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It is obvious that asymmetric T, vs composition curves of random copolymers cannot be adapted by the
Gordon-Taylor equation based on volume additivity, even if instead of the model-specific additivity
parameter Kg_1 = (01/p2)(Aay/Aa;) a curve fitting parameter, X, is considered. Therefore contributions
of diad- and triad-sequences to the copolymer T, were considered. Assuming, by lack of copolymerization
kinetics data, that the diad- and triad-sequence distribution can be related in a first approximation to the
respective weight fractions of the copolymer components a concentration power equation is deduced for
adapting the composition dependence of the glass temperature of copolymers. The two fitting parameters,
K; and K, of this concentration power equation characterize the contributions to the copolymer 7, of the
hetero-diads and -triads, respectively. Values of K| > 0 are generally typical for positive deviations of the
copolymer T, from additivity, suggesting stiffening effects induced by attractive interactions between the
different repeating units of the copolymer. Negative values of K indicate negative deviations due to
repulsions within the hetero-diads. The corresponding 7, vs composition curves may exhibit maxima or
minima, respectively. The different influences on the copolymer T, of hetero-triads, are characterized by
values of K, different from zero. Depending on whether K, is smaller or larger than K| the results are either
pronounced asymmetric or S-shaped T, vs composition curves, suggesting that the influence on T, of the
hetero-triads is dependent on their composition, taking into account the hetero-triads may contain either
two repeating units of the one or of the second component. Although fundamental relationships between the
fitting parameters and a molecular property are not yet available, it is shown, that in a first approximation
the values of K| are related to differences between the solubility parameters of the copolymer components.
The T, vs composition behaviour is analysed for copolymers of acrylates and methacrylates among each
other and with styrene, acrylonitrile and vinyl chloride, respectively. © 1997 Elsevier Science Ltd. All rights
reserved.

(Keywords: T, of acrylate and methacrylate copolymers; T, vs composition of copolymer; additivity and concentration power
equation; fitting parameters and difference of solubility parameters)

INTRODUCTION

In the literature essentially two basic concepts are
discussed to explain the composition dependence of the
glass temperature of random copolymers. Gordon and
Taylor! assumed volume additivity of the repeating units
in copolymers, analogous to the interpretation of
packing phenomena in ideal solutions of small mol-
ecules. Di Marzio and Gibbs?, on the other hand, based
on the idea that chain stiffness is the main determinant of
the glass transition, supposed additivity of ‘rotable’
(‘flexible’) bonds, i.e. of those simple bonds which by
rotation contribute to conformational changes of the
molecule. Incidentally the resulting expression of both
models are formally of the same ‘Gordon—Taylor’ type.

Tg: [Wng] +KW2Tg2]/[W1+KW2] (l)

with T, the glass temperature of the copolymer and 7,

* To whom correspondence should be addressed

and w; the glass temperatures and the weight fractions of
the components, respectively. The parameter K is,
however, model specific, ie. Kg_1= (pi/p2)
(Aa,/Aay) for the Gordon—Taylor volume additivity
model and Kpy_g = [11/7]/ 2/ 7] for the Di Marzio—
Gibbs ‘flexible’ bond additivity model. p; are the
densities and Ac; = (Gmelt — Qglass)7, the increments of
the expansion coefficients at T, whereas p; and ; are the
masses and the numbers of ‘flexible’ bonds, respectively,
of the monomeric units.

In the assumption of validity of the Simha—Boyer rule,
AaT, = 0.113°, and neglecting in a first approximation
the differences between the mostly very similar densities
of polymers, i.e. supposing p;/p, = 1, the constant Kg_t
for volume additivity can be substituted in a first
approximation by Kp =Ty /T,,. Accordingly, the
Gordon—Taylor equation can be reformulated

(1/Ty) = w1/ Ty,) + (w2/T,) 2
the result being the well known Fox relation®.
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Without further transformations the above equations
have also been used for the prediction of the composition
dependence of the glass temperature of compatible
polymer blends. Schneider and Di Marzio® have
shown, however, that both additivity models result in
the same composition dependence of the glass tempera-
ture of polymer blends. The values of the respective
constants of equation (1), Kg_t and Kpy_g, must thus
be equal, i.e. p/Aa = pu/v. The latter equality can be
substituted in a first approximation by T, ~ /v
considering the above-mentioned Simha-Boyer rule
and replacing the Gordon—Taylor constant, Kg_t1, by
Kp. Consequently the glass temperature of polymers is
related to the mass per ‘flexible’ bond of the monomeric
unit, i.e. 7, = Cp/~y. It was initially supposed that Cis a
umversal’ constant, but recently Schneider® has shown
that C is a characteristic parameter for the different
classes of polymers.

Taking into account that both the volume and the
flexible’ bond additivity models assume ideal behaviour,
thus neglecting any kind of interaction between the
components, it is not surprising that the glass tempera-
ture vs composition dependence of both copolymers and
polymer blends exhibit more or less significant deviations
of the glass temperature from the predicted additivity
values. Consequently, in order to adapt experimental 7,
data, the additivity models were extended to account for
the effect of interactions between the components of both
copolymers and compatible polymer blends. The sim-
plest way, is, however, to consider the K parameter of the
Gordon-Taylor equation to be a real fitting parameter.
This procedure has been used in the first paper of this
series. It resulted, however, that only symmetrical T Vs
comp051t10n curves can be adapted by this method’.

To improve the fit of asymmetrical T, vs composition
data of copolymers, effects of the sequence distribution
on the glass temperature were taken into account and
both, the volume additivity and the ‘flexible’ bond model
have been extended to account for influences of sequence
distribution on T5,.

Starting with the original Di Marzio— Gibbs® expres-
sion for the glass temperature of copolymers

T, =nT, +n5T,, (3)

where n; = w;(~;/11;) are the weight fractions of ‘flexible’
bonds of the respective components, Barton® extended
the relation to account for diad sequences contributions
to T,.

g

Tg :n/“Tg] +n’23Tg2+(”/12+”l21)Tgu (4)

n:;,- are the mole fractions of ‘flexible’ bonds of the
respective diads, and T, , is the glass temperature of the
strictly alternating copolymer. Taking into account that
T, is generally not accessible experimentally, it is in fact
treated as a fitting parameter of the extended diad
sequence contribution equation. The mole fractions of
‘flexible’ bonds of the different diads are estimated via
the corresponding reactivity ratios, Jis and the monomer
feed composition. Moreover, Ham® has shown that for
the better fit of S-shaped experimental T, vs composi-
tion curves it iS more convenient to use an equation
extended to account for the contributions of triad
sequences to the glass temperature of copolymers. The
glass temperatures of the respective hetero-triads
become now, however, real fitting parameters of the
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experimental 7, vs copolymer composition curves
without any Ophysical meaning.

Johnston'?, on the other hand, has extended the Fox
equation (2) of the volume additivity model to account
for diad sequence contributions to the glass temperature
of copolymers.

(1/Ty) = [wip11/Ty,] + [Wab2a/ Ty,

+ {(wiapia + wapn)/ Ty, (5)

p;; are the probabilities of formation of the respective
diads, depending on the conditions of copolymerization,
i.e. on the monomer feed composition and the monomer
reactivity ratios of the copolymerization reaction.

All the above discussed equations based on the
concept of diad and triad sequence contributions to the
glass temperature of copolymers suppose, independent
of the used additivity model, the knowledge of the
copolymerization kinetics, i.e. of the monomer feed
composition and of the reactivity ratios. If kinetic data
are not accessible and only the composition of the
copolymers is known, there is another possibility to
extend the Gordon-Taylor equation (1) in order to
adapt experimental 7, data which show deviations from
additivity because of specific interactions between the
copolymer repeating units.

CONCENTRATION POWER COPOLYMER T, VS
COMPOSITION EQUATION

Using corrected weight fractions to include the additivity
effects, i.e. introducing the notations

wie = (1 —wy.) = [w/(wy; + Kw,)] and
Wy = [Kwa/(wy + Kwy)] with wy, 4+ wy, = 1
the Gordon—Taylor equation (1) can be reformulated as
Ty = (1 = wy )Ty + wo Ty,

The latter equation can be rearranged in a linear
relationship to express the relative increase of the blend
T, depending on the corrected weight fraction, w;,, of
the copolymer component with the higher 7,

(Tg - Tgl)/(TgZ - Tgl) = W (6)

In the subsequent discussions concerning the experimen-
tally observed deviations of the copolymer T, from the
additivity values predicted by the Gordon-Taylor
equation in a first approximation for K the most
accessible value Kg = T, /T,, is used to estimate the
corrected weight fractlons That means the deviations
from additivity of the glass temperature are analysed by
comparison with the additivity rule of Fox (2).

Supposing that the probabilities of finding diad and
triad sequences in the copolymers are related to the
respective weight fractions of components, the contribu-
tions to 7T, of the different sequences can be considered
by extending equation (6) into a concentration power
equation

2
Ty = wy Tq, + wa Ty, + kywiowoe + kowiowa,
2
+ kawiwy (6a)

Expressing in the concentration power terms w;. by
(1 — w,,) an extended Gordon—Taylor equation results



Glass transition temperature of random copolymers. 2: H. A. Schneider et al.

390

A Copolymers of Methylmethacrylate
ené
s ¥
- e W Acrylonitrile .
X . L
[ R TP PR o
o 370 . -
= P .
e P
2 —
Q -
=
g -7
E -
2 -7
—
[
g8 | -7
o 3504~ o
5ot
\[\(\‘!\o
° .
RO “a
Weight Fraction of Methylmethacrylate
330
0 0.2 04 0.6 0.8 1.0

Figure 1

Glass Temperature, Tg (K)

380

B o
-
-Pt-BMA
7
e
s
: &
o <
360 : oo
-
7 \ve 3
N
& .
PO
. s \‘0(' q,.+
s 0\)@\ S
Ed 0‘\' 4_’«
oo
340 2 ¥
o
&
s
e s
Pt-BA
Weight Fraction of t-Butyimethacrylate
320

0 0.2 0.4 0.6 0.8 1.0

T, vs composition curves of copolymers, dashed lines— Fox additivity rule (2); dotted lines—fit by concentration power equation (8). (A)

Copolymers of methyl methacrylate with styrene, acrylonitrile and vinyl chloride; (B) poly(s-butyl acrylate-co-z-butyl methacrylate)

as:
Tg = chTgl + WZCTg2 + (kl + kZ)WZC
4

Gordon-Taylor equ.

—(ky + 2k — k3)w3, + (ky — k3)w3, (6b)

extension for contributions of diads and triads

From equation (6a) it results, that k; characterizes the
contributions of the hetero-diad sequences to T,,
whereas k, and k; of the respective different hetero-
triad sequences, containing either two repeating units of
the first, or of the second component, respectively.

Remembering that w(, = (1 — wy,), finally the follow-
ing concentration power equation in w,, is obtained by
reformulation of equation (6b)

(Tg - Tgl)/(TgZ - Tgl) = (1 + K1 + HZ)ch
— (K1 + 2Ky — K3)W3, + (ky — K3) W3,

with Ki = ki/(ng — Tgl)'

The values of the coefficients of the concentration
power equation (7), x;, depend via the coefficients k; of
equation (6a) on the kinetic parameters of the copolym-
erization reaction which control the sequence distribu-
tion of the copolymer as well on the contributions of the
respective sequences to the glass temperature of the
copolymers. Since the two contributions are not sepa-
rately accessible without knowledge of the copolymer-
ization kinetics, the coefficients of equation (7) can be
combined as

(Ty = Ty, ) (T, — Ty,) = (1 + Ky)wye
— (K + Kz)W%c + Kow3, (8)

The new introduced parameters, K; = (x; + ;) and
K, = (ky — k3) are accessible by least squares fitting
procedures by applying the concentration power equa-
tion (8) to experimental copolymer T, data. Unfortu-
nately, to our knowledge no relationships between the
fitting parameters and physical characteristics of the
copolymer components are available.

™)

By multiplying with (7, — T, ) the concentration
power equation (8) can be rearranged to concentration
power extended Gordon—Taylor equation

Tg = chTgl + WZCTg2 + Klwlcw2c + KZWICW%C
) \

Gordon-Taylor equ. concentration power extension.

©)

The new introduced parameters K' and K are related to
the fitting parameters of the concentration power
equation (8) by

K'= (T,

& Tgl)Kl = k] +k2

and

K> = (T, —

Tg])Kz = k2 - k3
[for significance of the respective k; parameters see
equation (6a)].

Unfortunately there is no alternative way for an
independent evaluation of the sequence dependent
parameters k; of equation (6a). Thus only a rough
estimation of the significance can be presented for the
experimentally derived fitting parameters K; and K, of
the concentration power equation (8).

If the specific contributions of the different hetero-
triads to 7, are negligible, i.e. if the respective contribu-
tions of the hetero-triads are independent of composition
(i.e. if k, = k3) the fitting parameter K, = 0 and equation
(8) becomes

(Tg - Tgl)/(ng - Tgl) = (1 + Ky)wae — Klwi'

= Wi + Kywy Wy, (10)

K| depends then only on the contributions of the hetero-
diads to the copolymer T, and generally symmetrical T,
vs composition curves are obtained, which even can
show more or less accentuated maxima or minima. In
that case values of K| > 0 characterize positive devia-
tions of the copolymer glass temperature from additivity,
suggesting stiffening effects induced by attractive inter-
actions between the repeating units of the hetero-diads.
K| < 0 indicates correspondingly negative deviations
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Table 1 Parameters of the 7, vs composition curves of copolymers

Fitting parameters of equation (8)

Parameters of equation (6a)

(k) + ko) Uy — k) Uy + ks )*
Copolymer (Ty,~T,,) K, K, K K K-
Copolymers of Fig. |
AN/MMA 0.5 —~85.72 -72.24 —-42.9 —36.1 —6.8
VC/MMA 28.0 —0.94 3.85 -26.3 +107.5 —133.8
SIMMA -2.0 16.33 37.04 -32.7 —74.1 +41.4
t-BA/-BMA 47.0 —1.09 -35 -51.2 —164.5 +113.3
Acrylic/imetacrvlic copolymers
MMA/i-BMA 3.0 5.61 14.12 +16.83 +42.36 —26.0
MA/n-BA 65.0 0.69 0.54 +44.85 +53.1 +9.8
EA/n-BA 35.0 1.03 0.97 +36.05 +33.95 +2.1
2E-HA/1-BA 113.0 0 0 0 0 0
“k1+k7 K' =K\(Ty, — Ty,)
bhy —ky = K‘ 1<2(Tg Tgl)
ki tky =K = (K — KTy, —Ty,)

from additivity of the copolymer T, because of an
increased moblhty due to repulsions w1th1n the hetero-
diads. Kanig'’, relating the changes of interaction
energies to the respective Gibbs energies for generating
one mole of holes in the equilibrium polymer melt, has
shown already in 1963, that the second power concen-
tration equations of type (10) allow the fit of experi-
mental T, vs composition curves of copolymers showing
maxima or minima. This is not possible using the
Gordon-Taylor equation [which results for both
K, =0 and K, = 0—see equation (9)] even if the K
parameter is considered a real fitting parameter. That
means the Gordon—Taylor equation works only if the
glass temperature of the copolymer is not depending on
the sequence distribution of the repeating units within
the copolymer, the composition dependence of 7, being
almost additive.

Contributions of the hetero-triads to the glass
temperature of the copolymers are characterized by
both K, values different from zero and asymmetric 7, vs
composition curves. This is illustrated in Figure I for the
copolymers of methyl methacrylate (MMA) with styrene
(S), acrylonitrile (AN) and vinyl chloride (VC), respec-
tively (Figure 1A4) as well as for the copolymers of r-butyl
acrylate/r-butyl methacrylate (Figure 1B).

For further discussions it is, however, more convenient
to use instead of the fitting parameters K; and K, of the
concentration power equation (8) and which depend on
the difference between the glass temperatures of the
cozpolymer components, the related parameters K! and

of the extended Gordon—Taylor equation (9), which
chdrdcterlze the deviations of the copolymer T, from the
values predicted by the Gordon—Taylor equation, due to
interactions between the different monomeric units of the
copolymer.

Taking into account that the parameter of the extended
Gordon— Taylor equation (8), K* = =(T,, - T,) K, =
ky — k3, is given by the difference between the contribu-
tions of the hetero-triads containing either two repeating
units of component 1 with the lower 7, [characterized
by the parameter k,—see equation (6a)] or two repeating
units of the component 2 with the hrgher o, (Character-
ized by k3). positive values of K’ 1ndlcate a prevailing
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effect on the copolymer T, of the hetero-triads contain-
ing two repeating units of component 1. The predomi-
nant effect of the hetero-triads containing two repeating
units of component 2 will be reflected by negative values
of the parameter K°.

Asymmetries of the 7, vs composition curves due to
the different hetero-triad contributions can be, however,
more conveniently discussed by comparison of the values
of the sums (k| + k) and (k| + k3), respectively, which
characterize the additional different contributions to the
copolymer T, of the asymmetric hetero-triads [see
equation (6a)] in addition to those of the hetero-diads
(k,). These sums are accessible via the fitting parameters
K, and K, of the concentration power equation (8)

(ky +ky) = K

= Kl(Tgﬁ - Tgl)

and

(ky + k) =K Ty,) (11)

The respective parameters are listed in Table I for the
copolymers shown in Figure 1.

The dashed lines in Figure I represent the additive T,
vs composition behaviour predicted by the simple Fox
relation (4), whereas the dotted lines are obtained by
fitting the experimental 7, data using the concentration
power equation (8).

The glass temperatures of the copolymers of methyl
methacrylate with acrylonitrile and vinyl chloride,
respectively, show both negative deviations from addi-
tivity. The respective T, vs composition curves exhibit,
however, different asymmetrles although they are
characterized both by negdtlve K' and K* values,
respectlvely But the K? parameters have different
signs. So the T, vs composition curve of poly(AN-co-
MMA)—showing the more pronounced negative devia-
tions for higher MMA weight fractions—is character-
ized by a negative K* parameter, whereas the respectwe
curve of poly(VC-co-MMA) adapts to positive K> and
exhibits the more pronounced negative deviations for
lower MMA weight fractions, i.e. higher VC weight
fractions. It may thus be supposed that in poly(AN-
c0o-MMA) the influence on T, of the hetero-triads

= (K| ~ K)(Ty, —



Glass transition temperature of random copolymers. 2: H. A. Schneider et al.

25 Copolymers of Methyl Methacrylate
Co-Vinyi Chloride s A oo -ve0
301 Dieiectric Constant
o] ~ / at1 KHz
9 Co-Styrene ... —Q e T A
£ / o
A
g ‘35 - G /(f‘;
© Solubility Parameter
T ”
o 1 (MPa)
¥ /
-40 -
1 e R W Co-Acrylonitrile
-45 N ——
-4 "3 -2 -1 0 1 2

Difference of Physical Parameters (MMA-Comonomer)

Figure 2 Correlation of the K' fitting parameters of the concentration power equation (8) with the differences between: solubility parameters (open
circles—literature data, open triangles values estimated by group contributions); and dielectric constantes (full triangles) of copolymer components

containing two MMA repeating units predominates (i.e.
k3 > k), whereas in poly(VC-co-MMA) the influence of
the hetero-triads containing two VC repeating units (i.e.
ky > k3) prevalls To obtain negative values of both
parameters K! and K3, which are characteristic for T, vs
composition characterrzed by negative deviations from
additivity, negative K> parameters have to be always
smaller than the negative K' parameters.

The S-shaped 7, vs composition curves of the
copolymers (S-co-MMA)— Figure la—and (t-BA-co-t-
BMA)—Figure 1b—are also characterized by negative
K' parameters. But in contrast to the previous drscussed
(AN-co-MMA) and (VC-co-MMA) copolymers, the K?
parameters are no longer negative but positive, because
of the larger negative K> values than the negative K'
values, suggesting an overwhelming contribution to T,
of the hetero-triads containing respectively either two
MMA or two --BMA repeating units. Accordingly the T,
vs composition curves show in the high weight fraction
range of MMA and t-BMA, respectlvely, positive
deviations from additivity, although the K' parameter
has a negative value.

Reversed S- shaped asymmetric curves are obtained if
K! is positive and K has negatrve values. This 81tuat10n
happens if both K! and K? are positive, but K? has the
larger positive values than K' as in the case of poly(t-
BMA-co-MMA), for instance. If both, X' and K are

positive, the T, vs composition curves show positive
deviations from additivity. Typical examples are the
copolymers of n-butyl acrylate with methyl acrylate or
ethyl acrylate. Values of K; and K, near zero are
characteristic for copolymers with almost additive glass
temperatures. The values of the corresponding X'
parameters are shown in Table 2. The respective 7, vs
composition curves will be presented together with those
of the other copolymers of acrylates and methacrylates
among each other.

Subsequently an attempt has been made to correlate
the K! parameter, which is essentially characteristic for
the influence of hetero-diads on the copolymer glass
temperature, with specific physical constants i.e.
dielectric constants and solubility parameters'>. The
result of this attempt is illustrated in Figure 2, where the
K! fitting parameters of the T, vs composition
curves—shown in Figure la—for the copolymers of
methyl methacrylate with styrene, acrylonitrile and
vinyl chloride, respectively, are presented vs the
differences of the respective physical parameters of
the monomers. Taking into account that in literature
solubility parameters are not available for all mono-
mers used in this study two series of values were
employed On the one hand values (in [MPa]1 2y listed
in literature'® were used and on the other hand, the
solubility parameters were estimated by applying the

Table 2 Parameters of the T, vs composition curves of acrylic/methacrylic copolymers

Fitting parameters of
equation (8)

Parameters of equation (6a)

(ky + k)" (ky — k3 (ky + k)

Copolymer (Ty, — Ty) K, K, K! K2 K3
MMA/-BMA 3.0 5.61 14.12 16.83 42.36 ~26.0
MA/n-BA 65.0 0.69 0.54 44.85 35.1 9.8
EA/n-BA 35.0 1.03 0.97 36.05 33.95 2.1
2E-HA/r-BA 113.0 0 0 0 0 0
2E-HA/-BMA 160.0 0.18 —0.14 28.8 —224 51.2
"k,+k2 K'=K(Ty, - Ty,)

Pky —ky = K = Ky(T, — Ty,)
ki +hky =K = (K — K} (Ty, — Ty,)
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group contribution method of Small'®,

6= (0 Y_F) /M (12)

where p; is the density, M; the molecular weight and F;
the group contribution to the cohesive energy density of
the respective monomer, derived from measurements of
heats of vaporization.

It results from the data shown in Figure 2 that the K'
parameters of the T, vs composition curves correlate
better with the differences between the solubility para-
meters than with the dielectric constants of the copoly-
mer components. Thus in all following representations
this criterion will be used in the attempt to correlating the
K! fitting parameters of the T, vs composition curves for
the different families of copolymers studied.
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The observed tendencies of the K' variation depend,
however, on the manner how the differences between the
solubility parameters are calculated. Thus, if instead of
the difference between the solubility parameters of MMA
and the respective comonomers (6MMA dcomonom) the
inverted difference (6C0m0n0m — Spma), 18 used, then the
sign of the difference is also inverted. The same is
valid if for evaluation of the K' parameter the order of
the glass temperatures is 1nverted i.e. if instead of K'

k((T,, — Ty, ) the value K'= = ky(Ty, — Tg,) is used.

Although the representation of the K parameters vs
the difference of solubility parameters of the copoly-
mers depends on the modality of evaluation of the
respective 7, and solubility parameter differences, some
general valld rules can be formulated for the different
classes of copolymers, with the condition that the
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Figure 6 T, vs composition curves of copolymers of ethyl methacrylate with (A) acrylates and (B) methacrylates (for significance of dashed and

dotted lines see Figure I)

respective differences are evaluated always in the same
manner.

EXPERIMENTAL

Copolymers of methyl- (M), ethyl- (E), n-butyl- (n-B),
iso-butyl (i-B), r-butyl- (+-B) and ethyl-hexyl- (E-H)
acrylates (A) and methacrylates (MA) (the latter without
EHMA) among each other and with styrene, acryloni-
trile and vinyl chloride, respectively, were synthesized by
emulsion polymerization under starved conditions to
assure constant compositions of the copolymers depen-
dent on the monomer ratio only. The glass temperatures
were recorded using the Mettler TA 4000 instrument at a
heating rate of 20K min~'. The presented T, g-data are
the temperatures corresponding to the half height of the
thermal capacity increment during the second heating
scan. Details concerning the synthesis of the copolymers

and the d.s.c. measurements are presented in the first part
of this series’.

RESULTS AND DISCUSSION

Copolymers of acrylates and methacrylates among
each other

The T, vs composition curves of methyl acrylate and
ethyl acrylate with the different acrylates and methacry-
lates are shown in Figures 3 and 4, respectively. Whereas
for the copolymers of MA and EA with acrylates an
inversion of the initial negative to positive deviations
from additivity of the copolymers glass temperatures is
observed with increasing length of the alkyl ester group,
for the copolymers with methacrylates the negative
deviations from additivity prevail, excepting the copoly-
mers with MMA and ~-BMA which show S-shaped T, vs
composition curves.
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The same inversion of the initial negative to positive
deviations of the copolymer glass temperature from
additivity with increasing length of the alkyl ester group
is observed for the copolymers of MMA and EMA with
acrylates (see Figures 5 and 6). For the copolymers of
MMA and EMA with methacrylates, however, the
positive deviations from additivity prevail this time.
Again S-shaped curves are observed for the copolymers
with n-BMA and i-BMA, respectively.

The peculiar behaviour concerning the deviations from
additivity of the glass temperatures of the copolymers of
acrylates and methacrylates among each other is reflected
in the K' parameters of the respective Ty vs composition
curves as it results from the data shown in Figure 7. Thus
for the copolymers of methacrylates and acrylates,
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respectlvely, among each other, positive values of the
K' parameters are characterrstrc whereas for the cross
copolymers poly(acrylate-co-methacrylate) negative K!
values are obtained.

There is, however a remarkable difference in the
variation of the K parameters with i 1ncreasmg length of
the alkyl ester group. Thus the K! parameters of the
methacrylate—methacrylate copolymers decrease, whereas
those of the acrylate—acrylate copolymers increase with
increasing alkyl ester length. For instance, the copoly-
mers PIMMA-co- EMA) and P(MA-co-EHA) show the
largest positive K' values, whereas POMMA-co-n-BMA)
and P(MA-co-EA) exhibit, on the contrary, the smallest
K! values. The negative values of the K' parameters of
the copolymers acrylates/methacrylates on the contrary
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increase with increasing length of the alkyl ester group.
This increase is, however, more accentuated for the
copolymers of MMA and EMA with acrylates (the K'
parameters becoming even positive for the longer alkyl
esters n-BA and E-HA), than for the copolymers of MA
and EA with methacrylates.

The dependence of the K' parameter on the difference
of the solubility parameters of the acrylate/methacrylate
copolymers (evaluated by the group contribution method)
is illustrated in Figure 8. Comparing with the data
presented in Figure 7, it results that the behaviour is quite
similar. The scatter of the data of the acrylate/acrylate
and methacrylate/methacrylate copolymers, respectively,
is, however, too large for evidencing as clear tendencies

6EMA_ melhacrylates; V, 6EMA_ acrylates* (B) .’ 6MA_ methacrylates; O: 6MA‘

as observed in Figure 7. For the cross-copolymers
acrylate/methacrylate, on the contrary, clear dependences
are visible. The negative K' parameters of the copoly-
mers of methyl and ethyl methacrylate with acrylates
increase with both the increasing length of the alkyl ester
group (i.e. with the decrease of the glass temperature of
the respective homopolymer) and the difference of the
solubility parameters (see Figures 7A and 8A4). The same
is valid for the K' parameters of the copolymers of
methyl and ethyl acrylate with methacrylates.

The fact that in Figures 7B and 8B apparently the
tendencies are inverted is explained by the change in
the order of evaluation of the respective differences of the
T,s and solubility parameters. The absolute tendencies
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are, however, the same, i.e. K' increases with both the
length of the alkyl ester group and the difference of the
solubility parameters.

The observed regularities are also reflected by the
copolymers of n-butyl (Figure 9) and iso-butyl (Figure
10) acrylates and methacrylates, respectively.

In conclusion for the cross-copolymers acrylate/
methacrylate clear tendencies for the change of the
shape of the T, vs composition curves are observed
Whlch are reﬂected essentially in the dependencies of the
K'! parameter on both the differences of the glass
temperatures and solubility parameters, respectively.
For the copolymers acrylate/acrylate and methacrylate/
methacrylate, respectively, changes of the deviations of
the copolymer T, from additivity are observed too. The
scatter of the K data is, however, too large for
unequivocal statements.

Copolymers of styrene, acrylonitrile and vinyl chloride
with acrylates and methacrylates

The T, vs composition curves of the copolymers of
methacrylates and acrylates with styrene are presented in
Figure 11, those with acrylonitrile are shown in Figure 12,
whereas those with vinyl chloride in Figure 13.
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[t is evident that the glass temperatures of the
copolymers with methacrylates show rather pronounced
negative deviations from additivity, whereas the
copolymers with acrylates are characterized by glass
temperatures which exhibit positive deviations from
additivity. The negative deviations of the glass tempera-
tures of the copolymers with methacrylates generally
decrease with increasing length of the alkyl ester group.
Some irregularities in this general behaviour are
observed for the copolymers of the methacrylates with
acrylonitrile. The positive deviations of the glass
temperatures of the copolymers with acrylates, on the
other hand, increase with increasing length of the alkyl
ester group. It seems, however, that the length of the
alkyl of the esteric group and not the number of C atoms
is the determinant factor for the observed deviations of
the copolymers glass temperature from additivity. Thus
similar T, vs composition curves are exhibited by the
methylic and #-butylic esters and by the ethylic and i-
butylic esters, respectively. This peculiar glass tempera-
ture behaviour of the copolymers is reflected by the
fitting parameters of the respective T, vs composition
curves as it is illustrated in Figure 14 where the fitting
parameters are presented vs the difference of the glass
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temperature of the respective homopolymers. For the
copolymers with methacrylates generally negative K!
parameters are characteristic, Whereas for the copoly-
mers with acrylates positive K' values are obtained.

It is emphasized that all T, vs composition curves
characterized by both K' and K? parameters not too
different from zero can be adapted by the simple
Gordon-Taylor equation with the parameter K con-
sidered an overall fitting parameter as it was evidenced in
a previous paper’. Asymmetric and mainly S-shaped T,
vs composition curves, however, cannot be reproduced
by the Gordon-Taylor equat1on

Data published by Barton® for the composition depen-
dence of the glass temperature of the copolymers AN/
MMA, S/MMA, S/MA and S/BA are consistent with the
corresponding curves presented in Figures 11 and 12,
respectively. The same is valid for the copol?/mer system
analysed by Ham’ (S/MMA), by Johnston'® (S/MMA,
VC/MMA, VC/BMA, AN/MMA), by Podesva and
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Prochazka'> (MMA/AN, MMA/VC, BMA(VC) and
by Havlicek et al'® (SYMMA). Even the observed
asymmetries in the Tg vs composition curves are very
similar.

The K' fitting parameters are correlated in Figure 15
with the difference of the solubility parameters,
O (comonomer—methacrylate) and 6comonomer acrylate)» respec-
tively. Although the scatter of the data is relatively
large, mainly for the copolymers of vinyl chloride, some
general tendencies are, however, evident. Thus for the
copolymers of vmyl chloride and styrene with the
methacrylates the K' parameter decreases with both
the increasing length of the ester group of the methacry-
late and the difference between the solubility parameters.
For the copolymers of acrylonitrile, on the contrary, the
K! parameter increases with increasing length of the ester
group and of the difference between the solubility
parameters.

For the copolymers with acrylates the tendency of
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Figure 13 T, vs composition curves of copolymers of vinyl chloride: (A) copolymers of vinyl chloride with methacrylates; (B) copolymers of vinyl
chloride with acrylates (for significance of dashed and dotted lines see Figure I)
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increase of the predominant positive XK' parameters
prevails for both increasing length of the ester group and
the difference between the solubility parameters indiffer-
ent of the nature of the comonomer. The increase of the
X! parameter becomes, however, steeper in the order
vinyl chloride (showing sooner negative values of the
solubility parameter differences), styrene (with inter-
mediate values of the solubility parameter differences)

and acrylonitrile (exhibiting the largest positive values of
the solubility parameter differences).

CONCLUSIONS

In conclusion there is a rough correlation between the
differences of the solubility parameters of the comono-
mers and the K' parameters, related to the K fitting
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parameters of the T, vs concentration power equation by
K'=K(T, o, Tp,) which characterizes for the different
classes of copolymers the deviations from additivity of
the 7, vs composition curves due mainly to the coqtri-
butions of the binary heterosequences. A possible
explanation for the observed relatively large scatter of
the data could be, that the X' parameter includes beside
hetero-diad also hetero-triad contributions to the copo-
lymer T,, whereas the difference between the solubility
parameters refers to the two comonomers only. Addi-
tionallP/ it seems that the observed correlation between
the K parameter and the difference of the solubility
parameters is specific for the different classes of
copolymers.The contributions of the hetero-triads to
the copolymer 7, are expressed by the K*=
Ky(Ty, — Ty,) parameters, K, like K; being the fitting
parameter of the concentration power equation. Values
of K? very different of zero are characteristic of
asymmetric or of S-shaped T, vs composition curves of
the copolymers depending if the absolute value of K, is
smaller or larger than of K. Although data indicate that
the K' parameters are roughly correlated with the
difference of the solubility parameters it is not possible to
recommend a unique relationship for predicting the glass
temperatures of copolymers knowing the solubility para-
meters of the components, because the observed inter-
dependences are valid for given classes of polymers only.
For the interested readers the values of the respective

fitting parameters of the concentration power equation
(8) are available from HAS.
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