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Bet ween app roximate ly 20 a nd 30 °e a t a tmospheri c pressure, po lyte tra fluoroethylene exhi bits 
a ph ase (denoted as IV), whic h has not been obse rved in P- V-T measureme nts at pressures a bove 
]0" N m- 2 (l Kilobar). Data are present ed to reso lve thi s ph ase in the temperature range 0 to 50 °C and 
the press ure range 0 to 0.686 X 10" Nm- 2• The II- IV (20 °e) t ra nsition pressure increases wi th tem
perature accord ing to the equa tion P = (-820 +26.9t+0.68t 2 ) X ]0' a nd the IV- I (30 °e) trans ition 
acco rding to the equ ation P = (- 91- 57 .8t + 1.99t 2 ) X 10' s ugges ting a poss ible triple poin t nea r 
2.6 X 10" Nm - 2 a nd 54 °C. However , the I V- I transition probably cannot be resolved by volu me meas
urements at pressures a bove 2 X 108 N m- 2 because it s vo lum e of tra nsition is small a nd the two transi
tions overla p. The en thalpies of the tra ns itions a re ca lc ula ted fo r di ffe re nt press ures a nd so me the rmo
dy namic pro pe rties of ph ase IV are de te rmined indirectl y. It is shown that , if the effec t of vo lume 
c hange IS subt racted, ra ndom reve rsa ls of the ha nd of the he li cal conformation of the molecule can 
accoun t [or appreciable frac tions· o[ the e ntha lpy and co rresponding e ntro py change for the co mb ined 
t ra nsitions at atmospheric pressu re. 

Key Word s: Dil a tometry ; e nth alpy; e nt rupy; heli ca l molecule; low pressu re; p hase diagram; 
polyte t ra Au oroe t hyle ne; transit io ns ; tri ple po i nl. 

Volume measure me nts over a wide range of te m
pe rature a nd pressure have esta bli shed a ph ase di a
gram for polytetraAuoroe tdl yle ne with three solid 
phases a nd the melt [1, 2, 3, 4]. t Mos t of th e da ta we re 
ob tained by the pi s ton di splace ment method a nd had 
a low pressure limit of a bout 108 Nm- 2 (1 Kilobar) 
imposed by fri c tion. They show a tran sition line whi ch 
extrapola tes to the "20 °C" transition observed in 
measure me nts at atmosphe ri c pressure but do not 
show a separate line extrapolating to the smaller 
"30 °C" tra nsition which is also observed at atmos
pherical pressure [5, 6, 7]. Thi s may be due to a lac k 
of sensitivity in the method , but it is also possible 
tha t the "30 °C" transition line terminates in a triple 
point with the "20 °C" tra ns ition line at some pressure 
below 108 N m- 2 . Low pressure data of suffic ient ac
curacy to determin e thi s have not been available . Thi s 
note reports meas ure me nts obtained with a dil a tome te r 
a t te mpe ratures be twee n 0 and 50 °C a nd press ures 
up to 0.686 X lOR N m- 2 . 

The polyte tra Auoroe th yle ne was simila r to a sample 
used in othe r meas ureme nts [8] (sa mple number 3). 
At the s ta rt of the present wo rk , the de ns ity de termined 
a t 25°C by hydros ta tic weighing was 2.253 g/cm:l 

I Figures in hrac ket s ind ica te the literatu re refe rences a t the end uf th is pape r. 

whic h co rrespond s to a crys tallinity of a bout 90 per
ce nt. The data give n here are based on the sa mple 
as a whole and ha ve not been subjected to the s mall 
correction for c rys tallinity. 

The polymer was evacua ted fo r 16 hr at a pressure 
of 1.3 X 10- 3 Nm - 2 (10- 5 torr) in a glass dilatometer , 
which was then filled with me rcury. The dilatome te r 
was placed inside a pressure vessel which was im
mersed in a temperature bath regulated within ± 0.05 
0c. Windows in the bath and in the pressure vessel 
permitte d measure ment of the merc ury le vel wi th a 
cathetom ete r. An es timated uncertainty of ± 5 X 10- 3 

c m in this reading corresponds to an un certa inty of 
less th a n ± 2 X 10- 5 c m3/g in the calcula ted specific 
volume. Pressure was meas ured with a cali brated 
Bourdon type gage (uncert.a inty less th an ± 10~ N m- 2 ). 

Obse rved volume changes were co rrected for c ha nges 
in the volum e of the glass a nd mercury. Details of the 
a ppa ratus have been described pre viously [9]. 

Volume measure me nts were made as a fun ction of 
te mpe ra ture at each pressure. The pre ssure was 
a ppli ed a t 50 °C and the te mperature lowered in steps 
a t the r ate of about one degree per hour , which was 
decreased to 1/ 4 to 1124 degree per hour near the 
"20 °C" trans ition. After the lowest temperature 1¥as 
reac hed , the sample was heated in the same manne r 
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 hL 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 tran sition did not exhibit hys teresi s 
and the data show that it can be observed even at 
the highest pressure, 0_686 X 108 N m - 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 

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 c hanges 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. 

600 
it from those already numbered [1]. The temperature 
difference between the two transitions decrease s ';' 
with increasing pressure and extrapolations based ~ 
on the second degree curves shown in figure 2 indi- . '" 

Q 400 
cate a possible triple point at approximately 2.6 X 108 W 
Nm - 2 and 54°C. Such a triple point is out of the ~ 

(f) 

range of the present apparatus and in the range of the ~ 
usual high pressure techniques. However, as discussed g: 
later, there is some doubt whether volume measure - ~ 200 <t 
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 differe nce between 

20 24 28 32 36 
TEMPERATURE OF TRANSITION, °C 

FIGURE 2. Relations between pressure and transition temperatures 
for polytetrajluoroethylene. 
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The lines represent the second degree curves P = (- 820 + 26.9t + O.68t 2 ) X 105 (I I- I V) 
and p~ (-91-57.8,+ 1.99,2) X 10' (IV-I) which were fitted to the data , O~ cooling; 
~= heating. 
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FIGURE 1. Specific volume versus temperature for polytetrajluoro
ethylene in the region near the room temperature transitions. 

The numbers on the curves give the gage pressures in 10'-' Nm- t . 
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FIGURE 3. Slopes of specific volume versus temperature curves 
plotted against temperature for polytetrajluoroethylene. 

Heating cycle . o =ox IO~ Nm - 2 pressure; 6. = 686 x 10·"' Nm - :! press ure . 
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Figure 4 s hows th at , while the total transition volume 
a nd th e I V-T tran sit ion volume decrease, the II- IV 
transition volu me does not vary significantly with 
increas in g pressure . Less accurate measure me nts 
made directly on the specifi c volum e-tempe rature 
c urves in the same way that th e total trans iti on 
vol u mes were determined yielded slightly smaller 
II- IV transition volum es, but did confirm the lack 
of variation with press ure. Because of the small 
tran s ition volume at 0.686 X 10K Nm - 2 , the decreasing 
tren d in thi s quanti ty, and the decreasin g te mpe ra ture 
separation of the two transi tions, the IV-I trans ition 
wo uld be diffic ult to resolve by volume measure men ts 
a t pressures above 2 X 10K Nm - 2 • Probably a technique 
such as x-ray diffraction would be required. 

The Clape yron equati on may be writter 

I).H = TI).VdPldT. (1) 

In it , I).H , T, I). V, a nd P rep rese nt th e heat , absolute 
tempe rat ure, volu me, a nd pressure of transition , 
respecti vely. Valu es of I).H for th e II- LV and IV- l 
transitions a t one a tmos phe re calculated by eq (l ) 

(" a re in reasonable agree me nt with data in tllf' lite ra · 
ture [4 , 7, 10, 11] a nd with res ult s obt ai ned by d if
fe rential scanning calorime try on th e prese nt sample. 
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FIGURE 4 . Change in vo lumes of transition wilh pressure for poly
tetraJIl/ oroethyLene. 

O= cooling; d = hea ling. The stra ight tines are fi lted 10 the da ta by least squa res. 

(The D.S.C. results were obtained at muc h greater 
rates of heating and cooling and varied appreciably 
from meas urement to measurement.) The tran sition 
heats were also calculated for other pressures and are 
give n in figure 5. For the II-IV transition, I).H increases 
with pressure while for the IV-I it is almost unchanged. 

The following equations also apply to the transitions: 

dl).VldP= (dTldP) I). a + 1).{3 (2) 

and 

dl).HldP = (dT/dP) I).CI' + I). V - Tl).a. (3) 

In these, a == (aVlaT)t>, f3 == (aVlaPh, and CP == (aRI 
aT) I'. Now , the modulus for ultraso nic longitudinal 
waves is the ,.; ame in phases IV and II [8]. This suggests 
that f3l v might be ap proximately equal to {311' If it is 
ass umed tha t thi s is correc t, the data in figures 1,2,4, 
and 5, toge ther with eqs (2) and (3), yield the following 
approximate values for phase IV at one atmosphere : 
a ll = a lV a nd C" I = Ct'll' In this way, the properties 
of phase IV can be determined e ven though they 
can not be measured direc tly because of the overlap 
of the transitions. 

Experim e ntal support has b ee n prese nted for the 
occurre nce in the crys tals of randomly located re
ve rsals of the pitch of the molecular helix, i.e., a change 
from a left to a right ha nded or from a right to a left 
handed llelix [12]. Experimental data yield an energy 
of reversal of 0.053 e V in Phase I and calculations 
based on three models of molecular interaction give 
a n a ve rage ratio of th e e nergy of reversal in phase II 
to that in ph ase I of 1.16 [12]. On thi s basis, the e nergy 
of reversal in phase II can be taken as 0.062 e V. These 
numbe rs ma y be used to calc ulate the conce ntration 
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FIGURE 5. Va riation of heat of transition with pressure for poly
tetra./luoroethyLene. 

The straight lines are fitted to the data by least squares. 
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of random reversals present in phase II at the II-IV 
transition temperature and in phase I at the IV-I 
transition temperature and from these the associated 
changes in entropy and enthalpy.2 Thi s can be accom· 
plished by first using the equation for the Boltzmann 
di stribution: nt/n2= exp (-E/kT) where nl is the num· 
bel' of re versals, n2 is the number of bond s not reversed , 
E the e nergy of reversal, a nd k the Boltzmann constant. 
Th e e ntropy of mixing is the n give n by s=k I n (n!/nl !n2!) 
where n is the total number of bonds. The resulting 
changes in e nthalpy 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 IV), 
the above values can be compared with the total en
thalpy change given in figure 5 and the corresponding 
e ntropy c hange. After correction for the effects of 
volume change [4, 14] , the latter values are 7.6 J/g 
and 0.026 j/gK. Thus, randomly located reversals 
of the hand of the helix can account for about 30 
'percent of the en thalpy change at constant volume 
and about 50 percent of the entropy change at constant 
volume that occurs at the transi tions . 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 II were 0.080 e V, 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, PVT meas ureme nts indicate that phase 
IV of polytetrafluoroethylene probably exists at pres-

~ A s imilar calculat ion has bee n present ed recentl y, but it assumed that there were no 
reversa ls in phase II '- I 3]. 
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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 
e ntropies of transition have been calculated from the 
PVT data and compared with those calculated for 
c hanges in the numbe r of randomly located reversals 
of the hand of the helical molecule. The results show 
that such reversals can account for appreciable 
fractions of the e nthalpy and entropy of the combined 
II-IV and IV-I transitions at atmospheric pressure. 
The values of (fJV/fJT)p and (fJV/OP)T in phase IV 
are estimated to be approximately the same as in 
phase II while the value of (fJH/fJT)p in phase IV is , 
estimated to be close to that in phase I. 
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