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ABSTRACT:

The volume change of mixing is the difference of the volume of a blend and that of ideal blend, calcu-

lated with additive equation. The glassy state is non-equilibrium state and thus has the excess volume against equilib-

rium state. If the glass transition temperature, T}, of a blend,

g

B, 1S not equal to T, calculated with Gordon-Taylor equa-

tion, T,a,, the volume change of mixing changes discontinuously at T, because excess volume vitrified at 7,5 and T, is
different. The situation is similar for enthalpy and entropy. Assuming that volume change, enthalpy or entropy of mix-
ing at T,p is proportional to the product of mole fractions of component polymers, equations to express the composition
dependence of T,y are derived. The obtained equations reproduced cbserved T, of blends well. Using 7,5 thus obtained,
T, of alternating copolymer, and, probability of the presence of hetero sequence in copolymer, the equations to express T,

of copolymers are derived.
KEY WORDS

The relationship between glass transition tempera-
tures of homogeneous blends and constituent polymers,
and, that of copolymers and homopolymers are still of in-
terest. Assuming that volume change of mixing of ideal
blend is zero not only in liquid state but also in the
glassy state, Gordon and Taylor derived the equation,
below,!

Tope=w1AB1Tg1 +wABoT )/ AB (D

ABn=w AB1HwiABy (2)

where T is glass transition temperature, w, weight frac-
tion of polymer, and, Af, the difference of the expansion
coefficients, 3, between liquid and glassy states at T
Suffixes 1 and 2 represent constituent polymers 1 and 2
respectively. Suffix Av represents the assumption that
the volume of a blend is expressed by additive equation
of volumes of constituent polymers. AfB,=wAB;+
woAPBs is weighted average of Af; where i is 1 or 2. The
definition of the expansion coefficient in these equations
is # =(0v/oT), where v is specific volume and T, tem-
perature.

Assuming that the enthalpy of mixing is zero in liquid
and glassy states, Wood derived similar equations,?

TgAh:(wlAcpngl+w2Acp2Tg2)/Acpm (3)

ACpm:wlACp1+WQACp2 (4)

where Acy; is specific heat change of constituent polymer
i at Ty, and, suffix Ah represents the assumption that
the enthalpy of mixing is expressed by additive equa-
tion.

Assuming that the entropy of mixing of polymers is
negligibly small in liquid and glassy states, Cauchman
derived the equation,3

InTgap = (w1Acy InT gy +wolcpeInT o) Acyy, 5)
Suffix As represents the assumption that the entropy of
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mixing is expressed by an additive equation.

The glass transition temperature of “non-ideal” blend,
Tgg, is not well reproduced by these equations and thus
Kwei proposed an empirical equation.* His equation is a
modified Gordon-Taylor equation in which an empirical
constant is included. The meaning of this empirical con-
stant has not been clarified. Taking intermolecular in-
teractions into consideration, Schneider proposed an-
other modified Gordon-Taylor equation in which two pa-
rameters are included.’ It is questionable that Tgp can
be described by thermodynamic considerations as above
though the glass transition temperature of materials
cannot be described in terms of relaxation. In this paper,
the limit of thermodynamic treatments is considered
and the semi-empirical relationships of T,z are dis-
cussed.

Composition dependence of T, of copolymers is differ-
ent from that of blends. Usually, the glass transition
temperature of alternating copolymer, T,41, and that of
random copolymer at equi-molar composition are not
equal. This means that the probability of presence of
hetero sequence, p, affects T, of copolymers, Tycp. If p=
1, the copolymer is an alternating copolymer. If p=0 and
phase separation does not occur, the system becomes a
homogeneous blend. Hirooka and Kato® explained T, of
copolymers of equi-molar composition by Tgar, p calcu-
lated from monomer reactivity ratios, and, mean values
of T,y and Tyy. The use of mean T, is not adequate to de-
scribe Typ. They did not discuss the composition depend-
ence of T, of copolymers. In this paper, the composition
dependence of T of copolymers is discussed.

ASSUMPTIONS AND PROCEDURE

T, of Homogeneous Blends, Tyg
Though glass transition is a relaxation phenomenon,
molecular dynamics studies have not been successful in
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explicitly expressing T, for various materials. Here, we
try to derive semi-empirical expressions for T, consider-
ing changes in volume, enthalpy or entropy of constitu-
ent polymers and blends at 7. T, discussed in this paper
is for certain definite conditions of measurements. An
example of such conditions is the same and constant rate
cooling. For T, obtained by heating experiments, at least
it is necessary that A-shaped peak of specific heat or ex-
pansion coefficient in glass transition region is negligi-
ble.

In liquid state, the molar volume of a non-ideal blend,
Vi(T), is expressed by,

V(T ):JClVlL(T)+x2V2L(T)+AVL(T)

where V;1(T) and x; are molar volume and mole fraction
of component i respectively. Suffix B represents the
value of non-ideal blend, and L, the value in liquid state.
AV (T) is the molar volume change of mixing in liquid
state. The specific volume of a non-ideal blend is ex-
pressed by,

vpL(T)=va (T)+Av (T) (6)
where
UAL(T)E wlvlL(T)+w202L(T) (6)’

and Avp(T)=AV(TY(x,:M,+x:M5). M, and M, are the
molecular weight of repeating units of polymer 1 and 2
respectively. Usually, it is assumed that the specific vol-
ume of a blend in glassy state is expressed by,

UB(;(T)=UAG(T)+AVG(T) (7
where
UAG(T) = w1016(T) T wave(T) 7y

Suffix G represents the value in glassy state.
v;(T) and v;e(T') are expressed as follows;

UiL(T) = Ui(Tgi) + ﬂiL(T - Tgl) (8)

vi(T)=vi(Tg) + Bic(T — Tgi) 8y

If Avi(T)=Av(T)=0, the temperature of intersection of
vaL(T) and vag(T) is T for an ideal blends, T'ys,, and, is
given by eq1l. Excess volume by vitrification of this
blend at T is expressed by,

vac(T) —vAL(T)=ABm (Tgay—T) 9)

This excess volume by vitrification is equal to the
weighted average of excess volume of polymers 1 and 2
vitrified at T, and Ty, respectively.

When Av;, and Avg are not zero, vp(T)=va(T)+
Avi(T) becomes equal to vpg(T) =vaa(T)+Avg(T) at Typ.
Using Ty, this relationship is expressed by,

VAT gay) T w1 f1+wofor Ty — Toar) +AvL(Tgp)

=vac(Tpav) + (W1 B+ weBoc) T~ Toay) +Ave(Tgp)

As vA1(Tgay) =vac(Tgay), the above equation is rewritten
as follows;

A)Bm (TgAv - TgB) = AUL(TgB) - AUG(TgB)

=vac(Tep) —vaLTgp) (10)
Equation 10 means that, if Tgs, # Typ, volume change of
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mixing changes discontinuously at 7,5 though the vol-
ume of blend is continuous. This is due to the definition
of vag(T). Polymers 1 and 2 in non-ideal blend vitrify at
Tep and the excess volume of blend by vitrification is
zero at T,p. An ideal blend vitrifies at 745, and excess
volume by vitrification at Ty is Avy(Tgp) —Avg(Tgp). This
value is determined by T,g, and so T,g cannot be esti-
mated by Eq 10 even if Av((T) is calculated considering
the intermolecular interactions. That is, Tgp is deter-
mined not only by intermolecular interactions but also
the mechanism of glass transition itself. However, if the
composition dependence of Av(T,p)—Avg(Typ) is ex-
pressed with an empirical equation, an empirical expres-
sion to relate Tgs, with Typ is obtained.

The composition dependence of Av(T') can be approxi-
mately expressed by the product of mole fractions,
weight fractions or volume fractions of component poly-
mers. In this paper, it is assumed that Av(T') is propor-
tional to xix, and its temperature change is small.
Namely, Avy(Tgp)—Avg(Tgp) is assumed to be expressed

by,
AUL(TgB)_AUG(TgB):4 x1x25v 11

where &, is the value of Avi(Tgp)—Avg(Tgp) at equi-
molar composition. Using these assumptions, the rela-
tionship between Tyg and Ty, is expressed by,

TgB=TgAv—4x1x25V/Aﬁm (12)

If Av(T) is proportional to wyw,, eq 12 becomes Kwei’s
equation.*

Similar procedure can be applied to the enthalpy and
entropy of mixing. The enthalpy of mixing per unit mass
is expressed by Ah=hpg—(w;h;+wyhs) where h is en-
thalpy per unit mass. If the similar procedure is applied
to enthalpy and if the temperature dependence of spe-
cific heat of polymer i in glassy state is approximately
equal to that in liquid state, Af3, Av, and suffix v in eq 10
are replaced with Acy, Ak, and suffix 4 respectively. The
result is,

Acpm(TgAh_ TgB):AhL(TgB)-AhG(TgB) (13)
The relationship between Tpp and Tgap, is,
TgB: TgAh—4x1x25h/Acpm (14)

where 8y, is Ahp(Tgp) —Ahg(Typ) at equi-molar composi-
tion.

The entropy of mixing per unit mass is expressed by
As=sp— (w8, +wgsy) where s is entropy per unit mass.
Similarly, Tyg and Tgap in eq 13 are replaced by InTyp
and InTa, respectively because (9s/9T),=c,/T. So that,

ACpm (lnTgAs‘lnTgB)ZAsL(TgB)*As(;(TgB) (15)

InTy=1InTgps — 4212265 /ACym (16)

where &, is Asy(Tgp) —Asg(Tgp) at equi-molar composi-
tion.

T, of Copolymers, Tycp

The glass transition temperature of alternating co-
polymer, T,a1, is different from that of random copolymer
at equi-molar composition.® That is, T, of a copolymer
composed of two monomeric units, Tycp, changes with
the probability of presence of hetero sequence, p. If p=1,
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[h(T) —ha(28°C)1 / Jg!

T/°C

Figure 1. Enthalpy of blend, g, and h,=wh; +wyh, of PMMA/
PVAc blend at wpypa =0.4. ha at 28°C is assumed to be 0. Tpp is
glass transition temperature of blend at this composition, and Ty,,
that calculated by Wood’s equation.

the copolymer is alternating and Tycp is equal to Tgar. If
p=0, and phase separation does not occur, the system
becomes a homogeneous blend and Tycp is equal to

T,5. Namely,

Toop—Tepso=Tgar— Tgnso ifp=1
and
T,

gCP_TgB:O 1fp:0

where T,ps is T at equi-molar composition. When p in-
creases, the difference between Tycp and T,g becomes
large. If Tyop—Typ is proportional to p and the propor-

tional coefficient is Tga1, — Tgms0, then,
Tocp=Tgp+p(Tgar— Tgrso) amn

T,pis given by eqs 12, 14, or 16.

The probability of presence of hetero diad is 2x;x, for
random copolymer composed of two monomeric units,
p of hetero triad is 3x1x,. If glass transition temperature
of a random copolymer composed of two monomeric
units, Tgrp, is determined by p of heterodiad and T is

expressed by eq 12, Tgp is,

TgRD —1gB + 2x1x2(TgAL - TgB50)

=ToavT2x01x9(Toar,— Tgavso T 0v/ABms0) —4x1x28,/ABm  (18)

Toavso and ABso are Tya, and AB, at equi-molar compo-

sition respectively. This equation is rewritten as follows;
Terp= Tgav t8x122(Tyar, — Tgavso) (19)

where,
(€ — 2N T AL~ Teavs0) = (28y/ABmsoX1—2ABms0/ABm) (20)

If AB; is similar to AB,, AB,, and therefore, g become al-
most constant.
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Figure 2. Plots of T,z — Ty, vs. 4x1x2 /AB,, X 10 ¥ (O) and plot of
Typ— Tyan 5. 4%1%2 /Acpm ([J) of PMMA/PVAc homogeneous blends.

RESULTS AND DISCUSSION

Homogeneous Blends

Though poly(methyl methacrylate) (PMMA) and poly-
(vinyl acetate) (PVAc) are not mutually soluble, homoge-
neous blends can be obtained by freeze-drying method.
For this blend system, the enthalpy of mixing at 28T,
composition dependence of T, and temperature depend-
ence of specific heat are reported.” The specific heat
measured with differential scanning calorimeter (DSC)’
did not show A-shaped peak in glass transition region
and the phase separation was not observed within the
time of DSC measurements. The applicability of eqs 12,
14, and 16 was thus examined for this blend system. At
wpmma = 0.4, the enthalpy of mixing at 28°C is about 1 J
g !, and, 7, interpolated to this composition is 45.3C.
Typyva is 105°C and Tgpvac is 35°C. Af and Acp of PMMA
are 2.45X10 *cm? gK™ '8 and 0.31J gK 1% AB and Acp
of PVAc are 3.64%10™ 4 cm®gK ' and 0.503 J gk~ 111
respectively. From these data, Tyan at wpyma = 0.4 is cal-
culated as 55.4C.

Using these data and assuming hag=w1h,+wsh, at
28C is 0, hg(T) and ha(T) were calculated for wepma=
0.4 blend. The results are shown in Figure 1. hgg is
equal to Agy, at Tyg. The ideal blend vitrifies at Tgay, and
the value of h 5, extrapolated from Tya), to Tp is thus not
equal to hag at Typ. From Figure 1, 8y, is about5Jg ..
This discontinuity is due to the definition of h,g. As
PMMA and PVAc in blend vitrify at T,g, the value of en-
thalpy of mixing, Ahg (T)=hpg(T)—hac(T), and, the en-
thalpy of ideal blend in glassy state, hag(T), should be
corrected using ha(Typ) to adjust for the difference of
the excess enthalpy of vitrification.

If the volume change and enthalpy of mixing are ap-
proximately proportional to x,x; and the temperature
change is small, from eqs 12 and 14, T, — Teav and Typ—
Tgan are proportional to 4x:x96,/AB,, and 4x1x90n/ACpn
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Figure 3. Plots of In(T5 /Tgas) vs. 4x1x2 /Ac,,, of PMMA/PVAc ho-
mogeneous blends.
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Figure 4. Plots of T, of homogeneous blends of PMMA/PVAc
against compositions. O; observed values. Solid line; calculated
curve using eqs 12, 14, and 16. Broken line; calculated curve using
Gordon—Taylor equation. Dotted broken line; calculated with
Wood’s equation. Double dotted broken line; calculated with
Cauchman’s equation.

respectively. Figure 2 shows plot of Tyg— Tgay against 4
%1%20,/ABy, and, Top—T,an against 4x1X50n/Acpy. Fig-
ure 2 shows proportional relationships between these
quantities for this blend system. Mean &, and &y are
4.0X10 3cm® g~ ! and 4.7J gL, and, the difference be-
tween maximum and minimum &, and &y, are 9% and 5%
respectively. If x;xo in eqs 12 and 14 are replaced by
wiws, the difference between maximum and minimum
0, and Oy, become 22% and 17% respectively. This is the
reason why the product of mole fractions is used in this
paper. The difference between &, obtained from Fig-
ures 1 and 2 is within experimental error.

If the entropy of mixing is approximately proportional
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Figure 5. T, of p(MA-co-VDC). O; random copolymers. @; alter-
nating copolymer. Solid line; calculated with eq 11. g is assumed to
be constant, and, is 2.64.

to x1x9 and its temperature change is small, from eq 16,
InTg—InT,y, is proportional to 4x,xy/Acy,. Figure 3
shows that InTg—InT,, is proportional to 4xixo/Acyy.
Mean &, is 1.2X1072 JgK™!, and, the difference be-
tween maximum and minimum &g is 8%. Though it is
thought that the entropy of mixing of polymer blend in
liquid state is small, &, and therefore, ASq(T,p) are not
so small. This suggests that not only the interaction be-
tween constituent polymers but also the mechanism of
vitrification determine the glass transition temperature
of homogeneous blends.

Figure 4 shows calculated curves of Tgp, Tyaws Tgan
and Ty, and, observed T,. Though Tyay, Toan, and T
differ, Tgp calculated with eqs 12, 14, and 16, and ob-
served values coincide within £0.5C. If §,, &, or & is
obtained for a composition of a blend, T4 of other com-
positions will be estimated by semi-empirical eqs 12, 14,
or 16.

Copolymers

Hirooka et al. reported glass transition temperatures
of random and alternating copolymers of poly(methyl
acrylate-co-vinyl chloride ) [p(MA-co-VC)], poly ( MA-co-
vinylidene chloride)[p(MA-co-VDC)], poly(methyl metha-
crylate-co-styrene) [ p(MMA-co-St)], and, poly-(a-methyl
styrene-co-acrylonitrile)[p(@MS-co-AN).® g in eq 19 is
calculated for these random copolymers using Tggp,
Toar, Ty, and Tgy. Mean g of these four copolymers is
2.64 for p(MA-ran-VDQC), 2.05 for p(MMA-ran-St), 2.68
for plaMS-ran-AN) and 2.56 for p(MA-ran-VC) respec-
tively. These values are between 2 and 3. If p=2xx,, J,
and 6y, of p(MA-ran-VDC) and p(MA-ran-VC) are nega-
tive, and those of p(MMA-ran-St) and p(aMS-ran-AN)
are positive. If p = 3x,x,, the signs become reversed.

If g is constant, Tggp of these random copolymers can
be calculated using eq 19. Figure 5 shows the calculated
curves of Tgrp vs. composition, and observed T, of p(MA-
ran-VDC). In Figure 6, the results for p(MMA-ran-St)
and p(aMS-ran-AN) are shown. Since the content of
hetero-diad of p(aMS-ran-AN) at equi-molar composi-
tion is high,® the difference between observed and calcu-
lated T, is slightly large. Except for this point, the calcu-

Polym. J., Vol. 32, No. 10, 2000
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Figure 6. T, of O; random copolymers and ®; alternating co-
polymer of p(MMA-co-St). T, of {T; random copolymers and H; al-
ternating copolymer of p(a@MS-co-AN). Solid lines are calculated
with eq 11. g=2.05 for p(MMA-ran-St) and g=2.68 for p(a MS-
ran-AN).

lated curves well reproduce 7 of random copolymers.

The average difference between observed and calculated
T, is 0.1T, and standard deviation is 1.4C. The preci-

Polym. J., Vol. 32, No. 10, 2000

sion of the data of T, seems to be insufficient for further
discussion. However, from the above results, eq 17
should be useful to describe T, of copolymers.
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