x 10 -2 M °'55 (1) 

[q] =2.3 x 10 -2 M T M  (2) 

Samples (2-4 mg), in powder form or as fine cuttings, 
were scanned from room temperature to 200°C by 
differential scanning calorimetry (d.s.c.) using a thermal 
analyser (DuPont 990, Wilmington, Del.). Samples were 
promptly quenched to room temperature, with the aid of 
liquid nitrogen, using a 'quench cooling can' provided 
with the apparatus. Preliminary experiments con- 
veniently gave similar results in air as in nitrogen. 
Nevertheless, all the results to be reported here were 
obtained in dry nitrogen. In some cases larger samples 
(10 mg) were monitored in order to follow weight changes 
due either to heating or to storage in a humid atmosphere. 

RESULTS AND DISCUSSION 

PVP can be dried by prolonged contact with drying 
agents such as anhydrous copper sulphate or by heating 
in vacuum, but samples prepared in this way tend to give 
initial d.s.c, scans which are too noisy to allow unequivo- 
cal identification of a glass transition. A better procedure 
is to dry samples by preliminary runs in the d.s.c. 
apparatus. Generally, a first run on a sample with a large 
surface to volume ratio shows a pronounced endotherm 
with a peak between 110°C and 120°C (Figure 1). Previous 
related work on various polypeptides revealed similar 
peaks between 105°C-130°C which were attributed to 
removal of water 10-12. This suggestion, which was sub- 
stantiated by findings that enthalpies of vaporization are 
close to the value for water x ~'12, is adopted to explain the 
present observations. Consistently, in a second run the 
endotherm is not evident (Figure 1) but does redevelop if 
the sample is left to stand in the atmosphere. An 
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Figure 1 Major and minor endothermic peaks observed in a 
moist sample. Curve A: 1st run on K30; curve B: 2nd run, after 
quenching;  curve C: 3rd run after reconditioning same sample for 
several days in its reagent bott le 
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endothermic peak of just the same area is reproduced if, 
after run 2, the sample is conditioned for several days in 
the bottle of PVP from which it was obtained originally 
(Figure 1). From changes in weight, it was found that an 
endotherm of this magnitude corresponds to a few per 
cent water. 

After run 1, subsequent runs usually revealed a charac- 
teristic and reproducible transition from a glass involving 
an increase in heat capacity. A value of Tg may be taken 
from the onset of this change, as in ref. 1, but here an 
alternative convention was adopted in which Tg is defined 
by the mid-point of the change of the y-coordinate (Figure 
2). This latter convention is preferable when experiments 
are to be extended to include crosslinked networks ~3. In 
some runs the choice of base lines is somewhat subjective. 
One uncontrolled factor is the appearance of an en- 
dotherm towards the end of the transition. In work on 
other polymers an effect of this kind has been attributed to 
frozen-in strains 14. In the present work this effect was 
minimized by making further runs until, fortuitously, 
simple scans gave values of Tg which agreed within one or 
two degrees. In this respect it was found, in experiments 
on K-90 and K-30, that as many as 15 runs could be made 
without any significant change in values of Tg. Only 
prolonged heating at 200°C, under nitrogen, of samples 

758 POLYMER, 1985, Vol 26, May 



Tg of poly(vinyl 

K15 and A resulted in an increase in Tg. By confining 
attention to runs 3 to 5 the value of Tg was reproducible 
within a few degrees. 

The glass transition is a rate process, and it is often 
desirable to extrapolate data obtained in conveniently 
rapid scans to zero heating rate. In the present experi- 
ments advantage was taken of the small rate of thermal 
changes of PVP to make a limited number of consecutive 
runs on a single sample beginning and ending at 20°C/- 
rain. It was found that values of Tg were rather insensitive 
to heating rate in the programmed range available which 
gave traces suitable for analysis (Figure 3). Possibly this 
insensitivity to heating rate results from the use of fine 
particles, in view of a previous report that very small 
samples are not rate dependent 15. Because of this in- 
sensitivity, subsequent runs were confined to 20 ° rain-1, 
which was conveniently rapid and which generally gave 
best reproducibility when the apparatus was operated at 
maximum sensitivity. 

A minor feature of the first run of a moist sample is a 
small endothermic peak near 62°C. Following resorption 
of water a less intense peak was observed at a lower 
temperature (Figure 1). It was not reproducible in sub- 
sequent runs, either after the usual quenching procedure 
or after slow cooling overnight. A similar endothermic 
peak was observed in all the commercial samples but not 
in any sample synthesized in the laboratory. Moreover, it 
was never observed in commercial samples after dialysis. 
A trivial explanation of the above observations would be 
that the commercial samples contain an impurity which is 
removed by dialysis, but this seems unlikely in view of the 
long recognized need for careful analysis and control of 
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PVP as a drug product 16. A second possibility that a 
transition occurs due to side chain relaxation of pyr- 
rolidone groups, analogous to relaxations in poly(methyl 
methacrylate)l ~. ~ 8, cannot be sustained because the effect 
is not reproducible in consecutive runs. A third, and more 
plausible possibility, is that the commercial samples are 
under internal stress resulting from their method of 
preparation. Previously sub-Tg endothermic peaks have 
been reported in a number of glassy polymers, but not in 
PVP, in which internal stress had been generated either by 
vitrification under pressure or by deformation below Tg. ~9 

One variable which may affect the T~ of a polymer is its 
molecular weight 2 o-22. Equation (1) was used to calculate 
M from It/], following the recommendation of Levy and 
Frank 9. The values obtained in this way are somewhat 
lower than those specified by the manufacturers in the 
case of the samples of lower molecular weight, i.e. up to K- 
30 (Table 1). The relationship recommended in the 
Polymer Handbook 23, also obtained by Levy and 
Frank 9, gives values which are still lower (72% of the 
values obtained using equation (1)). It has been pointed 
out 24, and emphasized 25 , that there are some unexplained 
features concerning the use of such equations for aqueous 
solutions of PVP. For this reason a few additional 
estimates were made using methanol as solvent. These 
confirmed the trend of the results reported in Table 1. 
Particular attention was given to one of the sample of 
lowest molecular weight and the same value of M 
obtained in methanol as in water (K15: M=8500). 

PVP can be classified as one of those polymers for 
which Tg increases with molecular weight towards a 
limiting value (of 180°C) but theoretical predictions 
cannot yet be made for comparison. However, in line with 
the Gibbs-DiMarzio theory 26'2v, PVP has been included 
in empirical correlations between Tg and the chain 
stiffness parameter, o, as calculated from measurements of 
limiting viscosity number under theta conditions. It was 
found that all the linear polymers considered could be 
assigned to four series with various values of the para- 
meters A and a in equation (1). 

Tg=A(a-a)  (1) 

PVP was included in one of the series, using as coor- 
dinates Tg=80°C and tr=2.46. 2a On the basis of the 
present work, PVP should be reassigned using the correct 
value of Tg = 180°C. However, this reassignment is com- 
plicated because variable values of tr have been reported 
for PVP ranging from 1.66 to 2.45, depending on choice of 
solvent 29. 

The value of Tg decreases with a decrease in viscosity 
average molecular weight (Table 1). A more detailed 
functional analysis requires knowledge of number ave- 

Table 1 Properties of commercial PVP samples 

Samples M (ham.) [~1] g-] ml M (calc.) Tg (°C) 

A 1 x 104 8 8,5 x 103 118--124 
K--15 1 x 104 8 8.5 x 103 120--128 
K--15 (dial.) -- 10 1.3 x 104 163 
K--30 4 x 104 16 2,9 x 104 162 
K--30 (dial.) -- 20 4,4 x 104 174 
K--90 3.6 x 10 s 68 3.9 x 10 s 180 
K--90 (dial.) -- 126 1,1 x 106 180 

dial. = dialysed samples; M (nora.) = nominal molecular weight; M (calc.) = viscosity average molecular weight .  
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rage molecular weights 3°'3t but these cannot be derived 
from present data because of variations in the molecular 
weight distribution of PVP. In previous work, measure- 
ments of T~ have been made on better characterized 
samples of PVP but it is difficult to make a comparison 
because results were presented only schematically 7. 

Both vinyl pyrrolidone and PVP are miscible with 
water, and polymerization in aqueous solution is a 
common method of synthesis 2,a. It was found that 
polymers prepared by 7-irradiation in water (30 wt%) 
have a much higher Tg (176°C) than ones prepared from 
the monomer alone (Tg = 132°C). Any special effects which 
might be attributed to use of high energy radiation are 

Schwartz 

ruled out by the observation that a similar difference was 
obtained when polymerization was initiated by thermal 
decomposition of AIBN: with water, Tg= 167°C; without 
water, Tg= 113°C (Table 2). The polymers prepared using 
AIBN were both soluble and its was found that the one 
formed in water had a much higher limiting viscosity 
number (273 g - 1 ml) than the one formed from monomer 
alone (42 g-1 ml). Previously evidence that presence of 
water during polymerization does, indeed, yield polymers 
of higher molecular weight was reported in studies of the 
polymerization of vinyl pyrrolidone by AIBN 3z. In 
confirmatory work, a case was made that water forms a 
complex with VP which results in an increase in the rate 
constant for propagation, kp. 33 Thus, qualitatively, the 
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F i gu re  4 Influence of  dialysis on d.s.c, scans. K30 before 
dialysis: Curve A: 1st run; curve B: 3rd run (maximum sensitivity). 
K30 after dialysis: curve C: 1st run; curve D: 3rd run (maximum 
sensitivity) 
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F igu re  5 Influence of  presence of  water  during polymerization 
on Tg. Init iat ion by A IBN:  Curve A: 30% water  and dried; curve 
B: no water. Init iation by y-rays; curve C: 30% water  and dried; 
curve D: no water  

Table 2 Properties of PVP samples synthesized in bulk and in water 

Gel fraction Tg (°C) 
[~1] (swelling ratio, 

Sample g-1 ml M (calc.) qw) Whole sample gel 

Bulk, No TEGDM 
11-rays 86 6 x 105 0 132 - 
A IBN 42 1.7 x 10 s 0 113 - 
A IBN (purif ied VP) 52 2.4 x 10 s 0 98 - 
A IBN (purif ied VP, PVP 

heated only at 60°C) 80 5.2 x 105 0 116 

Bulk, 2% TEGDM 
3,-rays -- -- 0.14 (36) 115 169 
A I B N  -- -- 0 145 -- 

30% H 2 O, No TEGDM 
3,-rays -- -- 0.92 (14) 176 183 
A IBN 273 4.8 x 10 o 0 167 - 

30% H20, 2% TEGDM 
,~-rays - -- 0.85 (20) 173 180 
A IBN - - 0.44 (>100) 155 175 
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lower value observed after bulk polymerization might be 
attributed to a lower molecular weight. Quantitatively, 
however, this explanation is quite inadequate because the 
samples prepared by bulk polymerization have suf- 
ficiently high molecular weight to be expected to have 
values of Tg approaching 180°C (c.f. Tables 1 and 2). 

A factor which could account for low values of Tg is 
residual monomer. VP was detected in bulk polymerized 
samples by thin layer chromatography. Under conditions 
in which PVP was stationary; using an elution mixture of 
n-hexane (60%) and ethyl acetate, Rf=0.51 for VP. An 
attempt to remove residual monomer by 7-irradiation 
under nitrogen was unsuccessful (Table 3), although this 
procedure had been used successfully with other glassy 
polymers having lower values of Tg. In order to find how 
to remove monomer conveniently, a mixture was made of 
PVP (Tg= 160°C) with 8% VP. It was found that Tg 
increased from 138°C on heating at 200°C, under nit- 
rogen, and eventually levelled offnear 168°C after several 
hours. Marked increases in Tg to a plateau value, were also 
observed when bulk polymerized samples of PVP were 
similarly heated (Table 3). Presumably such samples 
contain large amounts of residual monomer because the 
polymerization reaction virtually stops when the glassy 
state is reached. This type of trapping of monomer is 
particularly well documented in studies of the free radical 
polymerization of methyl methacrylate 34. Presumably an 
important role of water in the polymerization of VP is to 
prevent the formation of a glass and thereby allow the 
reaction to approach completion. As already mentioned, 
samples prepared with 30% water are rubber-like at room 
temperature before drying. 

Another factor which affects Tg in some polymers is 
stereoregularity. This seems unlikely in PVP for two 
reasons. First, samples of PVP prepared under a variety of 
free radical reaction conditions show only minor differ- 
ences in 13C n.m.r, spectra 35. Second, it has been sugges- 
ted that variations in stereoregularity in vinyl polymers, 
with the repeat unit 42H2-CHR (for PVP, R=pyr- 
rolidone), have negligible influence on the value of Tg. 36. 
Despite these contraindications a test was devised to 
check any influence of stereoregularity. The test depends 
on removal of all components of low molecular weight. 
Such removal is difficult to effect by standard polymer 
methods because of the solubility of PVP in such a wide 
range of solvents 3~. Therefore, the method used was to 
isolate the PVP molecules of highest molecular weight by 
radiation crosslinking 38 followed by gel partition. It is 
argued that the influence of crosslinking in such lightly 

crosslinked gels would have negligible influence on Tg and 
that low values would be indicative of structural irregula- 
rities such as stereoregularity or head-to-head placement 
of repeat units. In fact the high values of Tg observed in the 
gel fractions indicate that effects due to structural irregu- 
larity are small (Tables 2 and 3). The lowest value observed 
(Ts= 169°C: Table 2) is for a case in which Tg may be 
depressed because of inclusion of TEGDM which, pre- 
viously, had been shown to depress Tg when copolyme- 
rized with methyl methacrylate 39. 

The above experiments still leave unexplained the low 
values of Tg (153 ° and 164 °) obtained for bulk polymerized 
samples even after removal of residual monomer (Table 3). 
The molecular weight of these samples is too high for this 
factor to be invoked (Table 2). An apparently similar 
problem has been encountered in studies of polyvinyl 
chloride (PVC). In this case, uncomplicated by problems 
of hygroscopicity and residual monomer, the problem is 
to explain why PVC polymers prepared by free radical 
polymerization at higher reaction temperatures have 
lower values of Tg. 4° Molecular weight was shown not to 
be the controlling factor 4° and variations in stereo- 
regularity were considered to be unimportant in light of 
the structural rule mentioned above (for PVC, R = CI). It 
was suggested that variations in the degree of branching 
may be responsible 36. At present this suggestion cannot 
be evaluated in the case of PVP because branching has not 
been investigated experimentally (see ref. 41). 

CONCLUSIONS 

1 Commercial samples ofpoly(N-vinyl pyrrolidone) can 
be dried in the course of d.s.c, runs to give reproducible 
values of Tg. 
2 With increase in molecular weight, Tg increases to a 
limiting value of 180°C. 
3 Polymers prepared by bulk polymerization of mo- 
nomer alone, either by 7-irradiation or by heating with 
AIBN, have much lower values of Tg than ones prepared 
with presence of 30% water. 
4 Lower values are due mainly to residual monomer 
which fails to polymerize in the glassy state, i.e. in absence 
of water as plasticizer. 
5 Even after complete removal of residual monomer 
from samples prepared by bulk polymerization, the value 
of Tg still remains lower than would be expected from 
values of molecular weight calculated from limiting 
viscosity numbers. 

Table 3 Properties o f  b u l k  polymerized samples (AIBK) after various t r ea tmen ts  

M o n o m e r  T r e a t m e n t  o f  polymer 

Tg (°C) 
(who le  Gel Tg (°C) 
sample) fraction qw (gel) 

Distilled VP Heated on ly  at  6 0 ° C  
Distilled V P  18 Mrad 
Distilled V P  3½ h at 2 0 0 ° C  

V P  + H 2 0  (34%) 2 Mrad 
VP  + H 2 0  (47%) 13 Mrad 

VP  Usual 1 h at  100°C  
VP  Usual,  then  18 Mrad 
V P  Usual,  then 3½ h at  200  ° C 
V P +  H 2 0  (57%) Usual,  then 13 Mrad 

116 0 --  - -  
112 0 --  - -  
153 0 --  - -  

- -  0 .45  --  172 
118 0 .56  25 182 

98  0 --  - -  
115 0 --  - -  
164 --  - -  - -  
118  0 .56  25 182 

V P  --  m o n o m e r  shaken w i t h  A m b e r l i t e  I R A 4 5  
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6 Gel  fract ions,  p repared  by rad ia t ion  c ross l ink ing ,gave  
high values of  T~ and  from such observa t ions  it is a rgued 
tha t  any  var ia t ions  in s tereoregular i ty  could  not  account  
for low values of Tg in the  whole sample,  i.e. in gel plus sol 
fractions.  
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