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ABSTRACT: The time-temperature equivalence equation
is deduced simply in view of the transition kinetics of a
polymer. The independent variables time and temperature
are separated in the two sides of the resulting equation.
Thus, a physical property of the polymer, which is temper-
ature dependent, can be matched with the theoretical calcu-
lated curve from a supposed model of transition kinetics in
which only time is involved as the independent variable. By
comparing different models, one may judge which model is
probably more correct. The procedure of data fitting is de-
scribed. As an application example, the measured viscosity

data at different temperatures for the coil-globule transition
of poly(N-isopropylacrylamide) in aqueous solution is
tested to judge its transition mechanism. A transition mech-
anism involving a two-stage reversible reaction fits the ex-
perimental data in a satisfactory way. © 2005 Wiley Periodicals,
Inc. J Appl Polym Sci 99: 1767-1772, 2006
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INTRODUCTION

Transition kinetics is one of the most important fun-
damental problems in polymer science. The conven-
tional method to study transition kinetics is to mea-
sure the variation of the related physical properties
with increasing time at a constant temperature. It is
very difficult to ascertain the transition mechanism
from a physical property, which is temperature de-
pendent. However, at some time the transition process
just takes place with temperature change, and the
time-dependent property is difficult to measure; thus,
the usual method seems to be useless for their kinetic
study. Thus, it is significant to set up the relationship
between time and temperature for the investigation of
the transition mechanism directly from the tempera-
ture-dependent properties.

The time-temperature superposition or equivalency
is a well-known principle in polymer physics. This
principle was first proposed by Lenderman' in 1943,

Correspondence to: R. Cheng (rscheng@nju.edu.cn).

Contract grant sponsor: Nature Science Foundation of
China; contract grant numbers: 20204004 and 20474026.

Contract grant sponsor: Specialized Research Fund for the
Doctoral Program of Higher Education of China; contract
grant number: 20030284003.

Journal of Applied Polymer Science, Vol. 99, 1767-1772 (2006)
© 2005 Wiley Periodicals, Inc.

in which time is equivalent to temperature for vis-
coelastic materials. Williams, Landel, and Ferry2 sub-
sequently proposed a semiempirical formula to de-
scribe the principle quantitatively known as the Wil-
liams-Landel-Ferry equation. Later, Seitz and Balazs®
put forward another form of the equation that was
suitable to semicrystallization polymers. Both equa-
tions could be deduced from the concept of free vol-
ume and the Doolittle viscosity formula. The superpo-
sition principle can be used to predict the creep and
relaxation behavior and to construct a master curve. In
the present article we initially show that the time-—
temperature superposition principle can be deduced
in view of the transition kinetics of a polymer. Then,
the procedures of how to match a theoretical kinetic
curve, in which only time is the independent variable,
with the temperature-dependent experimental physi-
cal property of the polymer are described. Finally, the
viscosity data of the coil-globule transition of poly(N-
isopropylacrylamide) (PNIPAM) in aqueous solution
is utilized as an application example, which shows
that a two-stage reversible transition is the most prob-
able mechanism.

EXPERIMENTAL

Considering that a polymer in physical state A
changes gradually into physical state B with a rate
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constant k at a fixed temperature T, the physical prop-
erty of the polymer in the intermediate stage should
depend on how much initial polymer in the A state is
converted to the B state. Consequently, any observable
quantified physical property P is controlled by the
relative amounts of both states presented in the poly-
mer. Accordingly, we have

P:ZUA'PA+wB'PB (1)

where P, and Py are the corresponding quantified
property of the polymer in states A and B, respec-
tively, and w, and wy are the weight fraction of states
A and B, respectively, in the gross polymer with w,
+wg = 1.

If the transition from state A to state B follows
first-order reaction kinetics,

k
A—B (2)

the solution of the rate equation is
—A=—k-A (3)

and the amount of polymer in state A at time ¢ is
A=Ay e (4)

where A, is the initial amount of the polymer.
Thereby, the weight fraction of A at t will be

A
_ -k
Wy = A, e (5)
which depends both on t and the rate constant k,
which is temperature dependent and is usually ex-
pressed by the Arrhenius equation:

k=2Z- exp(ﬁ,) (6)

where E is the activation energy and Z is a preexpo-
nential factor corresponding to the rate constant as the
temperature approaches infinity.

Inserting the Arrhenius equation into eq. (5) we get

wy = exp( - Z-exp({_?) . t) (7)

This indicates that the composition of the polymer
physical states is a function of t and T. Because the
physical property of the polymer is only dependent on
its structural composition [eq. (1)], regardless of the
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route it approached, if the composition of A (w,)
under T at t is equal to that under T at t,, the physical
properties of the two polymers obtained via different
routes should be identical. From eq. (7) we immedi-
ately have

—E —E
exp(R_T) b= exp(R - To) “ty (8)

Taking the logarithm for both sides of eq. (8) and then
rearranging we have

E(T,—T
mm—mm=ATqJ )

Equation (9) is the simplest representation of the time—
temperature super position principle. Its left side only
contains f as a variable and its right side only depends
on T. Arbitrarily choosing a reference temperature T,
multiplying a constant K = E/R to the reduced tem-
perature (T, — T)/(T-T,) is equal to adding a constant
amount S = —In(f,) to the logarithm of ¢.

m@+s=4?qy (10)

The bridge between time and temperature as shown in
eg. (10) has been set up. It provides the possibility that
the transition kinetics could be investigated just from
the temperature-dependent physical property by
matching a theoretical kinetic curve in which only
time is the independent variable.

RESULTS AND DISCUSSION
Principle of data fitting

Generally, if a certain physical property of a polymer
is temperature dependent, one may ask whether a
transition is involved and what the mechanism of the
transition is. The principle of time-temperature super
position as mentioned above provides a useful way to
answer the question. We may use a supposed kinetic
model to calculate the theoretical time dependency of
the physical property of concern and then compare the
theoretical curve with the experimental data. If they
coincide well, we can confidently say that the assumed
transition kinetics and mechanism are correct. How-
ever, a special data fitting technique must be used. It
involves four main steps.

1. An arbitrary temperature T, is first chosen to
serve as the reference. Converting the tempera-
ture to a reduced scale, a plot of the measured
temperature-dependent physical quantity ver-
sus (T, — T)/(T - T,) is constructed.
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2. Set up and numerically solve the differential
equations of the supposed transition kinetics
with arbitrarily chosen fixed rate constants.
Then, use a computer to easily calculate the
variation of the weight fractions of the compos-
ing structural states with time. The results may
be displayed in a separate diagram.

3. Calculate the variation of the desired physical
quantity with time by the additive rule

P=Ywp; (11)

with a presumed initial value of P, Superim-
pose the theoretical curve in the plot of exper-
imental data versus (T, — T)/(T + Ty).

4. Match the calculated theoretical curve with the
experimental data by first assigning a suitable
value of constant S to move the theoretical curve
horizontally until the two plots are located in
the same region of the x axis, and then expand
the width of the experimental data plot by
choosing a suitable constant K until both ends of
the experimental data fit the theoretical curve.

All of these operations can be manipulated easily on
a computer. Comparing the goodness of fit with dif-
ferent mechanism and transition kinetics, we can de-
cide which one is the most probable.

Application

The coil-globule transition of macromolecules is a
very interesting topic both in theory and in applica-
tions.*™'” The theoretical work on the kinetics of the
coil-globule transition proposed a two-stage contrac-
tion process'''?: the first step is a rather fast crum-
pling of the unknotted polymer chain (crumpled glob-
ule), and the second step involves a subsequent slow
knotting or rearrangement of thermal blobs of the
collapsed polymer chain (compact globule). This pre-
diction of the transition mechanism has been con-
firmed by Chu et al.'> and Wu and Zhou'* from ex-
perimental observations of the coil-globule transition
of polystyrene and PNIPAM in solution, respectively,
by the laser light scattering technique.

PNIPAM*® is a kind of thermosensitive polymer in
aqueous solution; the transition from a coil to a glob-
ule takes place when the temperature rises to its lower
critical solution temperature at around 32°C. We stud-
ied the coil-globule transition and the reverse process
globule—coil transition of single chain PNIPAM by
viscometry'>'® and differential refractometry.'” It was
shown that a mechanism involving two steps proba-
bly was still simplified because a hydration—dehydra-
tion process occurs simultaneously during the transi-
tion.!” To reillustrate this viewpoint, we use the time-
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Figure 1 The plot of the intrinsic viscosity [n] from exper-
imental results to the temperature. The concentration of the
normal PNIPAM solution was 6.65 X 10~ * g/mL. The in-
trinsic viscosity was calculated according to the formula'

[n] = [V2(n,, — In(n,))]/C.

temperature super position principle to treat the
intrinsic viscosity data at different temperatures re-
ported earlier'>'® as an application example. Figure 1
shows the variation of the intrinsic viscosity of PNI-
PAM in aqueous solution with the temperature. We
assumed that the coil-globule transition followed
first-order reaction kinetics. Three types of model
transition mechanisms were tested: one-stage nonre-
versible, one-stage reversible, and two-stage revers-
ible. The one-stage nonreversible transition is the fol-
lowing:

k
A—C (12)
The one-stage reversible transition is
Ky
AsC (13)

ky

The two-stage reversible transition is

ko ks
ASBsC (14)
k ky

In egs. (12)—(14), A, B, and C represent extended coil,
crumpled globule, and compact globule, respectively.
For calculating the theoretical curve of the variation of
the intrinsic viscosity [n] with time for a one-stage
transition, we use

[n]=w4-[n]s+ wc-[nlc (15)
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Figure 2 The calculated intrinsic viscosity [n] versus the logarithmic time curve for the one-stage nonreversible transition

kinetics with various rate constants.

and presume

[n]a = [n]ec

[’ﬂ]c = [77]40°c

which are assumed to be the extreme intrinsic viscos-
ity values at the two ends. As for the one-stage non-
reversible transition as shown in eq. (12), the differen-
tial equation is written as

(16)

By solving the kinetics equation with arbitrary chosen
rate constants, the variation of the weight fractions of
the composing structural states A and C with time
could be easily attained. The theoretical intrinsic vis-
cosity may be calculated in terms of eq. (15). Figure 2
shows the calculated curves of the intrinsic viscosity
versus the logarithmic time for one-stage nonrevers-
ible transition kinetics with various rate constants. The
location of the curve depends on the chosen rate con-
stant. However, they are superimposed to one master
curve by different shift factors S as shown in Figure 3.
The experimental intrinsic viscosities versus the re-
duced temperatures are also plotted in this figure with
the same numerical X axis. By regulating the constants
K until the two ends match the theoretical curve, it can
be seen that the major portion of the transition regions
are apart from each other (Fig. 3). Evidently, the one-
stage nonreversible transition kinetics are not suitable
for describing this coil-globule transition.

The one-stage reversible transition mechanism
shown in eq. (13) was then taken into account. Its
kinetics equations are

(17)

The theoretical curve was calculated similarly to that
of the one-stage nonreversible transition. However, it

100
T
e} %o
\\‘
1 \
0+ P s \\
05 -0.1 \
2 05 \
7] 10 12 \
ot
1 4
K=1.2x10" ° \\
\
A\
)
0.1 1 1 \ IO-—-----.I.._
N 2 B 0 1 2 3

K(T,-TITT, , log(t)+S

Figure 3 Superposition of the experimental data with the
calculated intrinsic viscosity [n] versus the logarithmic time
curve for the one-stage nonreversible transition kinetics with
K =12 X 10* and T, = 304 K. (O) The experimental data
versus the reduced temperature and (- - -) the theoretical
calculated data versus the logarithmic time.
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Figure 4 Superposition of the experimental data with the
calculated intrinsic viscosity [n] versus the logarithmic time
curve for the one-stage reversible transition kinetics with T,
= 304 K and various rate constants. (O) The experimental
data versus the reduced temperature and (- - -) the theoret-
ical calculated data versus the logarithmic time.

was also not suitable for describing the transition, as
shown in Figure 4. In this case, only when k, < k; does
the high temperature end of the theoretical curve
match the experimental data.

Finally, we attempted to test a reversible transition
model with two stages as provided in eq. (14). Its
kinetics equations are

d
iA: _kl'A+k2'B
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Figure 6 Superposition of the experimental data with the
calculated intrinsic viscosity [n] versus the logarithmic time
curve for the two-stage reversible transition kinetics with T,
= 304 K. (O) The experimental data versus the reduced
temperature and (- - -) the theoretical calculated data versus
the logarithmic time.

d
—C=k;*B—

yr ki-C (18)

For calculating the theoretical intrinsic viscosity, the
additive equation

[n]=wa-[n]a+ wp- [0+ we: []c (19)

dt .
was used with
d
N = . p— . — . + .
gt B=kir A=k Bk Bk C [nls = [n], (20)
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Figure 5 The calculated weight fractions of extended coil (A), crumpled globule (B), and compact globule (C) versus the
logarithmic time curve for the two-stage reversible transition kinetics.
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where [n], is the intrinsic viscosity at the 6 tempera-
ture of 31°C. The results of the numerical solution of
the differential equations of this model are provided
in Figure 5. It includes the variation of the weight
fraction of the intermediate state B (wg) with time. The
best fit of the theoretical kinetic curve with the exper-
imental data will be obtained if the chosen value of k,
is less than the others, as shown in Figure 6. This
means that the reverse reaction (globule—coil transi-
tion) should be retarded, and the experimental
facts'>'®!8 confirmed this prediction. Thus, we can
conclude that the coil-globule transition of PNIPAM
in aqueous solution is essentially a two-stage process.
However, if we look more closely at Figure 6, discrep-
ancies still exist, especially in the region where the
transition starts. It is probably due to the fact that the
process of hydration and dehydration are not consid-
ered.

CONCLUSION

We gave a new perspective on the time-temperature
super position principle in terms of the transition ki-
netics of polymers, and a new method to judge the
transition mechanism was provided from the temper-
ature-dependent physical properties. Based on this
knowledge, the coil-globule transition of PNIPAM in
aqueous solution was studied. It confirmed the theo-
retical prediction that the coil-globule transition
would involve two steps.
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