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SYNOPSIS 

The thermal degradation of poly (N-vinyl-2-pyrrolidone) (PVP) was studied by dynamic 
thermogravimetric analysis (TGA) in the range 200-600°C under nitrogen and oxygen 
atmospheres a t  various heating rates. The apparent activation energy of the degradative 
process was determined by the application of kinetic treatments, giving an average value 
of 242 kj/mol in Nz, whereas in the presence of oxygen, two trends may be considered At 
relatively low temperatures (200-400°C) and degrees of conversion, a, lower than 0.5, we 
obtained an average value of 199 kjlmol, whereas in the temperature interval 400-600°C 
with degrees of conversion higher than 0.5, the value of E, was 306 kjlmol. Isothermal 
experiments carried out in N2 in the interval 350-400°C gave an average value of E. = 231 
kj/mol, in good agreement with that obtained from dynamic treatments. The FTIR spectra 
of the volatile compounds evolved in degradation experiments carried out in Nz as well as 
in the presence of oxygen suggest that PVP is thermally degraded, predominantly, by the 
release of the pyrrolidone side group and the subsequent decomposition of polyenic se- 
quences. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

In the last decades, there has been an increased in- 
terest in the use of poly ( N-vinyl-2-pyrrolidone) 
(PVP) for various purposes, such as a stabilizer in 
suspension polymerization, as a polymeric matrix 
in t e m ~ l a t e ~ - ~  and step t e m ~ l a t e ~ - ~  polymerizations 
and in drug-delivery systems, as a binder and reg- 
ulator of the disolution rate.8 Recently, we studied 
the free-radical copolymerization of PVP with fur- 
fury1 methacrylate and we observed that the thermal 
behavior of these systems was strongly dependent 
on the copolymer composition.s The general pattern 
of the thermogravimetrical curves of these copoly- 
mers exhibited two degradation steps in the intervals 
260-320°C and 35O-52O0C, respectively. The weight 
loss in the low-temperature interval increased lin- 
early with the weight fraction of furfuryl methac- 
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rylate in the copolymer, whereas the weight loss in 
the higher-temperature interval increased for co- 
polymers rich in vinylpyrrolidone. 

To attain an adequate insight into this behavior, 
we carried out a study of the thermal degradation 
of the corresponding homopolymers. In a recent 
work, lo the thermal behavior of poly (furfuryl meth- 
acrylate) (PFM) was analyzed by thermogravime- 
try, using N2 as the inert atmosphere, as well as 
under thermooxidative conditions, in the presence 
of oxygen. The present article describes the thermal 
behavior of PVP studied by thermogravimetry under 
N2 as well as O2 atmospheres. 

EXPERIMENTAL 

Monomer Preparation and Polymerization 
Procedure 

N-Vinyl-2-pyrrolidone ( PVP ) (supplied by Fluka) 
was distilled under reduced pressure and used with- 
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out further purification. Polymerization of PVP was 
carried out in a DMF solution at  50 k 0.1"C in a 
Pyrex glass ampule sealed off under high vacuum 
using 2,2'-azobisisobutyronitrile ( AIBN) as initia- 
tor. Monomer and initiator concentrations were 1.0 
mol/L and 1.5 X lo-' mol/L, respectively. The 
sealed ampule was shaken vigorously and immersed 
in a water bath held at  the required temperature of 
polymerization. After 24 h, the ampule was removed 
from the bath, and, at once, the content was poured 
into a large excess of diethyl ether. The precipitated 
sample was washed with the precipitant mixture and 
dried under vacuum until constant weight was at- 
tained. 

Polymer Characterization 

The polymer was analyzed by 'H-NMR spectroscopy 
with a Bruker AM-200 spectrometer working at 200 
MHz. The spectrum was recorded at 40°C on 5% 
(w/v) deuterated chloroform. Infrared spectra were 
recorded in a Perkin-Elmer 457 infrared spectrom- 
eter at room temperature using KBr pellets. 

Thermal Degradation 

Dynamic and isothermal thermogravimetric anal- 
yses (TGA) were carried out with a Perkin-Elmer 
TGS-2 system coupled to a microprocessor pro- 
grammer System-4 as the temperature control unit. 
The samples were dried in the thermobalance at 
100°C for 30 min under nitrogen atmosphere before 
starting the experiment. Thermogravimetric anal- 
yses were carried out with 8-10 mg of finely pow- 
dered samples on a platinum pan under nitrogen or 
oxygen atmosphere with a nominal gas flow rate of 
5 mL per second. In isothermal experiments, the 
samples were dried in the oven at 100°C for 30 min 
under nitrogen atmosphere and then heated at 
80°C /min until the experimental temperature was 
reached, taking as zero time the moment at which 
the temperature of the system was stabilized auto- 
matically. 

TGA-FTIR Experiments 

Combined thermogravimetric analysis-Fourier 
transform IR spectroscopy were carried out using 
an FTIR spectrometer ( Perkin-Elmer 1720/X) 
coupled to a thermogravimetric analyzer ( Perkin- 
Elmer TGA 7 ) . To obtain a good resolution of the 
IR spectra, the flow rate was adjusted to 45 mL/ 
min and the temperature of the transfer line between 
the thermobalance and the FTIR light pipe was kept 

a t  195°C. The experiments were carried out under 
N2 or a mixture of NJOZ (67/33, v / v  % )  at a heat- 
ing rate of 4O0C/min until 650°C. 

RESULTS AND DISCUSSION 

Dynamic Experiments 

The thermogravimetric curves of PVP obtained at 
a heating rate of 10"C/min under nitrogen and ox- 
ygen atmospheres are shown in Figure 1. The deg- 
radation process of PVP in nitrogen atmosphere 
shows only one main degradative curve. The polymer 
begins to lose weight at 280°C and continues up to 
550°C with 96% weight loss. The residue at 600°C 
is about 3.4%. 

On the other side, the degradation process of PVP 
in oxygen atmosphere exhibits a complex curve with 
at least two distinct components: In the first step, 
the system begins to lose weight at 250°C and con- 
tinues up to 440°C with a total weight loss about 70 
wt %. The second step goes from 440 to 550"C, with 
a weight loss amounting to 30 wt %. The diagrams 
drawn in Figure 1 clearly show that the thermoox- 
idative degradation of PVP gives rise to the volatil- 
ization of degraded products at lower temperatures 
and initial higher rate than does the degradative 
process in an inert atmosphere, Nz. This behavior 
can be accounted for considering that in the interval 
of temperatures 200-400°C the presence of oxygen 
could give rise to the formation of peroxide residues, 
which easily decompose at  relatively low tempera- 
tures. This means that the formation of active rad- 
icals is favored in oxidative conditions. However, at 
higher temperatures ( 40O-50O0C), the concentra- 
tion of degradative free radicals is very high and the 
formation of peroxides does not contribute effec- 

Figure 1 Thermogravimetric curves for the decompo- 
sition of PVP heated at 10°C/min under (-) nitrogen 
and ( - - - - - )  oxygen. 
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Figure 2 Plot of the degree of conversion (a) vs. tem- 
perature at various heating rates: ( 0 )  O-5"C/min; (+, 0) 
10°C/min; (A, V )  20"C/min; (-) N,; ( - - - - )  02. 

tively to the increase of this parameter, but the ox- 
ygen also offers an adequate medium to produce a 
decrease of the concentration of active degradative 
species in comparison with the process in N2, be- 
cause of its ability to act as an inhibitor or deacti- 
vating agent of radicals, as it has been widely dem- 
onstrated in a great number of free-radical reactions. 

The kinetics of the thermal degradation of PVP 
under nitrogen as well as under oxygen atmospheres 
was studied considering as a first approximation that 
the degradative process follows a first-order degra- 
dation reaction. In this sense, if @ is the heating rate 
(kept constant during the experiment), the degra- 
dation rate can be expressed as 

where A and E are the Arrhenius preexponential 
factor and the apparent activation energy, respec- 
tively; R ,  the gas constant; T ,  the absolute temper- 
ature; and a, the degree of conversion, related to the 
sample weight by the equation 

where Wo is the initial mass of the sample; Wt,  the 
sample mass at time t ;  and W,, the final mass. 

The variation of a with T for PVP at  heating 
rates of 5, 10, and 20"C/min under nitrogen and 
oxygen atmospheres is shown in Figure 2. As usual, 
the diagrams are shifted to higher temperatures for 
higher heating rates, independently of the atmo- 
sphere used in the experiment. 

Using Doyle's integral approximation, Ozawa" 
showed that for a given value of a the temperature 
and the heating rate ( p )  are related by the expression 

log @ = -0.457(E/RT) + Constant (2)  

From the curves a vs. T for various heating rates, 
it is possible to determine the temperatures corre- 
sponding to a given degree of conversion. Then, from 
the slope of the lines obtained plotting the logarithm 
of the heating rate vs. the reciprocal of the absolute 
temperature, the apparent activation energy E can 
be calculated. Figures 3 and 4 show the so-called 
Ozawa plots obtained for PVP in nitrogen and ox- 

1 1 T 1 0 3 ,  K-' 

Figure 3 Logarithm of the heating rate (/I) vs. the reciprocal of the absolute temperature 
for PVP under nitrogen atmosphere, for the values of conversion 01 indicated in the diagrams. 
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Figure 4 Logarithm of the heating rate (@) vs. the reciprocal of the absolute temperature 
for PVP under oxygen atmosphere, for the values of conversion a indicated in the diagrams. 

ygen, respectively. A least-squares analysis leads to 
the activation energy values showed in Table I. 

It can be seen from Table I that the apparent 
activation energy of the thermal degradation of P V P  
under nitrogen atmosphere has an average value of 
242 kJ/mol in the whole temperature interval stud- 
ied. However, when the thermal degradation is car- 
ried out under oxygen atmosphere, two distinct ap- 
parent activation energy values can be reported: a 
value of 199 kJ/mol for a < 0.5 (corresponding to 
temperatures lower than 430°C) and 306 kJ/mol 
for a > 0.5 (corresponding to temperatures higher 
than 43OOC). These results are consistent with the 

Table I 
in Oxygen Atmospheres and Apparent Activation 
Energy, E,, , of the Main Degradation Step 
Determined for Several Degrees of Conversion, a 

Dynamic TGA of PVP in Nitrogen and 

E,  (kJ/mol) 

ff PVP (Nz) pvp (0,) 

0.1 250.8 197.7 
0.2 244.5 203.6 
0.3 245.0 175.6 
0.4 244.1 217.4 
0.5 247.5 267.9 
0.6 240.4 326.0 
0.7 243.3 296.4 
0.8 245.0 339.8 
0.9 222.0 301.4 

two degradation steps reflected in the thermogram 
drawn in Figure 1 and explain the characteristic ef- 
fect of the oxygen in both temperatures intervals, 
since the formation of peroxides at low temperatures 
gives rise to a decrease of the apparent activation 
energy of the degradative process, considering that 
a free-radical mechanism is followed. 

Isothermal Experiments 

To gain additional insight into the mechanism of 
degradation of PVP, the thermogravimetric behavior 
under isothermal conditions in the temperature in- 
terval corresponding to the first degradation step of 
PVP in nitrogen atmosphere was studied. The ki- 
netic study was carried out by recording thermo- 
grams in isothermal conditions at 350, 375, and 
400°C. In all cases, a limiting weight loss amounting 
to 87% of the total sample weight was reached after 
treatments of 60 min. The resulting a vs. time curves 
for the three temperatures studied are shown in Fig- 
ure 5. From these diagrams, the activation energy 
values were determined according to the following 
procedure: 

If the kinetic expression for the decomposition 
process is considered to be 

and its integrated form is 

F(l  - a )  = k - t  ( 4 )  
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Figure 5 
275, and 300°C under nitrogen. 

Isothermal TGA of PVP. Plots of the degree of conversion (a) vs. time at  250, 

provided that the values of F( 1 - a )  for a given 
value of CY does not depend on the temperature, eq. 
(4) can be written considering the expression of Ar- 
rhenius k = A - epEiRT as 

and, therefore, 

E / R T +  I n [ F ( l  - a ) ]  - 1nA = In t ( 5 )  

Using eq. (5),  plots of the time necessary to reach 

F(1-&)  = A . e - E / R T . t  

or 

a certain degree of conversion vs. the inverse of 
temperature were drawn. They are shown in Figure 
6, and the apparent activation energies obtained e E / R T -  F(l - a ) / A  = t 

I 0.26 

1.50 1.55 1.60 
l / T  x l o3  I K - ’  

Figure 6 Plot of the logarithm of the time necessary to reach a given degree of conversion 
(a) vs. the inverse of the absolute temperature for the isothermal degradation of PVP 
under nitrogen atmosphere. 
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Table I1 
Temperature Interval 350-400°C of the Main Degradation Step Obtained 
at Various Degrees of Conversion 

Isothermal TGA of PVP in Nitrogen Atmosphere and Apparent Activation Energy in the 

(Y 0.06 0.10 0.14 0.18 0.22 0.26 

E, (kJ/mol) 208.0 208.6 209.5 210.0 209.8 210.5 

from the slopes of the lines are listed in Table I1 for 
the conversion interval studied. The apparent ac- 
tivation energy values obtained are in the range of 
those reported in Table I for the dynamic experi- 
ments. 

TGA-FTIR Analysis 

The IR spectra of the residues of isothermal deg- 
radation of P V P  in nitrogen and in oxygen are shown 
in Figure 7. It can be observed that the IR spectra 
of the residues obtained after 1 h at 350 and 375°C 
under nitrogen and oxygen exhibit all the charac- 
teristic peaks of the starting material and do not 
provide enough information on the degradation 
process. To clarify the degradative mechanism of 
the thermal treatment of PVP, we decided to apply 

the combined technique of thermogravimetric anal- 
ysis coupled to the FTIR of the volatile released 
products. 

The study of the thermal behavior of polymeric 
systems combining the traditional thermogravime- 
tric analyzer (TGA) with FTIR can be very useful, 
since it provides an adequate way to simultaneously 
characterize the thermal behavior and, subsequently, 
to analyze decomposition products.13 In this sense, 
we applied this treatment to the thermal degradation 
of PVP in N2 or a combined N2/02 atmosphere, in 
the experimental conditions indicated above. 

In experiments carried out under N2 atmosphere, 
the reconstruction of a Gram-Schmidt chromato- 
gram14 gives only one intense peak in the interval 
8-12 min, with a width at half-height of 1.3 min. 
Figure 8 ( a )  shows the FTIR spectrum of volatile 

1"w 02, 350 'C 

02.375 "c 

3500 3000 2501) 2000 1800 1600 1400 1200 lo00 
V, cm-1 

Figure 7 
the experimental conditions indicated in the spectra. 

Infrared spectra of PVP and the residues obtained after 1 h of treatment in 



THERMAL DEGRADATION OF PVP 491 

( b )  
90 - 

# -  
c 

80- 

70 

compounds evolved during the treatment. It is in- 
teresting to stress that there is a clear difference in 
the spectrum of PVP or those of residues after ther- 
mal treatments programmed, shown in Figure 7. The 
carbonyl carbon absorption of PVP at 1661 cm-' is 
shifted to 1750 cm-' in the spectrum of the collected 
degradation products, which could be assigned to 
monosubstituted lactams. This assignment is sup- 
ported by the appearance of signals a t  1633 and 3480 
cm-' [marked by arrows in Fig. 8 ( a )  3 ,  typical of 
groups N - H.I4 This spectrum strongly suggests the 
formation of pyrrolidone as the main product of the 
thermal degradation of PVP in the interval of tem- 
peratures studied in the present work. 

Figure 8 ( b )  shows the FTIR spectrum of the deg- 
radation products evolved in the thermal process 
under oxidant conditions, i.e., Nz/Oz, 67/33, v/v 
%. The Gram-Schmidt chromatogram in this case 
has two main components that appear in the interval 
8-10 min, with a very sharp distribution ( a  half- 

height of 0.70 min) associated with the main com- 
ponents identified in the FTIR spectrum: the sharp 
absorption described for pyrrolidone at  1750 cm-' 
and the typical absorption of COz at  2363 crn-'.l4 
This spectrum justifies the formation of pyrrolidone 
and the oxidation of polyenic sequences that at the 
temperature of degradation (above 40OoC) are not 
stable even in an inert atmosphere. 

It is well known that a number of polymers are 
thermally degraded by releasing the side substituents 
giving rise to the formation of volatile products of 
known chemical composition and structure and the 
formation of polyenic chains that subsequently give 
rise to the formation of oxidation products in the 
presence of oxygen (mainly COz)  or, alternatively, 
aliphatic and aromatic hydrocarbons of low molec- 
ular weight in an inert atmosphere. Perhaps the 
most classical example is the mechanism of degra- 
dation of poly (vinyl acetate) or copolymers ethyl- 
ene-vinyl acetate, which release acetic acid when 
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Scheme 1 

they are treated at  temperatures higher than 
250"C.15 In the same way, poly (vinyl chloride) above 
200°C is affected by degradation, releasing hydro- 
chloric acid, and above 300"C, the polyenic se- 
quences in polymeric chains give rise to the for- 
mation of low molecular weight aliphatic and aro- 
matic hydrocarbons with benzene and toluene in 
high yield.15 

On the other hand, it has been ~ u g g e s t e d ~ ~ , ' ~  that 
the mechanism of the thermal degradation of 
poly(viny1 alcohol) might be similar to that of 
poly (vinyl acetate). Once one molecule of water is 
eliminated to produce the first double bond in the 
chain, the hydrogen of the methylene group in the 
a-position in respect to the double bond and the 
C - OH group are activated enough to release an- 
other molecule of water. Repetition of such a reac- 
tion would lead to a highly conjugated structure for 
the residue that is broken down at  temperatures 
above 300-350°C. 

According to the bond energy, the N - C linkage 
(292 kJ/mol) is weaker than the C-C (348 kJ /  
mol), C-0 (351 kJ/mol), or C-H (391 kJ/  
mol) .la Therefore, it can be reasonably expected that 
the thermal degradation proceeds through the 
breaking of the C - N bond better than the random 
scission of the C-C main chain. This behavior 
could justify the release of pyrrolidone as the main 
product of the initial step of the degradative path- 
way. Also, in the monomeric sequences along the 
polymeric backbone, the carbonyl oxygen of the 
pyrrolidone side ring may be rather close to the hy- 
drogen atoms connected to the &carbons of the main 
chain, since PVP presents a glass transition tem- 
perature, T,, equal to 85"C,' higher than that of 
PVC ( T g  = 81°C) or poly(viny1 acetate) (T ,  
= 32°C) ." These facts support a degradative mech- 
anism through the release of the pyrrolidone side 

group as it is represented in Scheme I, but as the 
release of this volatile fragment takes place at tem- 
peratures of 350-4OO0C, the polyenic sequences are 
not stable at  the temperature of the process and 
therefore decompose to give a hydrocarbon com- 
pound of low molecular weight. This also explains 
the similar spectra of the residue of the polymer 
partially degraded at  low temperature with the orig- 
inal PVP. 
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