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Abstract 

The composition dependence of the glass temperatures of copolymers containing 
monomeric units with electron-donor and/or electron-acceptor groups shows serious devia- 
tions from additivity. For electron-donor/electron-acceptor copolymers these deviations are 
more or less symmetric and, depending on the length of the spacer between the interacting 
groups and the methacrylic polymeric backbone, they vary from positive for the short ethyl 
spacer to negative for longer spacers. 

Glass temperatures of copolymers of methyl and n-butyl acrylates (methacrylates) with 
the respective electron-donor or electron-acceptor monomers always show asymmetric 
deviations from additivity. These deviations are mostly positive and situated on the donor- 
poor side for the donor copolymers and negative and situated on the acceptor-rich side for 
the acceptor copolymers. The deviations are more pronounced for the methacrylates and 
decrease from the methyl to the n-butyl ester. 

INTRODUCTION 

Two different ways to relate the glass temperature of random copoly- 
mers with their composition are recommended in the literature. One of 
these approaches proceeds from the expression deduced by Di Marzio and 
Gibbs [l] with the assumption of additivity of the flexible bond contribu- 
tions of the monomeric units to Tg. The second attempt is based on the Fox 
version of the equation of Gordon and Taylor [2]. This expression has been 
deduced with the assumption of volume additivity. The Fox equation [3] 
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MOOELLING of the GLASS TEMPERATURE of RANDOM COPOLYMERS 
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Scheme 1. 

results if the approximate value for K = TgA/TgB is used in the Gordon- 
Taylor expression instead of the exact ratio obtained for volume additivity 
K = pA ban/p, Aa, (pi are the densities and Aai the inurements at Tg of 
the expansion coefficients), The approximate value of K supposes the 
validity of the Simha-Boyer rule [4], AaTT, = 0.133 neglecting the concomi- 
tant influence of the very similar densities of polymers. 

It has been shown recently that the two equations based, respectively, on 
volume additivi~ and flexible bond additive are in fact equivalent due to 
the correlation between T8 and the mass of the monomeric unit weighted 
by the number of flexible bonds [S]. 

Taking into account that most of the experimental Tg versus composition 
data of random copolymers do not obey these simple additivity rules the 
equations were extended assuming sequence distribution effects. The re- 
sulting expressions are shown in Scheme 1. 

Generally the contributions to Tg of the homodiads as well as of the 
homotriads are equated to the respective glass temperatures of the ho- 
mopolymers. Correspondingly TgAB is assumed to represent the glass tem- 
perature of the strictly alternating copolymer. If this value is not accessible 
experimentally it can be computed from the Tp data of the copolymer and 
the corresponding homopolymers and the probabilities of formation of the 
different possible bonds in diads pij and their mole fractions obtained from 
the copolymerization ratios, In the equations for triad sequence contribu- 
tions to Tp, the respective Tg values of the heterotriads are real fitting 
parameters. 
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TgAB can be calculated in the Barton diad model from the experimental 
Tg data by linearization of eqn. (la), whereas the Johnston approach (eqn. 
@a)) requires a multiple regression analysis program. This may be the 
reason why the Barton approach tends to be preferred in the literature. 

In previous studies concerning the Tg versus composition dependence of 
donor or acceptor groups containing copolymers of acrylates [9] and of 
methacrylates [lo], respectively, it has been observed that nonlinearity 
and/or an excessive scatter of the experimental T, data represented 
according to the linearized Barton equation (see eqn. (l’a)) indicate the 
inapplicability of the diad supposition. The triad approximation has been 
used in such cases. 

Tp,, = [ I”g - (4ATp, + 43&J] /ww + GJ @‘a> 

Study of the T, versus composition behaviour of random copolymers 
of the electron donor ~-~Z-hydro~ethyl)carb~olylmethac~late (HECM) 
with the electron acceptor ~-hydro~ethyl-3,5-dinitrobenzoyl methacrylate 
(HEDNBM (DNBM)) (for structures see Scheme 2) has shown serious 
positive deviation of Tg values from the supposed additivity [ll]. These 
copolymers were synthesized by Percec and co-workers [ll] and used for 
rheological measurements. The corresponding T8 values were determined 
using a Perkin-Elmer DSC-2 at heating rates between 2.5 and 20 K min-‘, 
The Ir’ values used in this study were obtained by extrapolating the initial 
Tg values to zero heating rate. 

Positive deviations of Tg have also been observed in blends of PHECM 
with pol~hydro~al~l)DNBM in spite of the supposed plastifier effect of 
the increased length of the a&y1 spacer in the polyacceptors 1121. 
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The synthesis of the donor/acceptor copolymers with intramolecular 
charge transfer interactions has been carried out by radical copolymeriza- 
tion according to the method described by Simionescu et al. [13]. Details 
concerning the synthesis of the copolymers of HEDNBM with IV-(2-hy- 
dro~al~l)carb~olyl methacrylate are presented elsewhere 1141. The alkyl 
spacer in the carbazolyl donor was increased from ethyl (HECM) to propyl 
(HPCM) and n-butyl (HBCM). Similarly the alkyl spacer was increased in 
the copolymers of HECM with P-hydroxyalkyl-3,5-dinitrobenzoyl methacry- 
late in the order from ethyl (HEDNBM), propyl(HPDNBM) to n-butyl 
(HBDNBM). Due to the inhibitory action of the dinitrobenzoyl group 
difficulties were encountered in the synthesis of the respective homopoly- 
mers and copolymers containing a surplus of acceptor with the longer 
propyl and mainly n-butyl alkyl spacers. 

The respective copolymerization reactivity ratios have been evaluated 
according to the Kelen-Tiid6.s method [15] (see Fig. 1). The values ob- 
tained (included in Table 1) were used for calculation of diad and triad 

1.0 [- 2-. = (9 + r2M[) * - ‘2,a cX+F 

i 

Fig. 1. Evaluation of the reactivity ratios for donor/acceptor copolymers by the Kelen-TiidGs 
method: l , P(HEDNBM-co-HECM); 0, P(HPDNBM-co-HECM); A, P(HEDNBM-co- 
HPCM); n , P(HBDNBM-co-HECM~ v , P(HEDNBM-co-~BCM). 
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sequence distributions in the copolymers. In the monomer pairs HECM/ 
HPDNBM and HPCM/HEDNBM (dotted lines) in each case one experi- 
mental point was omitted in calculating the respective reactivity ratios. 

The glass temperatures of the copolymers were determined on a Perkin- 
Elmer DSC 4 in nitrogen at the heating rate of 10 K min-l. For the T’ 
evaluation the second heating scans were always used as they proved to be 
reproducible. The glass temperatures shown in Table 1 are the tempera- 
tures at which the change in heat capacity reached half its maximum value. 

The Tg versus composition fit of the experimental Tg data was carried 
out by applying the diad and triad sequence approaches of Barton [6] and 
Ham [8], respectively (equations are shown in frames in Scheme 1). 

RESULTS AND DISCUSSION 

The DSC thermograms in the glass transition range of the copolymers 
(HEDNBM-co-H(alkyl)CM) are shown in Fig. 2(top). It is remarkable that 
the copolymers P(HEDNBM-co-HECM) and P(HEDNBM-co-HPCM) ex- 
hibit relatively increased Tg values, whereas the copolymers P(HEDNBM- 
co-HBCM) show a relative decrease of their T’ values. The enlargement of 
the Tg range in the copolymers is shown in Fig. 2(bottom). 

The different dependences of the Tg versus composition data of the 
copolymers are quite evident in Fig. 3. In Fig. 3(a) are presented the 
attempts of fitting the experimental Tg data of the copolymers according to 
the models of diad sequence contributions (dotted lines) and of triad 
sequence contributions (broken lines). For poly(HEDNBM-co-HECM) both 
the Tg data of the copolymers synthesized by Percec and co-workers [ll] 
(full circles) and of the copolymers synthesized by Simionescu et al. [14] 
(open circles) are shown. The aggreement of the data is quite satisfactory 
taking into account the different modes used for Tg evaluation. 

The TgAB values of the corresponding heterodiads were calculated using 
the linearized equation of Barton (l’a) (see Fig. 4). The number of flexible 
bonds has been admitted to be additive in both the respective diads and 
triads. 

In attempting to apply the triad sequence model (eqn. lb) the corre- 
sponding contributions to Tg of the triad sequences have been chosen by 
trying to use at least the same values for couples of triads. 

Because of this modified fitting procedure the values shown in Table 1 
for the acrylic and methacrylic copolymers both of the diad Tg,, and of the 
triad contributions to Tg are slightly different from the previously published 
data. It is evident that a real improvement of the fit of the experimental Tg 
data achieved by using the triad assumption is observed only for the 
(HEDNBM-CO-HPCM) system although the diad sequence supposition is 
still acceptable. 
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Fig. 2. DSC thermograms in the glass transition range of poly(HEDNBM-co-N-hydroxy(al- 
kyl)carbazolyl)methacrylates. Top, glass transition range; bottom, enlargement of the glass 
transition range in copolymers: n , P(HEDNBM-co-HECM); A, PCHEDNBM-co-HPCM); 
0, P(HEDNBM-co-HBCM). 

To give a real image of the deviations from additivity of the glass 
temperatures of the donor/acceptor copolymers, the relative deviations 
from additivity weighted by the difference between the two T, values of the 
respective homopolymers are presented in Fig. 3(b). 
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methacrylates. (a) Diad and triad sequence contribution models. (b) Deviation from additiv- 
ity of the glass temperature, l , P(HEDNBM-co-HECM) copolymer of Percec and co-workers 
[II]. 0, P(HEDNBM-co-HECM) copolymer of Simionescu et al, 1141; v , P(HEDNBM-co- 
HPCM); m, P(HEDNBM-do-HBCM). 
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It is remarkable that in this representation the copolymers of the system 
with the propyl spacer (HEDNBM-CO-HPCM) show the largest (positive) 
deviations from additivity. Starting with the longer n-butyl spacer, the 
plastifier influence of the longer side group acts causing even negative 
deviations from additivity. At the same time is evident the relative symme- 
try of the Tp versus composition behaviour for all studied donor/acceptor 
systems containing the different alkyl spacers between the carbazol donor 
group and the polymer backbone. 

The glass temperature versus composition dependence of the donor/ 
acceptor copolymers with the increasing alkyl spacer length between the 
dinitrobenzoyl acceptor group and the methacrylic backbone is much more 
sophisticated as is shown by the respective curves in Fig. 5. Unfortunately 
there are real uncertainties concerning the variation of the Tg of the 
copolymers in the range of high acceptor content. Because of the difficul- 
ties encountered in the synthesis of the respective copolymers only minimal 
amounts were available for measurements, rendering more difficult the 
exact evaluation of the glass temperature. For the respective acceptor 
homopolymers the data of Parada and Percec [12] are also included. 

It seems that the Tg versus composition dependence is nearly additive 
for the copolymers with the propyl spacer in the acceptor unit, whereas the 
copolymers with the n-butyl spacer show s-shaped curves (see Fig. 5(b)). 
For both systems the scatter of the data is very large if they are used to 
evaluate the TgAB contribution of the respective alternating copolymers 
(Fig. 4(b)). 

Applying the sequence contribution models for the Tg versus composi- 
tion behaviour (Fig. 5(a)) the fit of the experimental T, data of the 
copolymers with the propyl spacer in the acceptor unit is superior when 
using the diad sequence model (dotted line) than for the additivity rule 
(broken line). For the copolymers with the n-butyl spacer in the acceptor 
unit only the triad sequence contribution model allowed the fit of the 
experimental Tg data. 

The influence of the dilution by substitution of the respective interacting 
groups in polyacrylates and polymethacrylates by methyl or by n-butyl ester 
groups has been intensively investigated in connection with the study of the 
influence of the charge transfer interaction on the mechanical dynamic 
properties of donor/acceptor polymer blends [16]. 

In parallel has been analyzed the glass temperature of the corresponding 
copolymers [9,10]. In Fig. 6 are shown comparative Tg versus composition 
curves for the corresponding copolymers of methyl and n-butyl acrylates 
and methacrylates containing either the donor N-hydroxyethylcarbazolyl 
(Fig. 6(a)) or th e acceptor P-hydroxy-di-nitrobenzoyl group (Fig. 6(b)). 

The donor copolymers obey the diad sequence contribution model more 
or less accurately. The deviations from this assumption are, however, much 
more accentuated for the donor acrylate copolymers and the respective 
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slightly s-shaped curves are better adapted by the triad sequence contribu- 
tion model (Fig. 6(a)). The acceptor copolymers show, on the contrary, 
exclusive s-shaped curves (see Fig. 6(b)). 

The difference between the Tg behaviour of the donor and acceptor 
acrylic and methacrylic copolymers is obvious by examining the correspond- 
ing relative deviations from additivity (Fig. 7). 

The donor copolymers show only positive deviations from additivity of 
the glass temperature. These deviations decrease in the order methyl 
methacrylate > n-butyl methacrylate > methyl acrylate > n-butyl acrylate 
donor copolymers. The maximum of Tg deviation shifts at the same time 
from the acceptor-rich to the donor-rich copolymers (Fig. 7(a)). 

The glass temperature behaviour of the acceptor copolymers is quite the 
opposite. The methacrylates mainly show large negative deviations from 
additivity (methyl > n-butyl) whereas the acrylates show increasing positive 
deviations. The negative deviations are situated in the donor-rich part 
whereas the positive deviations are exhibited in the acceptor-rich part. 

This behaviour suggests different interactions between donor and ester 
groups on the one site and between acceptor and ester groups on the other 
site. The interactions are more pronounced for the methacrylates than for 
the acrylates. The donor-ester interaction is accompaninied by a decrease 
in free volume (increase of T,), whereas the acceptor-ester interaction is 
inconsistent, depending on the ratio of acceptor to ester groups in the 
copolymer. 

A possible explanation of the different Tg behaviour of the donor- 
(meth)acrylate and the acceptor-(meth)acrylate copolymers, may be associ- 
ated with a slight acceptor action of the (methjacrylic groups in both cases. 
The donor-(methjacrylate interaction would than result in an attraction, 
i.e. in a reduction of the free volume (increase of T,), whereas the 
acceptor-(meth)acrylate interaction will be accompanied sooner by a re- 
pulsion, i.e. by an increase of the free volume (decrease of the Tg below the 
additivity value). 

CONCLUSION 

The glass temperature behaviour of donor and/or acceptor groups 
containing copolymers suggests not only the different influence of the 
length of the alkyl spacer between the interacting group and polymer 
backbone but also a distinct influence of the donor and acceptor groups 
themselves. These differences are accentuated in copolymers containing 
methyl or n-butyl ester groups. The copolymers containing donor groups 
obey the diad sequence contribution assumption more or less accurately, 
whereas the acceptor groups containing copolymers always show s-shaped 
curves requiring the application of the triad sequence contribution model. 



H.A. Schneider et al. / l’hermochim. Acta 207 (1992) 131- 145 14.5 

ACKNOWLEDGEMENTS 

The DSC measurements were done by Mrs. Fischer-Stibal and by Mr. 
Miiller. Financial support of the Deutsche Forschungsgemeinschaft (SFB 
60) is gratefully acknowledged. 

REFERENCES 

1 E.A. Di Marzio and J.H. Gibbs, J. Polym. Sci., 9 (1983) 457. 
2 M. Gordon and J.S. Taylor, J. Appl. Chem. USSR, 2 (1952) 493. 
3 T.G. Fox, Bull. Am. Phys. Sot., 1 (1965) 123. 
4 R. Simha and R.F. Boyer, J. Chem. Phys., 37 (1962) 1003. 
5 H.A. Schneider and E.A. Di Marzio, Polymer, in press. 
6 J.M. Barton, J. Polym. Sci., Part C, 30 (1970) 573. 
7 N.H. Johnston, J. Macromol. Sci., Rev. Macromol. Chem., 14 (1976) 215; Polymer 

Prepr., lO(2) (1969) 609. 
8 G.E. Ham, J. Macromol. Sci., Chem., 9 (1975) 461, 1281. 
9 H.A. Schneider and U. Epple, Thermochim. Acta., 112 (1987) 123. 

10 H.A. Schneider and H. Northfleet Neto, Polym. Bull., 9 (1983) 457; H.A. Schneider, 
Thermochim. Acta, 72 (1984) 17. 

11 H.A. Schneider, H.-J. Cantow and V. Percec, Polym. Bull., 6 (1982) 617. 
12 J.M. Rodriguez-Parada and V. Percec, Polym. Bull., 16 (1985) 165. 
13 .Cr.I. Simionescu, V. Percec and A. Natansohn, Polym. Bull., 3 (1980) 535; 5 (1981) 225. 
14Cr.I. Simione scu, G. David and M. Grigoras, Makromol. Chem., 191 (1990) 473. 
15 T. Kelen and F. Tiidos, J. Macromol. Sci., Chem., 9 (1975) 1. 
16 H.A. Schneider, H.-J. Cantow, P. Lutz and H. Northfleet Neto Macromol. Chem. 

Suppl., 8 (1984) 89; H.A. Schneider, U. Epple, B. Leikauf and H. Northfleet Neto, New 
Polym. Mater., 3 (1992) 115. 


