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Abstract : The glass transition temperature and the interaction parameter, X, for poly

(vinyl chloride) plasticized with tributylphosphate have been determined over a wide con-

centraticn range. The classical iso-free volume theory of the glass transition fails to explain

the experimental results. Consideration of Kovacs’ modified iso-free volume theory with the

addition to the free volume of an excess volume of mixing based on the X parameter suitably

rationalizes the experimental values.

Introduction

Rarely does a commercial polymer find appli-
«cation in industry in its pure state. By virtue
of an additive, some modification of one or more
polymer properties is usually required to meet
an industrial need.
chloride), PVC,
been the addition of plasticizers.

In tke case of poly(vinyl
a common modification has
Addition of
these low vapour pressure compounds, such as
dioctylphthalate (DOP), causes the glass transi-
tion (T;) and the viscosity to decrease. The
polymer mixture thus obtained finds application
in many forms, including flexible wire insula-
tion, floor covering, automobile interiors, etc.

The technology involved in plasticization has

advanced only slowly over the past four deca-
des, being limited by the lack in understanding
the nature of the interaction between the poly-
mer and plasticizer and the effect of the spe-
cific interaction on the various properties of
the ensuing mixtures. As early as 1947, Boyer
and Spencer! reviewed previous efforts to de-
fine the polymer-plasticizer interaction in terms
of heats of mixing* of the two components and
the relationship between that value and diminu-
tion in the T, of PVC at given volume fraction
of plasticizer. This review, which is summari-
zed in Fig.1, raises a number of questions.
The non-linearity of the Ty shift with chang-
ing y defies explanation although it may indi-
cate that at higher values of y a suspension of

*For the enthalpy of mixing the authors use the Flory-Huggins interaction parameter X.
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polymer in plasticizer, rather than a true solu-
tion, exists. A second point of contention relat-
es to the utilization of the same value of X
irrespective of the volume fraction of the two
components., The usual shift in ¥ with concen-
tration was ignoredil

The present paper is an attempt to shed light
on this question. The T, for PVC plasticized
with tributylphosphate (TBP) has been deter-
mined over a wide concentration range and an
effort made to rationalize the T, shift in terms
of the X.

Experimental

Materials. Commercial PVC (Esso 366 resin,
M,=4,6x104 M,=6.5x10¢ in THF at 25°C)
was thermally stabilized by addition of 1wt. ¢
free-flowing, non-plasticizing sulfur containing
T-35 organotin stabilizer (M&T Chemicals). X-
ray studies did not detect any crystallinity.

TBP (Monsanto Chemicals) was used as the
plasticizer.

Procedure. Measurements of T, were made

by differential scanning calorimetry with a Per-
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Fig. 1. Glass transition temperature (Tz) as a
function of polymer-solvent interaction
parameter (X) at 30 volume ¢ plasticizer?.
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kin_Elmer_DSC-2C. The plasticized PVC sam-
ples were solution-cast from THF and dried
under vacuum at 62—65°C.

- The interaction parameters X, were meas-
ured by Gas-Liquid chromatography (GLC). The
instrument used in tke present experiment has
been described previously?. The usual prccedu-
res were followed in the preparation of column
materials and in their packing. Only the X ver-
sus volume fraction of TBP data are presented
here. A detailed description of the experimentak
procedures and the data from which the X val-
ues were calculated are contained in the thesis
of S.K. Roy3.

Results and Discussion

Fiz. 2 shows the depression in the Tz of PVC
plasticized with increasing volume fraction of
TBP. Two factors are evident from the Figure.
First, the change in T, is nonlinear with
volume fraction of plasticizer. Secondly, there
is a cusp (T,) at about 25 volume percent plas-
ticizer. Tke dotted line compares the theore-

tical treatment of Kovacst to the experimental
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“Fig. 2. Glass transition temperature (Tg) of poly-

vinyl chloride-tributyl phosphate (PVC-TBP)
mixtures as a function of TBP volume
fraction, ¢rpp (legend -...iso-free volume
theory;---- Kovacs!; ——present work)
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results, solid line.

The equations from whence Kovacs derives
his relationship are the following. He assumes
that the free volume fractions of pclymer and
plasticizer, f, and f, respectively, are always
greater than or equal to zero, i.e.,

Fo=Fertdap(T—Tg ) =0 (1)
fa=ferat@es(T—Tg )20 2
where the subscripts p and d denote polymer
and plasticizer respectively. The f, are the free
volume fractions at the respective T, tempera-
tures of the pure components. da, represents
the difference in expansivity between the poly-
meric liquid and glass (da,=a;,,—ay,,) and
a;,4 18 the expansivity of the liquid plasticizer,

At ¢, volume fraction of polymer, the molar
volume of the mixture may be written as:

V=8,V p+¢Va+VE 3
where VE is the excess volume of mixing. How-
ever, the excess volume fraction of mixing is
VE/V and, assuming it to be a contributory
factor to the free volume, tken the total free
volume fraction, f, of the mixture may be writ-

ten as:

VE
f=8sfs+Safat—— €))

Kovacs, to simplify his apprcach, assumed VEZ/V
Eq. (4) then reduces to that of
the hypothesis of the iso-free volume theory in

to be zero.

which the free volume fraction of the mixture
is simply the sum of the free volume fractions

of the components, i.e.

F=¢sfo+¢ufa (4a)
or, f=¢[ fa,ptdap(T—Tep) + 6L fr,ateia
(T—Tes)] (5)
=000+ 0aferat[9odar(T—Tg,p)
+¢sa,s(T—Tg )] (Ea)

According to the iso-free volume theory, at T

=Ty, f=0.025 ($sfe,p+Pyfe.a) 2nd the term
in the square bracket of eq. (5a) equals to zero.
Replacing T of eq. (5a) by T, of the mixture
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and subsequent rearranging gives eq. (6) which
describes the iso-free volume tkeory for the
compositional variation of 7.
dapT e, g+ dattr,oT,
T.— ¢P Pt &dTPd%1d4 g1 d 6
£ Ppdar+daasq ®
However, as Kovacs pointed out,

examination
of eq. (1) reveals that with T,,>T,, then, for
temperatures lower than T, the second term
on tke right-hand side signifies a diminishing
contribution to the free volume. At a critical
temperature, 7., f, becomes zero and T, is

given by

To=Top—L2% &

The critical concentration of plastizer, ¢, cor-
responding to T, is obtained by substituting T,
of eq. (7) into eq. (6) and after rearranging
it may be written as

for &
a,4(Te, p—Tgd) +fg,p(1“gl—;;)

For the plasticizer concentration ¢;>d,. eq.

Bare=

(6) no lenger applies because at these tempera-
ture the polymer would add ‘negative’ free vol-
ume which is an absurd concept. The T, varia-
tion from the critical point, T,, is then given
by eq. (9)

Ty=Tout+-100 2. )

any Pa

Returning to Fig.2, it is evident that the a-
greement with Kovacs' treatment is excellent
beyond tke cusp (7.). However, to tke left of
that pcint the experimental data fall considera-
bly below the predicted values. This is thought
to be due to tke fact that Kovacs simplified his
original apprecach by putting aside the excess
volure of mixing which 1is a functicn of the
enthalpy of mixing (4H¥ cr HE) and assumed
the mixing to be attermals. Tlke value c¢f the
excess volume of mixing, V£, Fas been found
by Eichinger and Florys, using tke Hildebrand-
Scott apprcachs, to be zbcut cre-tenth of one
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percent for the system natural rubber-benzene,
While this value appears small at first glance,
it represents a considerable fraction of the total
free volume, 2,59, which the iso-free volume
theory defines as being necessary for the tran-
sition from a glass to a liquid.

To determine the magnitude of the VZ for
PVC-TBP, assuming that the mixing is not ath-
ermal, tte X velues for the mixing were meas-
ured over the total concentration rarge, as des-
cribed in the experimental section. Tte rezults
are shown in Fig.3,

It is evident from these data that below 0, 35
volume fraction plasticizer the X values exceed
the critical value of 0.61, indicating an endotke-
rmic heat of mixing. The X, . is calculated
from the Flory-Huggins relationship” where
X, =% [1+77%)2, the quantity y being the ratio
of the molar volumes of polymer to plasticizer.
In the case of the polymer used in the current
work, M,=4.6x104, the solution to this equa-
tion yields X=0, 61, This value occurs at a con-
centration of 0.35 volume fraction plasticizer.
For any plasticizer concentration below this

value, the polymers will precipitate from solu-
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Fig. 3. Polyvinyl chloride-tributyl phosphate (P
VC-TBP) interaction parameter (X) as a
function of TBP volume fraction, ¢rpp
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tion. In such a case the VZ would be positives,
and it would be expected that the free volume
in the mixture would be increased by the
amcunt of V¥ and result in a T, below that
predicted for an athermal mixture. The data
in fig. 2 are consistent with these premises
since the T, to the left of the maximum is
lower than value predicted on the basis of an
athermal mixture.

Assuming that the excess free volume repre-
sented by the T, shift derives from the V%, a
calculation of the latter value can be accompli-
shed from egs. 6 and 10-12.
PrdasT e, g+ GaaT 514

$pdap+daa;, 4

— [—I;E—/(gﬁpdap +¢dal’d>] (10

E
Therefore Ty e — T peen = [J;_/

Tg(VE=o) =

(95?4‘1'114‘954‘1:;4)} =4T, (1D

VE ;
and —5— = ATg(Bpdtp+ e, (12)

where VE/V is the excess volume fraction cof
mixing which has been assumed to be totally
contributory to ‘extra’ free volume of the sys-
tem.
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Fig. 4. Molar excess volume of mixing (VE) as a
function of polyvinyl chloride-tributyl phos-
phate (PVC-TBP) interaction parameter (X)
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A plot of calculated V£ of mixing versus y
is given in fig.4, The linearity of the plot in-
dicates a direct relationshipbetween X and the
VE and hence between X and T, Since the X
value has been demonstrated to be something
more than a simple enthalpic term?, a direct
calculation of the enthalpy of mixing cannot be
made at the present time from the X values.
Further work is now underway which will ho-
pefully clucidate the relationship between the

% value and the enthalpy of mixing.
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