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ABSTRACT: Absolute viscosities of dilute solutions of poly(vinyl chloride) (PVC) in
cyclohexanone and in its blends with xylene were determined at temperatures ranging
from 5 to 50°C and in THF at 5—30°C. The simple Arrhenius reaction kinetics equation,
used by Anrade to analyze the viscosity data of liquids and later by Moore for dilute
polymer solutions, was used to estimate the thermodynamic parameters for the flow
of PVC solutions and the quality of solvents. This relationship was also used to calculate
thermodynamic parameters for PVC in binary solvent systems. The data of the activa-
tion energy of the viscous flow and preexponential factor were further analyzed by
using the empirical relationships suggested by Moore for flexible polymer chains. The
parameters obtained from these relationships are used to estimate and compare the
solvency power of solvents and solvent blends. A blend of 1 : 1 cyclohexanone and xylene
is found to have better dissolution characteristics for PVC than have cyclohexanone and

other blends. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 2749—-2760, 1997
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INTRODUCTION

Polymer molecules have an optimum degree of
freedom or movement in a dilute solution. The
average distribution of polymer segments de-
pends on molecular chain length, temperature,
and their thermodynamic interaction with solvent
molecules. The change in temperature may pro-
duce extended uncoiled conformations or a col-
lapsed globule state of polymer chains in solution
or result in a contracted chain configuration of
polymer molecules even in thermodynamically
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good solvents due to unfavorable polymer—sol-
vent interactions.! The solvency power of some
solvents is enhanced by increasing the tempera-
ture, and in the case of some other solvents, this
effect is favored at low temperatures. However,
in the case of athermal solvents, the chain con-
figuration remains unperturbed by a change in
temperature.

The flow behavior of a solution is considered
a rate-dependent phenomenon wherein the chain
segment unit jumps from its potential energy well
to the neighboring hole (i.e., one equilibrium posi-
tion to another in the liquid). The motion of chain
segments is not independent of one another as
they are connected to each other by primary va-
lance links (interaction) and by entanglements.

The variation in the viscosity of the polymer
solution with a change in temperature is ex-
plained in two ways:
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1. Increase in temperature makes thermal
energy available to individual segments to
overcome the potential energy barrier
against jumps.

2. At higher temperature, the available
greater free volume reduces the potential
energy barrier against jumps.

The empirical Arrhenius equation derived by An-
rade? considering the viscosity—temperature rela-
tionship as the temperature dependence of the
rate of chemical and physical processes is

n :AeE/RT (1)

where n, A, E, and RT are the absolute viscosity,
a preexponential factor related to activation en-
tropy, the apparent activation energy of flow, and
the thermal energy, respectively.

Eyring®* developed the absolute reaction rate
theory in which he elaborated the preexponential
factor, A:

A = (Noh/V)e 45F (2)
and
n= (Noh/V)efAS/ReE/RT (3)

where Ny, h, V, and AS are Avogadro’s number,
Plank’s constant, the molar volume of liquid, and
the entropy of activation of flow, respectively. The
parameter A primarily depends on AS as molar
volume of solution in dilute polymer solution and
differs very little from that of solvent.

Moore and coworkers® '° demonstrated the ap-
plication of the Arrhenius equation to dilute solu-
tions of linear polymers and suggested the follow-
ing equation:

n :AeQ/RT (4)

where @ is the apparent activation energy of the
viscous flow. They studied the dependence of A
and @ on concentration, molecular weight of the
polymer, and solvent quality. They also correlated
these parameters to polymer flexibility and ther-
modynamic properties of polymer—solvent sys-
tems. Frisch and Simha®! suggested that macro-
molecules could be characterized by using data on
the thermal variation of the absolute viscosity of
polymer solutions.

Moore’s equations have been found to be
valid for a wide variety of flexible and rather
stiff linear polymers over a range of conditions
of thermodynamic solvent quality. Liouni et
al.’? demonstrated for the first time that these
expressions could be applied to data for 12-arm
star polystyrene solutions in both cyclohexane
(a poor to moderate solvent) and benzene (a
good solvent). They'® also showed that Moore’s
equations are suitable for treating actual vis-
cosity data obtained for dilute solutions of lin-
ear, 8- and 12-arm star polyisoprene solutions
in a good solvent as well as in a poor to moderate
solvent.

Ahmad et al.'* reported that reduced viscosity
of dilute polyelectrolyte [poly(sodium 4-styrene
sulfonate)] solutions increased with dilution and
reached to a maximum and then decreased in the
limit of infinite dilution. Moreover, the maximum
reduced viscosity decreased and shifted toward a
higher concentration of the polymer with an in-
crease in temperature.

Some workers®~! reported an anomalous vis-
cosity—temperature relationship of ionomer solu-
tions, different from that observed in the case of
conventional polymer solutions. For example,
Tant and Wilkes'® reported that the viscosity of
a polyisobutylene telechelic ionomer solution in-
creased with temperature. On the basis of FTIR
and ESR studies of sulfonated EPDM ionomers in
axylene—alcohol blend, Eeng et al.’ reported that
at the molecular level the solvation of the metallic
ion with the cosolvent played a key role in influ-
encing the viscosity —temperature behavior of ion-
omer solutions.

An attempt was made to analyze the absolute
viscosity data of PVC solutions in cyclohexa-
none and in its blends with xylene as well as in
tetrahydrofuran (THF) by using Moore’s equa-
tion and establishing the solvent quality in
terms of kinetic parameters. The apparent acti-
vation energy of the viscous flow, @, and the
preexponential factor, A, were derived by com-
puting absolute viscosity data at different tem-
peratures. The values of @ and A at different
concentrations are used to calculate parame-
ters like @, Ay, KeM, and K;M”. The solvency
power of cyclohexanone and cyclohexanone—xy-
lene solvent systems for PVC was estimated
and compared with the help of these parameters
and also illustrated by the plots of KeM and
K;M? as function of the cohesion parameters of
solvent systems.
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EXPERIMENTAL

Polymer

Commercial PVC124, a product of Chemplast,
Madras, used in the study was characterized by
GPC using a polystyrene standard and found to
have following molecular weights and polydisper-
sity:

M, M, M, Polydispersity
1,05,258 61,858 1,49,117 1.70
Solvents

AR-grade cyclohexanone (E. Merck India Ltd.,
Bombay), THF (Spetrochem Pvt. Ltd., Bombay),
and distilled xylene were used.

Procedure

The flow time of dilute polymer solutions of con-
centrations in the range of 0.1-0.4 g/dL was mea-
sured at temperatures of 5, 10, 20, 30, 40, and
50°C by using a calibrated Ubbelohde capillary
viscometer and an AVS 310 system (Schott Ger-
dte thermostatic control) which automatically re-
cords the flow time of liquid to 0.01 of a second.
In the case of PVC solutions in THF, the viscosity
measurements were restricted up to 30°C because
of its low boiling point. The density of individual
solvents, solvent systems, and polymer solutions
at temperatures mentioned above was deter-
mined by using a density meter DMA 48 (AP
PAAR, Austria).

RESULTS

In all determinations, Ubbelohde capillary vis-
cometers supplied by Schott Gerite, Germany,
along with a viscosity measuring unit were used.
The value of the viscometer constant engraved
on each viscometer was rechecked with standard
solvents of known viscosity. Hagenbach correc-
tions were made in the efflux time according to
the instructions given in the manual (supplied
along with the capillary viscometer).

The absolute viscosity (at different tempera-
tures) of solvents and polymer solutions was cal-

culated by multiplying the efflux time with the
viscometer constant and density. For illustration,
the viscosity data for PVC solutions at 30°C are
plotted as function of concentration in Figure 1.

The values of the parameters A and @ for PVC
solutions having 0.1-0.4 g/dL concentrations in
different solvents and solvent systems were de-
rived from the plots of In n versus 1/7T and are
reported in Tables I and II, respectively. The val-
ues of Ay and @, for the solvents and solvent sys-
tems were also derived and reported. A set of rep-
resentative plots of In n versus 1/7T for PVC solu-
tions in the 1 : 1 cyclohexanone and xylene solvent
system is presented in Figure 2.

The values of parameters A, and @, for solvents
and solvent systems were derived from the plots of
A versus ¢ and @ versus ¢ (Figs. 3 and 4) as per
the following equations suggested by Moore® *°:

For flexible and stiff chains,
A=A, +K; XM’ xc (5)

where A, refers to the preexponential factor of
pure solvent, K; and 8 are constants for a given
system, M is the molecular weight, and c is the
concentration.

For flexible chains,
Q=Qy+KexMXc (6)

where @, is the activation energy of flow for the
pure solvent, and Ke is a constant for a particular
polymer—solvent system. The values of parame-
ters KeM and K;M” were also derived from plots
in Figures 3 and 4 and are reported in Table III.

Cohesion parameters (6,,) of the solvent sys-
tems reported in the table were calculated on the
basis of single liquid approximation by Small'®
and later used by Burrell™ in practical formula-
tion:

Om = 61p1 + Ootpg + -------- .

Here, 6, 65, -------- are cohesion parameters of
individual solvents and ¢, ¢35, -------- are their
volume fractions.

The values of K;M* and KeM for PVC solutions
in different solvent systems are plotted as function
of the cohesion parameters, §,,, in Figures 5 and
6, respectively. The values of (A — Ay) and (Q — @)
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Figure 1 Absolute viscosity n versus ¢, concentration of PVC solution in different

solvent systems at 30°C.

for PVC solutions in different solvents and solvent
systems are reported in Tables IV and V.

DISCUSSION

The parameters derived by computing the data
of the absolute viscosity of solvents and polymer

solutions as function of temperature are used to
estimate the thermodynamic quality of solvents
and solvent systems as well as the dissolution of
PVC in them. The influence of polymer concentra-
tion and temperature on thermodynamic parame-
ters (derived from the plots of viscosity data) has
been interpreted.
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Table I Preexponential Factor, A, for Solvents and A for PVC Solutions in Different Solvents and
Solvent Systems

A X 10% (cp)

Solvents and Ay X 102 . . . .
Solvent Systems (cp) 0.1 0.2 0.3 0.4
Cyclohexanone 6.71 6.39 5.90 5.43 5.10
CH + XY (1:0.5) 7.63 7.15 6.75 6.34 5.82
CH+XY(1:1) 8.23 7.80 7.55 7.05 6.47
CH + XY (1:1.5) 9.19 8.13 6.80 5.62 4.32
CH + XY (1:2) 10.40 8.25 6.85 5.23 3.52
THF 22.00 22.60 23.40 23.80 24.20

CH, cyclohexanone; XY, xylene.
# Concentration of PVC (g/dL).

Preexponential Factor, A on activation of a segment and the term; —y f (M)
represents a loss in entropy arising from the ne-
cessity for cooperation between chain segments in
order that the chain may move as a whole. In the
case of a flexible chain polymer containing many
segments per chain, x is likely to be small and
will generally be exceeded by yf(M). Conse-
quently, AS for the solution decreases with an
increase of ¢, increasing the number of chains, M,
and increasing the number of chain segments.
In the case of stiff and extended cellulose deriv-
atives, the size of the segment acting as a unit is
relatively large and, therefore, the term x is likely
to be greater than the factor y(M). Consequently,
(7) AS for such solutions is positive and increases
with concentration.

The term A, preexponential factor, is of activation
entropy significance. Moore® reported that the en-
tropy of activation of the viscous flow, AS, of a
dilute solution of a flexible chain high polymer
decreased (i.e., A increased) with increasing con-
centration, whereas AS for a dilute solution of a
cellulose derivative, having stiffer chains ex-
tended in solution, generally increased (i.e., A de-
creased) with increase of c¢. This has been ex-
plained with the help of two contributing factors
to entropy: AS is for a single chain that may be
written in a general form:

AS =x —yf(M)

where x and y are constants for a given flexible
chain polymer and f( M) is a function of its molec-
ular weight. The term x, which depends on the
size of the segment, represents the gain in entropy

The continuous decrease in the value of A (de-
rived from the plot of In 1 versus 1/T") with an
increase in concentration of PVC in cyclohexa-
none or in any one of the cyclohexanone—xylene

Table II Apparent Activation Energy, Q,, for Solvents and @ for PVC Solutions in Different Solvents
and Solvent Systems

@ (kJ/mol)

Solvents and Qo . . . .
Solvent Systems (kJ/mol) 0.1 0.2 0.3 0.4
Cyclohexanone 13.60 14.02 14.37 14.83 15.28
CH + XY (1:0.5) 12.30 12.79 13.10 13.47 13.91
CH+XY(1:1) 11.69 12.08 12.39 12.77 13.14
CH +XY(1:1.5) 11.21 11.78 12.51 13.04 13.72
CH+XY(1:2) 10.91 11.77 12.51 13.42 14.01
THF 7.21 7.39 7.59 7.82 7.95

CH, cyclohexanone; XY, xylene.
# Concentration of PVC (g/dL).
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systems indicates the stiffness of polymer mole-
cules and a lesser degree of freedom at higher
concentration (Table I). Primarily, the value of A
decreases exponentially with the entropy of acti-
vation of the viscous flow AS. The high value of
A indicates the good quality of the solvent system,
whereas a low value of A reflects the relatively
low interaction of the solvent with polymer mole-
cules. In solutions having 0.2, 0.3, and 0.4 g/dL
of PVC in solvent systems, the value of A was
observed to increase to an optimum value and
then to decrease with the content of xylene in the

solvent system. The optimum value of A observed
in the 1 : 1 cyclohexanone and xylene solvent sys-
tem indicates its better solvency power for PVC.

In a very dilute solution of PVC (0.1 g/dL), the
continuous increase in values of A observed with
the content of the xylene in the blend indicates
the greater degree of freedom of PVC molecules.
The values of A for the PVC solution in THF are
also reported at the bottom of Table I. There is
an increase in A values with the increase in con-
centration, indicating that polymer chains are
flexible in THF. The other interesting feature is
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Figure 3 Preexponential factor A versus ¢ of PVC in different solvent systems.

that the values of A for PVC solutions in THF
are much higher than those in cyclohexanone and
cyclohexanone—xylene solvent systems. This indi-
cates the better solvency power of THF for PVC.

The plots of A as a function of concentration in
Figure 3 are representative of the data reported
in Table I. The steep downward trend of the plots
for PVC solutionin 1: 1.5 and 1 : 2 cyclohexanone

and xylene blends indicates their poor solvency
power for PVC. On the other hand, the plots for
PVC in cyclohexanone as well asin its 1: 0.5 and
1 : 1 combination with xylene being not so steep
show their moderate solvency power for PVC. The
upward trend of plot for PVC in THF indicates its
good solvency power.

The value of (A — Ay) is a measure of flexibility
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Figure 4 Apparent activation energy of viscous flow @ versus ¢ of PVC in different

solvent systems.

of polymer chains in a solution. Moore reported®
that the positive value of (A — A,) for cellulose
nitrate with 12.2% nitrogen content indicates the
flexible nature of the chains in the solution. The
data reported in Table IV indicate that (A — Ay)
is negative for PVC solutions in cyclohexanone as
well as in its blends with xylene. However, the
negative value of (A — Ay) for PVC inthe 1:1
blend of cyclohexanone and xylene is of lower or-
der. The increase in the magnitude of value of (A

— Ay) with content of xylene above 50% in the
blend indicates that PVC chains are less flexible
in1:15 and 1: 2 blends of cyclohexanone and
xylene. The positive values of (A — A,) for PVC
in THF indicate the good flexibility of PVC chains
in it.

Activation Energy of Viscous Flow, Q

The activation energy of viscous flow @ indicates
the amount of energy required for the flow of poly-

Table III Values of Parameters Ay, @y, K;M?, and KeM for PVC in Various Solvents and Solvent

Systems

A=A +K; XM’ xc

Q=Qy+KexXMXxXc

Cohesion
Solvents and Parameter, Ay X 10° Qo
Solvent Systems 8y (J/em?®)V2 (cp) K; MP? x 10° (kJ/mol) KeM
Cyclohexanone 20.25 6.79 —4.34 13.57 4.24
CH + XY (1:0.5) 19.48 7.61 —4.40 12.39 3.37
CH+XY(@1:1) 19.11 8.34 —-4.49 11.71 3.56
CH +XY(1:1.5) 18.88 9.37 —-12.61 11.18 6.35
CH+XY(1:2) 18.74 9.92 —15.81 11.02 7.63
THF 19.52 22.20 5.20 7.21 1.91

CH, cyclohexanone; XY, xylene.
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mer solution in a particular solvent. The quantum
of @ required for viscous flow also corresponds to
the compatibility of the solvent with the polymer.
The lower amount of @ required indicates good
interaction between solvent and polymer as well
as flow property. The continuous increase in acti-
vation energy of flow of the PVC solution in a
solvent system with concentration indicates that
PVC molecules remain relatively coiled and have
a compact configuration in solution of higher con-
centration.

The data reported in Table V indicate that the
value of (@ — Q) is lower for the PVC solution
in the 1 : 1 cyclohexanone and xylene blend com-
pared to in cyclohexanone alone and in its other
blends with xylene. The reason for such differ-
ences may be considered in terms of differences
in chain flexibility and extension. Stiff, extended
chains, which are likely to overlap at the concen-
trations considered, might be expected to cause
greater interference with flow, leading to larger
values of (@ — @) than in the case of less ex-
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Figure 6 Plot of KeM versus 6,,, the cohesion parameter of solvent systems.

tended flexible chains.® The fairly low value of (@ cyclohexanone and in its various combinations
— @) for the PVC solution in THF indicates the with xylene as well as in THF are linear (Fig. 4).
good solvent quality of THF. The KeM derived from these plots is the rate of

The plots of @ versus ¢ of PVC solutions in change of @ with concentration and is a measure

Table IV Values of (A — Ay) for PVC in Different Solvents and Solvent Systems

(A — Ay (cp)

Solvents and . . . .
Solvent Systems 0.1 0.2 0.3 0.4
Cyclohexanone -0.32 -0.81 —1.28 -1.61
CH + XY (1:0.5) —0.48 —0.88 —-1.29 —-1.81
CH+XY(@1:1 —0.43 —0.68 —1.18 —-1.76
CH + XY (1:1.5) —1.06 —2.39 —3.57 —4.87
CH+XY(1:2) -2.15 —3.55 -5.17 —6.88
THF 0.60 1.40 1.80 2.20

CH, cyclohexanone; XY, xylene.
# Concentration of PVC (g/dL).
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Table V Values of (@ — Q,) for PVC in Different Solvents and Solvent Systems

(@ — Qo) (kJ/mol)

Solvents and

Solvent Systems 0.17 0.22 0.3* 0.4*
Cyclohexanone 0.42 0.77 1.23 1.68
CH + XY (1:0.5) 0.49 0.80 1.17 1.61
CH+XY((1:1) 0.39 0.70 1.08 1.45
CH+XY(1:1.5) 0.57 1.30 1.83 2.51
CH+XY(1:2) 0.86 1.60 2.51 3.10
THF 0.18 0.38 0.61 0.74

CH, cyclohexanone; XY, xylene.
* Concentration of PVC (g/dL).

of flexibility of the polymer in a solvent system.
The plot of KeM versus 6,, cohesion parameters of
the solvent systems passes through a minimum
(KeM i, = 3.56), indicating the optimum flexibil-
ity of PVC chains in the 1 : 1 cyclohexanone and
xylene blend compared to other blends (Fig. 6).

K;M?" is the rate of change of A with concentra-
tion. The higher the negative value of K;M”, the
less is the polymer—solvent interaction. The plot
of K;M” vs. 6 shows an abrupt fall in solvent qual-
ity when the blend contains more than 50%
xylene (Fig. 5). The value of KeM = 1.91 and
K;M? = 5.2 x 10 * for the PVC—THF system indi-
cates a very good interaction of THF with PVC
(Table III).

While discussing the results with the help of
the Arrhenius equation, the binary solvent blends
or systems were treated as a single solvent for the
polymer. The interaction between a binary sol-
vent system and a polymer is somewhat different
from that of a polymer in a single solvent. The
hydrodynamic properties of the polymer coil are
influenced by the synergistic action of the compo-
nents of the binary solvent system.

The synergistic behavior of the solvents in a
binary solvent system can be considered and ex-
plained on the basis of the Dondos and Pat-
terson® concept of the free energy of the mixing
of liquids. In a binary solvent system, the polymer
coil provides a number of potential interaction
sites which, as such, are not available in an indi-
vidual solvent. The polymer coil develops poten-
tial contact sites, which, in turn, interact with
appropriate solvent molecules and the combined
S;—P and S;—P contacts which lead to enhance
the solvation of the polymer chains. It can be sug-
gested from the observation that almost all binary
solvent systems could be characterized by excess

Gibb’s free energy of mixing, implying that S;—S,
solvent contacts are energetically unfavor-
able.?4?222 When GEZ > 0, the two solvents are
relatively incompatible and S;—P—S, contacts
are favored. The solvency power is explained by
the incompatibility between the solvents of the
binary solvent system which prefer to interact
with polymer molecules than with themselves.
Coil expansion is likely to be optimum when the
polymer—binary solvent system interactions are
maximum because of the balancing action of hy-
drogen bonding in the polymer and solvent mole-
cules. The dissolution of a polymer in a binary
solvent system takes place as molecules of the two
solvents tend to solvate the polymer at different
sites along the chain and result in reinforcement
of solvation.

CONCLUSIONS

The analysis of the viscosity data of dilute PVC
solutions by using Moore’s equations provided
quantitative data to estimate the solvent quality.
THF was found to be a better solvent for PVC.
However, on account of the high cost of dry THF
(free from water), it is not economical to use it
in the preparation of PVC films by the solution-
casting technique for commercial production. The
presence of water in THF makes the film hazy in
appearance because of the formation of micro-
voids by slower evaporation of water in compari-
son to that of THF.

PVC was also found to be soluble in cyclohexa-
none. With a view to improve the dissolution char-
acteristics of cyclohexanone and to reduce the
cost, the dissolution characteristics of various
blends of cyclohexanone and xylene were studied.
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A blend of 1 : 1 cyclohexanone and xylene was
found to have better solvency power for PVC in
comparison to that of cyclohexanone alone or its
other blends with xylene.

One of the authors, K.G., is grateful to University
Grants Commission, New Delhi, for financial support
in the form of a research fellowship and to the Director
of this institute for providing him facilities for research
work for the Ph.D. degree.
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