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Between approximately 20 and 30 °C at atmospheric pressure, polytetrafluoroethylene exhibits
a phase (denoted as IV), which has not been observed in P=V'-T measurements at pressures above
10* Nm~2 (1 Kilobar). Data are presented to resolve this phase in the temperature range 0 to 50 °C and
the pressure range 0 to 0.686 X 108 Nm~2. The II-IV (20 °C) transition pressure increases with tem-
perature according to the equation P = (—820+26.9¢+0.68¢2) X 10> and the IV-I (30 °C) transition
according to the equation P=(—91—57.8¢+1.99¢2) X 10> suggesting a possible triple point near
2.6 X 10% Nm~2 and 54 °C. However, the 1V-I transition probably cannot be resolved by volume meas-
urements at pressures above 2 X 108 Nm~2 because its volume of transition is small and the two transi-
tions overlap. The enthalpies of the transitions are calculated for different pressures and some thermo-
dynamic properties of phase IV are determined indirectly. It is shown that, if the effect of volume
change is subtracted, random reversals of the hand of the helical conformation of the molecule can
account for appreciable fractions of the enthalpy and corresponding entropy change for the combined

transitions at atmospheric pressure.
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Volume measurements over a wide range of tem-
perature and pressure have established a phase dia-
gram for polytetrafluoroethylene with three solid
phases and the melt [1, 2, 3, 4].! Most of the data were
obtained by the piston displacement method and had
a low pressure limit of about 108 Nm~2 (1 Kilobar)
imposed by friction. They show a transition line which
extrapolates to the 20 °C” transition observed in
measurements at atmospheric pressure but do not
show a separate line extrapolating to the smaller
“30 °C” transition which is also observed at atmos-
pherical pressure [5, 6, 7]. This may be due to a lack
of sensitivity in the method, but it is also possible
that the “30 °C” transition line terminates in a triple
point with the “20 °C” transition line at some pressure
below 10 Nm~2. Low pressure data of sufficient ac-
curacy to determine this have not been available. This
note reports measurements obtained with a dilatometer
at temperatures between 0 and 50 °C and pressures
up to 0.686 X 108 Nm~—2,

The polytetrafluoroethylene was similar to a sample
used in other measurements [8] (sample number 3).
At the start of the present work, the density determined
at 25 °C by hydrostatic weighing was 2.253 g/cm?

! Figures in brackets indicate the literature references at the end of this paper.

which corresponds to a crystallinity of about 90 per-
cent. The data given here are based on the sample
as a whole and have not been subjected to the small
correction for crystallinity.

The polymer was evacuated for 16 hr at a pressure
of 1.3X 1073 Nm~2 (10~ torr) in a glass dilatometer,
which was then filled with mercury. The dilatometer
was placed inside a pressure vessel which was im-
mersed in a temperature bath regulated within +0.05
°C. Windows in the bath and in the pressure vessel
permitted measurement of the mercury level with a
cathetometer. An estimated uncertainty of =5 X 10-3
cm in this reading corresponds to an uncertainty of
less than =£2X10-° cm?/g in the calculated specific
volume. Pressure was measured with a calibrated
Bourdon type gage (uncertainty less than = 10> Nm~—2).
Observed volume changes were corrected for changes
in the volume of the glass and mercury. Details of the
apparatus have been described previously [9].

Volume measurements were made as a function of
temperature at each pressure. The pressure was
applied at 50 °C and the temperature lowered in steps
at the rate of about one degree per hour, which was
decreased to Y4 to Y2a degree per hour near the
¢20 °C” transition. After the lowest temperature was
reached, the sample was heated in the same manner
to 50 °C and the pressure released.
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Figure 1 shows the specific volume as a function of
temperature for each pressure in the range of the tran-
sitions. Equilibrium volumes are given except at the
20 °C transition, where the volume at a given tempera-
ture changes slowly over a long period of time and in
some cases was still varying linearly with the logarithm
of time after 24 hr. The 20 °C transition takes place
about 1.6 °C lower on cooling than on heating [6] and
this difference is approximately independent of pres-
sure. The 30 °C transition did not exhibit hysteresis
and the data show that it can be observed even at
the highest pressure, 0.686 X 108 Nm 2.

Figure 2 shows the phase diagram at low pressure.
Transition temperatures are taken to be the tempera-
tures of the maximum slopes in the specific volume-
temperature curves since these values could be deter-
mined more precisely than the points at which the
last trace of the low temperature phase disappears.
The intermediate phase is called IV to distinguish
it from those already numbered [1]. The temperature
difference between the two transitions decreases

with increasing pressure and extrapolations based

on the second degree curves shown in figure 2 indi-
cate a possible triple point at approximately 2.6 X 108
Nm~-2 and 54 °C. Such a triple point is out of the
range of the present apparatus and in the range of the
usual high pressure techniques. However, as discussed
later, there is some doubt whether volume measure-
ments will be able to resolve the IV-I transition at
higher pressures.

Straight lines were fitted to the specific volume-
temperature data below the II-IV and above the IV-I
transitions and the total volume change for both
transitions was found by taking the difference between
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FIGURE 1.
ethylene in the region near the room temperature transitions.

The numbers on the curves give the gage pressures in 10> Nm~2.
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Specific volume versus temperature for polytetrafluoro-

these lines (see fig. 1). This technique was not as
satisfactory for determining the volume changes of
each transition separately, because the two transi-
tions overlap. Therefore, plots of the slopes of the
specific volume-temperature curves against tempera-
ture (fig. 3) were used for the analysis. The shaded
areas were measured to obtain the IV-I transition
volumes and these values could then be subtracted
from the total volume changes to find the II-IV tran-
sition volumes. This method is based on the approxi-
mation that the cutoff “tails” of each transition
have equal areas. Although other assumptions could
be made, they could not be shown to yield more
accurate results.
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FIGURE 2. Relations between pressure and transition temperatures
for polytetrafluoroethylene.

The lines represent the second degree curves P= (—820+ 26.9t+ 0.68¢2) X 105 (II-1V)
and P=(—91—57.8t+1.99¢2) X 105 (IV-1) which were fitted to the data, O= cooling;
A= heating.
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FIGURE 3. Slopes of specific volume versus temperature curves
plotted against temperature for polytetrafluoroethylene.
Heating cycle. O=0X 10> Nm 2 pressure; A= 686 X 10> Nm 2 pressure.
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Figure 4 shows that, while the total transition volume
and the IV-I transition volume decrease, the 11-1V
transition volume does not vary significantly with
increasing pressure. lLess accurate measurements
made directly on the specific volume-temperature
curves in the same way that the total transition
volumes were determined yielded slightly smaller
II-IV transition volumes, but did confirm the lack
of wvariation with pressure. Because of the small
transition volume at 0.686 X 10®* Nm 2, the decreasing
trend in this quantity, and the decreasing temperature
separation of the two transitions, the I'V-I transition
would be difficult to resolve by volume measurements
at pressures above 2 X 10® Nm~2. Probably a technique
such as x-ray diffraction would be required.

The Clapeyron equation may be written

AH=TAVdP|dT. (1)

In it, AH, T, AV, and P represent the heat, absolute
temperature, volume, and pressure of transition,
respectively. Values of AH for the II-IV and 1V-I
transitions at one atmosphere calculated by eq (1)
are in reasonable agreement with data in the litera-
ture [4, 7. 10, 11] and with results obtained by dif-
ferential scanning calorimetry on the present sample.
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FIGURE 4.

(The D.S.C. results were obtained at much greater
rates of heating and cooling and varied appreciably
from measurement to measurement.) The transition
heats were also calculated for other pressures and are
given in figure 5. For the II-1V transition, AH increases
with pressure while for the IV-I it is almost unchanged.

The following equations also apply to the transitions:

dAV|dP=(dT|dP)Aa+ AB 2)
and
dAH|dP =(dT|dP)ACp+ AV — TA«. 3)

In these,a = (3V/aT)p,B = (IV/0P)s,and Cp = (0H/
dT)p. Now, the modulus for ultrasonic longitudinal
waves is the same in phases IV and 11 [8]. This suggests
that B,y might be approximately equal to By. If it is
assumed that this is correct, the data in figures 1, 2, 4,
and 5, together with eqs (2) and (3), yield the following
approximate values for phase IV at one atmosphere:
ay=apy and Cp=Cpy. In this way, the properties
of phase IV can be determined even though they
cannot be measured directly because of the overlap
of the transitions.

Experimental support has been presented for the
occurrence in the crystals of randomly located re-
versals of the pitch of the molecular helix, i.e., a change
from a left to a right handed or from a right to a left
handed helix [12]. Experimental data yield an energy
of reversal of 0.053 eV in Phase I and calculations
based on three models of molecular interaction give
an average ratio of the energy of reversal in phase II
to that in phase I of 1.16 [12]. On this basis, the energy
of reversal in phase Il can be taken as 0.062 eV. These
numbers may be used to calculate the concentration
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FIGURE 5. Variation of heat of transition with pressure for poly-
tetrafluoroethylene.

The straight lines are fitted to the data by least squares.
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of random reversals present in phase II at the I[I-1V
transition temperature and in phase I at the IV-I
transition temperature and from these the associated
changes in entropy and enthalpy.? This can be accom-
plished by first using the equation for the Boltzmann
distribution: ny/n, = exp (—E/kT) where n, is the num-
ber of reversals, n, is the number of bonds not reversed,
E the energy of reversal, and 4 the Boltzmann constant.
The entropy of mixingis then given by s=kIn(n!/n,!n,!)
where n is the total number of bonds. The resulting
changes in enthalpy and entropy are 2.2 J/g and 0.013
J/gK, respectively. If we assume that these changes
occur only at the transitions (neglecting any change
within the small temperature range of phase 1V),
the above values can be compared with the total en-
thalpy change given in figure 5 and the corresponding
entropy change. After correction for the effects of
volume change [4, 14], the latter values are 7.6 J/g
and 0.026 j/¢K. Thus, randomly located reversals
of the hand of the helix can account for about 30
percent of the enthalpy change at constant volume
and about 50 percent of the entropy change at constant
volume that occurs at the transitions. Of the quantities
in the calculations above, the value of E in phase II
is probably the least accurate. For example, it cor-
responds to eight reversals of pitch per 100 bonds,
a number not consistent with the x-ray data [4]. If
E were 0.080 eV, the calculated enthalpy and entropy
would be 5.7 J/g and 0.032 J/gK, respectively. These
values give the best fit to the experimental data and
correspond to the more reasonable concentration of
four reversals per 100 bonds.

In summary, PV'T measurements indicate that phase
IV of polytetrafluoroethylene probably exists at pres-

2 A similar calculation has been presented recently, but it assumed that there were no
reversals in phase II [13].

sures up to 2.6 X 108 Nm 2. The diffuse IV-I transition
and the triple point will be difficult to detect with
high pressure techniques because of the small transi-
tion volume and the small temperature separation
from the diffuse II-IV transition. Enthalpies and
entropies of transition have been calculated from the
PVT data and compared with those calculated for
changes in the number of randomly located reversals
of the hand of the helical molecule. The results show
that such reversals can account for appreciable
fractions of the enthalpy and entropy of the combined
[I-1V and IV-I transitions at atmospheric pressure.
The values of (8V/8T), and (8V/8P)r in phase IV
are estimated to be approximately the same as in
phase II while the value of (8H/8T), in phase IV is
estimated to be close to that in phase 1.
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