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The thermal stability of several series of N-vinylcarbazole and a methacrylic or acrylic
monomer has been studied. The copolymers are more stable the higher the content of
N-vinylcarbazole, a few units of this monomer being capable of appreciably enhancing
the thermal stability of the acrylic or methacrylic homopolymer. The degradation
products have been analyzed by FTIR, and a degradation mechanism similar to that
for the homopolymers has been proposed. The kinetic analysis based on a differential
theoretical model, has allowed an estimate of the activation energy of the degradation
process.
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Introduction

Poly(N-vinylcarbazole)(PNVC) is a polymer with interesting properties (1–5), but its high

glass transition temperature (Tg ¼ 486 K) makes the use of high processing temperatures

necessary. The copolymerization of N-vinylcarbazole with several acrylic and methacrylic

comonomers allows us to obtain copolymers with NVC units and a Tg lower than PNVC

(6, 7). However, potential use of these materials requires the study of their thermal

stability, as well as the mechanisms of their thermal degradation for which it is

necessary to know the degradation products.

In this work, the thermal stability of different copolymers as a function of their com-

position, as well as that of the homopolymers, is studied. The analysis of the evolved

volatile products and a kinetic study of the degradation process have been carried out.
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Experimental

Copolymers of N-vinylcarbazole (NVC) with methyl acrylate (MA), butyl acrylate (BuA),

methyl methacrylate (MMA), ethyl methacrylate (EMA), butyl methacrylate (BuMA) and

cyclohexyl methacrylate (CHMA) have been studied.

The copolymerization reactions were carried out in a thermostatic bath at 323 K, using

AIBN as initiator (0.1% by mole with respect to the total amount of monomers) and tetra-

hydrofuran (THF) as solvent. In all cases, the copolymerization study was extended

to cover the entire range of comonomer feed compositions. The required amount of

reagents was introduced in the reaction flask, which was evacuated by several freeze-

thaw cycles and then sealed under vacuum and placed in the thermostatic bath. Copoly-

mers were precipitated into methanol, redissolved in THF, and reprecipitated in hot

methanol for complete elimination of residual NVC monomer. Finally, the copolymers

were vacuum dried at room temperature.

The composition of the copolymers was calculated from their nitrogen content deter-

mined by elemental analysis; molecular weight was determined (relative to polystyrene

standards) by Gel Permeation Chromatography (GPC). According to the results previously

reported (6, 7), the copolymers revealed some tendency to alternating, as is further evident

in the acrylate series, and when increasing NVC content in the feed composition.

Thermal stability was determined using a Perkin-Elmer Thermobalance TGS-2,

following a standard dynamic procedure from room temperature to 873 K at a heating

rate of 10 K . min21. Samples of 6-7 mg and a stream of dry nitrogen (50 ml min21)

were used.

The analysis of the degradation products was carried out by means of a FTIR Spec-

trophotometer, Nicolet Nexus, connected through an interface to a Shimadzu Thermoba-

lance DTG-60. Samples were run at a heating rate of 5 K . min21 under nitrogen

atmosphere (50 ml min21).

Results and Discussion

The thermal study results of the above copolymer series and the corresponding homopo-

lymers are shown in Tables 1, 2, and 3 where the copolymer composition in NVC mol%

(F1) and the initial degradation temperature (Ti), determined as the intersection between

tangents to the baseline and the inflexion point in the thermogram, are listed.

Table 1

Copolymers of N-vinylcarbazole and acrylic comonomer

NVC-MA NVC-BuA

Sample F1 Ti(K) Ea (kJ/mol) Sample F1 Ti(K) Ea (kJ/mol)

PMA 0 636 179 PBuA 0 599 97.0

MA4 11.1 648 267 BuA.2 12.1 635 152

MA5 31.6 660 291 BuA.3 21.6 638 164

MA1 36.0 658 304 BuA.5 31.3 644 172

MA3 48.4 680 298 BuA.8 37.3 651 181

PNVC 100 705 123 BuA.9 38.5 652 186

BuA.12 46.4 657 200
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Table 2

Copolymers of N-vinylcarbazole and methacrylic comonomer

NVC-MMA NVC-EMA NVC-BuMA

Sample F1 Ti(K)

Ea

(kJ/mol) Sample F1 Ti(K)

Ea

(kJ/mol) Sample F1 Ti(K)

Ea

(kJ/mol)

PMMA 0 585 211 PEMA 0 531 112 PBuMA 0 512 157

MMA7 4.08 621 319 EMA1 3.67 603 227 BuMA2 3.39 567 173

MMA8 8.31 624 354 EMA2 7.72 607 242 BuMA3 9.22 579 199

MMA1 23.0 646 554 EMA3 19.9 622 258 BuMA5 22.7 606 204

MMA3 40.8 681 480 EMA4 29.0 632 301 BuMA8 39.0 616 212

MMA4 53.5 697 586 EMA5 36.3 646 316 BuMA10 64.5 646 228

PNVC 100 705 123 EMA7 54.5 666 367 PNVC 100 705 123

PNVC 100 705 123
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In all cases, the thermogravimetric curves indicated that the copolymers degrade at

higher temperatures as the NVC content in the copolymer increases as can be seen in

Figures 1, 2, and 3 and in Tables 1–3. In some cases, a few units of NVC in the chain

are enough to highly improve the thermal stability of the copolymer with respect to the

corresponding methacrylic or acrylic homopolymer.

Figure 1 shows the thermogram of PNVC, the common comonomer; the degradation

process occurs through only one step until total conversion. Analysis by FTIR of

the degradation products revealed that only the monomer (NVC) was produced

indicating that the degradation takes place by a depolymerization process, as previously

described (8).

Table 3
N-vinylcarbazole/Cyclohexylmethacrylate copolymers

Sample F1

Step 1 Step 2

Ti(K)

wt%

mass loss

Ea

(kJ/mol) Ti(K)

Ea

(kJ/mol)

CHMA.2 9.36 563 65.0 249 663 516

CHMA.5 19.5 573 50.0 320 668 432

CHMA.9 36.4 579 30.8 384 677 354

CHMA.12 47.3 583 34.1 385 674 299

CHMA.8 82.5 578 11.0 279 670 223

Figure 1. Degradation curves for PNVC, PBuA and NVC-BuA copolymers.

E. Bilbao et al.1032

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 2. Degradation curves for NVC-BuMA copolymers and homopolymers.

Figure 3. Degradation curves for NVC-CHMA copolymers and homopolymers.
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Acrylic Series

As can be seen in Figure 1, the degradation process in all cases consists of only one step

until there is practically total conversion. Similar behavior is observed for NVC-MA copo-

lymers (6). FTIR analysis of the degradation products revealed that CO2 and methyl

alcohol were the major degradation products from the PMA homopolymer, the presence

of methane and monomer (methyl acrylate) being detected at the end of the process as

well. In the case of the PBuA homopolymer, the major degradation products were CO2

and 1-butanol, with the presence of butene and monomer (butyl acrylate) being

observed as well. These results are in agreement with previously published results

(9–11), being attributed to inter- and intra-molecular transfer reactions (12).

Figure 4 shows the FTIR spectra obtained in the degradation of a NVC-BuA

copolymer, as well as those for NVC and butyl acrylate. It can be deduced that the degra-

dation mechanism is the same as for the corresponding homopolymers. Similar behavior

was observed for NVC-MA copolymers, that is, the degradation mechanism is the same as

for the homopolymers.

Methacrylic Series

This series includes copolymers obtained with NVC and a methacrylic comonomer,

MMA, EMA, BuMA or CHMA, as well as the corresponding methacrylic homopolymers.

In general, the behavior of the methacrylic homopolymers (Figure 5) is different from the

acrylic ones, a small first stage being observed in the thermogram at the begining of the

degradation process, in which an approximate 20% mass loss occurs. After that, the degra-

dation continues until practically total conversion, except for the PCHMA for which two

more stages were observed after the initial one.

The initial stage has been attributed to a degradation process beginning at unsaturated

chain ends (more reactive) arising from disproportionation reactions during the radical

polymerization (8, 13). In order to verify this point, the degradation of anionic PMMA

samples was carried out; as can be seen in Figure 6, where the behavior of different

Figure 4. FTIR spectra of degradation products for NVC-BuA copolymers.
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radical (RAD1 and RAD2) and anionic (AN1 and AN2) samples are compared, this stage

is not observed in the degradation curves of PMMA samples obtained by anionic polymeri-

zation (no unsaturated chain ends are present). This stage is not observed in the degra-

dation curves of the corresponding methacrylic copolymers, which can be explained

Figure 5. .Degradation curves for methacrylic homopolymers.

Figure 6. Degradation curves for radical and anionic PMMA.
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due to the smaller number of such groups that are present in the copolymers with respect to

the homopolymers.

The degradation products from the homopolymers, PMMA, PEMA, and PBuMA,

were basically the corresponding methacrylic monomer and, in the case of PEMA, CO2

and ethene were detected as well. This behavior agrees with that previously described

for different polymethacrylates (8, 14).

The degradation of the corresponding copolymers, NVC-MMA, NVC-EMA and

NVC-BuMA, yields the same products as the methacrylic and PNVC homopolymers,

respectively. The results were the same, independent of the kind of copolymer and their

composition. In Figure 7, the FTIR spectra obtained in the case of NVC-BuMA copoly-

mers are presented besides the corresponding to NVC and butyl methacrylate.

From these results, it can be concluded that the main degradation reaction taking place

in these methacrylic homopolymers and copolymers is depolymerization initiated by

random chain scission reactions, yelding NVC and the methacrylic monomer. The

formation of carbon dioxide must obviously be derived from the decomposition of the

ester group and it must also produce the corresponding alkene or alkane. The fact that

alkene has only been detected in PEMA and NVC-EMA copolymers can be explained

considering that the decomposition of the ester groups would be a process which occurs

only to a low extent and, moreover, the methane and butene IR bands could be masked

by characteristic bands of the monomer.

The behavior of the PCHMA homopolymer and the NVC-CHMA copolymers is

somewhat different from the rest of the methacrylic systems. Figure 3 shows the thermo-

grams for several copolymers together with those corresponding to the homopolymers,

PNVC and PCHMA.

The degradation process of PCHMA releases cyclohexylmethacrylate, cyclohexene,

water and CO2. The degradation curve of PCHMA has two main stages at Ti � 546 K

and Ti � 682 K, after the initial stage, with practically a total mass loss being attained

at the end. From these results, the following considerations could be made about the degra-

dation mechanism.

Figure 7. FTIR spectra of degradation products for NVC-BuMA copolymers.
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The initial stage (mass loss % , 15) can be attributed to unsaturated chain ends as for

other methacrylic polymers. The next stage (considered as the first one) is the most signifi-

cant with respect to mass loss and begins at a lower temperature than for the rest of the

methacrylic homopolymers, indicating that the size of the substituent is a determinant

factor on the thermal stability of these polymers. During this stage, the monomer would

be produced by a depropagation processes initiated by random chain scission reactions.

Cyclohexene would arise from elimination of the lateral substituent and subsequent

formation of anhydride (15, 16) as indicated by Scheme 1. During the last stage, the frag-

mentation of the anhydride structure with the formation of CO2 would take place.

The thermograms of NVC-CHMA copolymers indicate that the thermal stability is

higher as the NVC contents in the copolymer increases, as indicated by the displacement

of the thermogravimetric curves towards higher temperatures, that is, NVC units thermally

stabilize the polymeric methacrylic chain.

Two steps can be observed in the degradation process of the copolymers as well; as

indicated in Table 3, the Ti values for both stages are fairly independent of the copolymer

composition; however the relative importance of the two steps depends on it, the first one

taking place to a greater extent the lower the contents of NVC. These facts allow us to

assume that this step would be related to degradative processes associated with CHMA

monomeric units. The degradation products detected by FTIR were the comonomers,

NVC and CHMA, CO2, and cyclohexene as it can be seen in Figure 8. This allows us

to conclude that the degradation mechanism is the same as for homopolymers, that is,

random chain scission, depropagation and ester group decomposition. For copolymers

with lower content of CHMA, however, cyclohexene and CO2 IR bands were negligible

which could be due to the low probability of consecutive CHMA units in the chain.

Kinetic Analysis

This analysis has been carried out for all samples, homopolymers and copolymers.

Scheme 1.

Thermal Degradation of Copolymers 1037
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The thermal degradation of a polymeric material can be expressed by:

AðsolidÞ ! BðsolidÞ þ CðgasÞ

and its differential rate equation as:

da

dt
¼ kðTÞ � f ðaÞ ð1Þ

where a is the fraction of A degraded at time t, k(T ) is the rate constant and f(a) is a

function of the conversion. Assuming for k an Arrhenius relationship with temperature

and taking into account that the experiments were carried out at a constant heating rate

(b), equation (1) becomes:

da

dT
¼

Z

b
� exp �

Ea

RT

� �
� f ðaÞ ð2Þ

or in its linear expression:

ln
da=dT

f ðaÞ

� �
¼ ln

Z

b

� �
�

Ea

RT
ð3Þ

where Ea and Z are the activation energy and the pre-exponential factor, respectively.

To avoid using the integral methods (17), which involves the use of some approxi-

mations, we have approached equation (2) by applying the method of Dollimore et al.

(18–20) to obtain a function f (a) from some characteristics of the degradation curve,

such as the sharp or smooth character of the line at the initial and final degradation temp-

eratures, and the conversion value reached at the temperature for which the degradation

rate is maximum.

This method was applied to the homopolymers and the following f(a) functions have

been selected:

PNVC: f ðaÞ ; B1 ¼ að1� aÞ

Figure 8. FTIR spectra of degradation products for NVC-CHMA copolymers.
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which corresponds to a sigmoidal a-t behavior.

Methacrylic homopolymers : f ðaÞ ; D3 ¼
3

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� aÞ2

3
p

1�
ffiffiffiffiffiffiffiffiffiffiffiffi
1� a3
p

corresponding to a diffusion based mechanism.

Acrylic homopolmers: MA f ðaÞ ; G2 ¼ ð1� aÞ2

BuA f ðaÞ ; G1 ¼ 1� a

corresponding to a reaction order based mechanism.

In the cases where more than one function could be adequate, that was selected for

which a better fit of experimental results were obtained.

For the different series of copolymers studied, it was observed that the functions cor-

responding to the homopolymers were not adequate except for samples with a high content

of each comonomer. However, in all cases, a linear combination of the f (a) for both

involved comonomers gave better fitting results:

f12ðaÞ ¼ F1 � f1ðaÞ þ F2 � f2ðaÞ

where F1 and F2 are the mole fraction of the homopolymers 1 and 2, respectively, and fi(a)

is the function assigned to each homopolymer.

In the case of PCHMA and its copolymers, for which two stages appear in the degra-

dation curves, the f (a) functions were normalized for each stage.

Since the f(a) functions were selected, the values of Ea were obtained from equation

(3), and Tables 1–3 show the values for all copolymers.

From the proposed function f (a) and the values of Ea and Z, the theoretical curves

were obtained. Figure 9 shows a comparison between the experimental and theoretical

Figure 9. Comparison between experimental and theoretical curve.
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curves for some copolymers; as can be seen, there is a good concordance. A similar

agreement was obtained for all copolymers.

Conclusions

The copolymers studied, based on NVC and an acrylic or methacrylic comonomer, have a

high thermal stability, increasing as the content in NVC increases. On the other hand, as

the size of the ester alkyl group increases, the interaction with the polymeric chain is

favored with the degradation taking place at a lower temperature. This behavior was

observed both in the homopolymers and in the copolymers.

The degradation mechanisms of the copolymers are the same as for the involved

homopolymers; that is:

-copolymers of acrylic comonomer degrade by ester group decomposition and intramole-

cular cyclation processes generating a mixture of CO2, alcohol and alkene. NVC is also

obtained by depolymerization.

-copolymers of methacrylic comonomer degrade by depolymerization, giving the

methacrylic monomer and NVC. When the comonomer is CHMA, ester group decompo-

sition takes place as well.

The kinetics of the degradation processes of the copolymers can be described by a

differential theoretical model, which assumes the additivity of the functions that reflect

the degradation mechanism of the corresponding homopolymers.
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7. Isusi, M., Rodrı́guez, M., López, I., and León, L.M. (1997) Polymer Journal, 29: 843–847.

8. McNeill, I.C. (1989) Thermal degradation. In Comprehensive Polymer Science; Allen, G. and

Bevington, J.C. (eds.); Pergamon Press: Oxford; Vol. 6, 451–500.

9. Grassie, N. (1972) Pure and Applied Chemistry, 30 (1–2): 119–134.

10. Li, J., Xu, H., Shi, J., Li, Ch., and Bao, Ch. (1999) Analytica Chimica Acta, 402: 311–318.

11. Bertini, F., Audisio, G., and Vjacheslav, V.Z. (2005) Polymer Degradation and Stability, 89:

233–239.

12. Lehrle, R.S. and Place, E.J. (1997) Polymer Degradation and Stability, 56 (2): 221–226.

E. Bilbao et al.1040

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



13. Hu, Y.-H. and Chen, C.-Y. (2003) Polymer Degradation and Stability, 82: 81–88.
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