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boric acid McCauley and Lien® have shown that
hexamethylbenzene is a stronger base than any of
the other methylbenzenes.

Association Ratio.—A study was made to deter-
mine the nature of the association of chloroform
with several aromatic compounds, namely, mesityl-
ene, p-xylene, toluene, benzene, bromobenzene and
chlorobenzene. This was done calorimetrically by
determining the concentration at which maximum
heat evolution per mole of solution is obtained when
the liquids are mixed. Plots of the heats of mixing
per mole of solution wersus the mole 9, of chloro-
forin are shown in Fig. 3. The symmetrical shape
of the curves indicates that association between
chloroform and an aromatic compound occurs in a
one-to-one ratio.

Andrews and Keefert have shown that a silver
ion adds to an aromatic molccule in a one to one
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ratio and, to a smaller extent, in a two to one ratio.
The present investigation shows no evideuce for
liydrogen bond formation of two chloroform mole-
cules with a single aromatic molecule. This lack of
evidence 1nay be due in part to a lack of sensitivity
of the method, rather than to the complete absence
of such association. This would be true particu-
larly for the weak electron donors which give broad
heat of mixing—composition curves, making the
location of the peaks more difficult. It may be
concluded, however, that if there is association of
chloroform to aromatic compound in two to one ra-
tio, it must exist to an extent appreciably smaller
than that of one to one ratio.

Acknowledgment.—The author wishes to thank
Miss Elizabeth Petersen for making the spectro-
scopic observations.
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Elastoviscous Properties of Amorphous Polymers in the Transition Region. I
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Experiniental data ou the stress-relaxation modulus E. 1 (¢) of a GR-S gum vulcauizate at a scries of teinperatures in the
transition region are presented, and a "master curve’ of log Q(¢/K) versus log (¢/K) is thereby constructed. The character-
istic relaxation time, K, for each temperature is defined and tabulated. A distinctive temperature, Ty, is observed at which
the activation energy for K is a maximum. Analytical expressions are given which describe the GR-S master-curve with
great accuracy, The same analytical procedure can be successfully applied to data previously obtained for polymethyl
imethacrylate. A reduced equation is proposed which describes the time and temperature depetidence of Q(¢/K) in the transi-

tion region for both polymers.

Introduction

It has been shown previously that for a given
amorphous polymer, the stress relaxation curves de-
termined at different temperatures may be niade to
coincide by a translation along the logarithmic
time axis.! This makes possible the construction
of a composite stress relaxation curve or '‘master
curve” valid over an extended time scale at any
given temperature. The master curve can be con-
veniently plotted in the form of log E: 1, () versus
log (#), where E.r (#), the relaxation modulus at a
temperature 7', is the stress per unit strain in a
sample maintained at a constant small strain for a
time, . When plotted in this form a master curve
for a given polymer is also valid at any other tem-
perature by simply shifting the origin of the log
time axis.

From the master curve Zr ({) and from the
amount of shift of the log time scale at each tem-
perature a new function Q(¢/K) may be defined as

Eenlty = QU/K) (1)

In equation (1) K is a function of temperature
alone which will be more explicitly defined subse-
quently, and ¢ has the same numerical value on both
sides of the equation. The function Q(t/K) is a
universal function of ¢, K which is valid at all tem-
peratures, and may therefore be called the universal
master relaxation curve for a given polymer.

(L) A V. Tobulsky and R 1) /\nrh"c»\s, J. Chem. Phys, 13, 3
(1943). Sece also TN Ferry, Tms Jorrxat, 72, 3746 11950).

An analytical or graphical representation of
Qt/K) together with an analytical expression or
tabulation of K as a function of T are a complete
representation of the viscoelastic properties of an
amorphous polymer at all times and temperatures
in the range of strains where the Boltzmann super-
position principle applies, They can be used in
principle to calculate any other property such as
dynamic modulus.

In a previous paper, it was shown that the visco-
elastic behavior of amorphous polymers can be
classified into three distinct regions: a glassy region
(Err (f) ~10"-5 dynes/cm.?) where the mechanical
properties depend on previous thermal history, a
transition region where the relaxation modulus lies
approximately between 107 dynes/cm.? and 10103
dynes/cm.? and is independent of thermal history
and of the molecular weight of the polymer, and a
rubbery region where the relaxation modulus is
less than 107 to 107-* dynes/cm.? and depends on
the molecular weight of the polymer and on the
presence or absence of cross links.?

In this paper new experimental data for 1 (t) of
a GR-S gum vulcanizate at a series of temperatures
in the transition region are presented. The GR-S
vulcanizate used is identical with that used and pre-
viously described.! A master curve is constructed,
an analytical formulation of Q(t/K) is given, and
the K values at different temperatures are tabu-
lated. The results are compared with those previ-

(23 A Vo Tobolsky and J. R. MeToughlin, J. Polymer Soi., in press,
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ously obtained for polymethyl methacrylate and
striking similarities between the behavior of these
two apparently very different polymers are dis-
cussed.

Experimental Results for a GR-S Gum Vulcanizate

The apparatus used in this investigation was a modifica-
tion of the instrument described by McLoughlin.? Stress
was measured by means of a Schaevitz differential trans-
former mounted on a spring dynamometer; the transformer
output was fed into a Brown Electronik Recording Poten-
tiometer. Temperatures in the range between —33 and
—64° were maintained to an accuracy of 0.1-0.2°. The
accuracy of the measured absolute moduli was primarily
determined by the temperature control, and was approxi-
mately 10%. This accuracy was satisfactory considering
the tremendous variation of modulus with temperature.
In order to keep the stress in an easily measured range, the
coustant strain applied at different temperatures was varied
hetween 0.3 and 187, according to the initial value of the
imodulus.

Figure 1 shows tlic stress-relaxation curves ut various
temperaturcs, plotted as log E; 1(¢) versus log ¢. Duplicatc
points are showi on the curve at —49.5° to indicate the re-
producibility of the data.

-2

E:r dyue cm.

w? 10 | 10
Hours.
Fig. 1.—log E:.1(t) versus log (¢) for GR-S gum stock.

Master Curve and Definition of the Characteristic Relaxa-
tion Time K.—In order to construct the master curve one
may select an arbitary reference temperature and slide the
plots of E.r(¢) at other temperatures along the log time
scale until they superpose with the relaxation curve at the
reference temperature 7y. The time scale of the master
curve obtained in this way will be the time scale of the refer-
ence temperature 7y. The relation between the relaxation
modulus E.,1(¢) at temperature T and the relaxation modu-
lus E.;.1,(¢) at temperature T will then be

E.1(xt) = Erot) (1a)

In equation (la) « is a function of temperature alone which
is completely determined if T, is given.? At first it is neces-
sary to choose the reference temperature T, arbitrarily in
order to construct the master curve. Once this is done,
however, it is desirable to find a less arbitrary definition of
T, and « particularly when different polymers are being com-
ared.
P This can be achieved as follows: the master curve of log
E. r(t) versus log ¢ in the transition region generally passes
through an inflection point. We can define a new quantity,
K, at any temperature as the time (in hours) required to at-
tain this inflection point, so that {/K = 1 at the inflection
point at all temperatures. K has the dimensions of time
whereas « was a dimensionless quantity.? The values of K
and « differ by the same numerical factor at all temperatures.
Table I gives the valuc of XK in hours for GR-S at the tem-

(3) J. R. McLoughlin, Ph,D, Thesis, Princeton University, 1951,
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peratures used to obtain the relaxation curves shown in Fig.
1. The quantity K may be regarded as a characteristic
relaxation time at each temperature.

TaABLE I

TEMPERATURE DEPENDENCE OF CHARACTERISTIC RELAXA-
TIoON TiME K 1IN Hours FOrR GR-S AND POLYMETHYL

METHACRYLATE
GR-S Polymethyl methacrylate
Temp., °C. log K Temp., °C log K
—64.0 2.2 40 6.60
—61.0 1.40 60 4.50
—58.8 0.70 80 3.60
—57.6 .20 92 3.15
—55.0 —-(.82 100 2.20
—52.5 —1.66 110 0.00
—49.5 —2.78 112 —1.85
—47.5 —3.32 115 —-3.10
—44.0 —4.7 120 —4.30
—40.0 —-5.5 125 —5.70
—32.8 —6.1

The universul master relaxation curve Q(¢/K) defined in
equation (1) may now be introduced. The plot of log
Q(t/K) versus log (¢/K) for GR-S gum stock where K is de-
fined as above is shown in Fig. 2. The points shown on this
graph are taken from the original data at the eleven different
temperatures shown in Fig. 1. The experimental times
were divided by the K values given in Table I and then were
plotted in Fig. 2.

Tr.
1.059 1.025 1.002 0.978 0.950
1.091 1.041 1.016 0.991 0.964
10 } 10.75
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¥ 8y 025 &
= x

.

log (¢/K).

Fig. 2.—log Q(t/K) versus log (¢/K) for GR-S; also —d log
0(t/K)/d log (t/K) for GR-S.

In Fig. 2 there is also shown a plot of —d log Q(¢/K)/
d log (¢/K) versus log (¢/K). The maximum value of this
plot obviously corresponds to the inflection point of the uni-
versal master curve.

Definition of the Distinctive Temperature.—The tem-
perature dependence of K for other polymers has previously
been expressed by the Arrhenius relation X = A4 exp
(Hq.es/RT).4% The apparent activation energy is obtained
from the relation

Hay = 2.303 R 3108 K

aa/n 2

For polyisobutylene the value of H,., was found to be
approximately constant at high temperatures, increasing
markedly however as the temperature is lowered toward the
glass transition (‘‘second-order tramsition’’) temperature.4s
For polymethyl methacrylate the apparent activation en-
ergy was found to go through a definite maximum.%3 This
was also found to be the case with GR-S.

{4) R. D. Andrews, N. Hofman-Bang and A. V. Tobolsky, J. Poly-
mer Sct., 3, 669 (1948).
(0) G. M. Brown and A. V. Tobolsky, ibid., 6, 165 (1951).
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In Fig. 3 is shown a plot of log K versus 1/ 7 and also a plot
of Hpee (defined by equation 2) against 1/7. The Hye
versus 1/ T curve goes through a definite maximum at a cer-
tain temperature. (The plot of Hae versus T goes through
a maximum at the same temperature.) This unambigu-
ously defined temperature may be regarded as a distinctive
temperature for each polymer and will be denoted by Tu.
For the GR-S gum vulcanizate, the distinctive temperature
Ta is approximately —53°. This may be compared with
the reported value of —61° for GR-S polymer for the
“‘second-order transition’’ temperature obtaincd from tlie
apparent discontinuity in heat capacity.$

(GF-S GuM §7oCe

2 F + 80
OF
¢ 100 =
@ —2f 3
=] oL
— TH0 =
—4+
—ob 120
1 — A L 1 A A i )
4.0 4.2 4.4 4.6 4.8
1/T X 10%.
Fig. 3.—log K versus 1/1" for GR-S; also H wversus 1/7T for
GR-S.

Analytical Expression for Q(t/K) for GR-S.—
Seeking an empirical expression to fit the experi-
mental results for Q(¢/K), we noticed that the nega-
tive derivative of the master curve approximated a
Gauss error curve, Z.e.

__ dlog Q(t/K

dlog (t/K)

= dexp|—lhlog ({/K)PV (3)

where 4 and / are the adjustable parameters of the
Gauss error curve. Upon integrating (3) one ob-

tains
exp { —[hlog (¢/K))?} dlog (t/K) = log E, — log E-

A fm
(4

where F, and F; are the limiting values of the modu-
lus at both ends of the transition region; i.e., F; is
the “‘glassy"” modulus (10%-** dynes/cm.? for GR-S)
and E, is the ‘rubbery modulus (107.*¢ dynes/cm.?
for the GR-S gum vulcanizate). By evaluating the
definite integral in equation (4) one obtains

B . . 5
A= (log Ei — log E,) (3)

The equation of the master curve therefore is

log Q(¢/K) = log E» +
IE&EI — logEif“’
hlog (/K
Equation (6) can be readily transformed into the
log Q(¢/K) = 5
hlog t/K s "l
(5) R. H. Wilev. C. M. Braner wnd A0 R Biennetl, thid., §, 60O

paya e dx
uore easily handled equation (7)
log By — log Es [ 2
The quantity within the brackets is the tabu-
19503,

(%)

log Ey + log By
lated probability integral.
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‘The guantities # and log L, — log I, were evalu-
ated from the slope and intercept of a plot of

log | — gldlfagg@(_gé/%q versus log (1/K)?

(This graph is not shown in the paper.) For the
GR-S gum vulcanizate b = 0.45 and log E, — log
E, = 2.80. The excellent fit of equation (7) to the
experimental points of the master curve is shown by
the full curve of Fig. 2. This curve was obtained
from equation (7) by taking 4 = 0.45, log £y
10.24 and log E; = 7.44. The agreement, as can
be seen from Fig. 2 is excellent for temperatures
ranging from —64 to —40°, Some deviation oc-
curs at higher temperatures.

1t is clear from equation (7) that when ¢/K = 1,
log Q(t/K) = (log E1 + log E»)/2. This, of course,
means that log Q(¢/K) = (log E; + log E,)/2 at the
inflection point of the master curve if equation (6)
is valid. However, this may also be used as an al-
ternate way to define the characteristic relaxation
time K, particularly in polymers where the inflec-
tion point on the master curve is not sharply de-
fined. In other words, K may be defined at any
temperature as the time in hours required for log
E.1{#) to attain the value (log E; + log £,)/2.

Analytical Expression for Q(¢/K) for Polymethyl
Methacrylate.—The method used for GR-S is also
applicable to the previously obtained*?® master
curve for polymethyl methacrylate. As shown in
Fig. 4, the equation

I‘ 9 0.31 log /K,
log Q(¢t/K) = 885 — 1.5 LWI/:f e® dx] (8)
o

expresses the experimental results for polymethyl
methacrylate quite accurately in the temperature
range between 60 and 125°,

The & values for polymethyl methacrylate used
in reference 2 were calculated from equation (la),
using as the reference temperature Ty 110°.
Fortuitously this definition of « leads to a scale
factor of unity for converting « values to X values;
this is because E; 3s3(f) is exactly at the inflection
point of the relaxation curve after 1 hr. Thus the
table of « for polymethyl methacrylate given in
reference 2 need only have the heading changed to
conform to the definition of X in this paper. The
distinctive temperature 74 for polymethyl methac-
rylate was reported as 111°.37

Variation of the Characteristic Relaxation Time
K with Temperature.—If a reduced equation for
elastoviscous behavior of polymers were found to
be valid, one might expect that the distinctive
temperatures 74 of various polymers would be cor-
responding temperatures. It would therefore be
very interesting to compare the values of the mean
relaxation times Kq4 of various polymers at their re-
spective distinctive temperatures,

In the case of GR-S, (T4 = —53°), log K4 is
about —1.5. In the case of polymethyl methacryl-
ate, (Tq = 111°), log K¢« = —1.5 within the limit

of accuracy of our measurements. This coinci-
dence is obviously interesting and values of Kq for
(7) The “'second-order transition" temperature for polymethyl

methacrylale was reported as 105° by 8. Loshaek, 312th mecting,
Amertcan Phiysical Society, Columbus, O., March 22, 1952.
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other polymers should soon decide whether it is
accidental. (

In order to compare the temperature dependence
of the mean relaxation time K for both polymers, it
seemed advisable to introduce a reduced tempera-
ture, Tr = T/T4, and a reduced characteristic re-
laxation timg Kr = K/K4. A complete descrip-
tion of each polymer can then be provided by pre-
senting the master curve, and along with the master
curve a graphical presentation of the variation of
log Kr with Tr. This latter was achieved in Figs.
2 and 4 by considering the abscissa of the master
curves as a log Kr scale and indicating along the
upper border of the graph the values of reduced tem-
perature Tr that correspond to the experimentally
observed values of log K.

The Tr keys shown in Figs. 2 and 4 for GR-S and
polymethyl mmethacrylate are not identical. This is
perhaps to be expected since the master curves
themselves are not identical.

Tr.
1.024 1.003
1.037 1.011 0.998 0.971 0.951
10.75
w |
. a
ﬁ —
g R
g 40.50 =)
2 =
< 2
2 1025 %

log (¢/k).
Fig. 4—log Q(¢/K) versus log (¢/K) for polymethyl
methactylate; also —d log Q(¢/K)/d log (t/K) for poly-
methyl methacrylate.

Reduced Equation for Viscoelastic Behavior of
GR-S and Polymethyl Methacrylate.—The master
curves for stress relaxation of GR-S and polymethyl
methacrylate could be made practically identical
if one were to plot
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llog Q(t/K) — log (E1Ez)'/2]/ [log(E1/Es)'/2]

as a function of % log ¢/K as can be seen by inspec-
tion of equation (7).

It is reasonable to speculate about the result of
placing the Tr keys for the two polymers on such a
reduced master curve. Since the abscissa of the
reduced master curve is % log (¢/K), the TR keys
can be compared by plotting » log Kr versus Tw.
As can be seen from Fig. 5, such a plot gives the
same curve for both polymers. This means that
the same Tr key applies to both polymers on the
reduced master curve. A reduced equation which
applies for both can therefore be written

log Q(t/K) — s log E\E; _
1/2 log (Ei/Ey) B

2 log ¥
YA exp(— af)dx  (9)

wherey = ((/K)'= (tz/Kr)*and tr = t/Kg.

Q0!
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1.0 e ;
0.5 e oj

N e

h log Kr.
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0.96 098 1.00 102 104
Tr.

Fig. 5—h log Kr versus Tr for GR-S and polymecthyl

methacrylate: O, GR-S; ®, polymethyl methacrylate.

In the region 0.95 < Tr < 1.05, Kr may be ap-
proximated by

hlog Kp = —36(Tr — 1) (10)

Additional experimental data on other amorphous
polymers will be necessary to test the generality of
equations (9) and (10).
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