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ABSTRACT: In this paper (paper 11) a new Set of experimental data on the infrared spectrum of poly(tetraflu0- 
roethylene) is presented and discussed in order to verify or disprove the theoretical predictions presented in the 
preceding work (paper I ) .  Samples of different origin have been analyzed under various experimental conditions. 
Absorptions from ordered and disordered regions of the material have been located. New bands have been ob- 
served in the low-frequency region and the assignment of the low-frequency fundamentals has been modified, 
Absorptions due to geometries different from the most stable 0 1 4 * / 1 5  chain have been located suggesting the exis- 
tence of defects or segments of chain with planar-zigzag conformation. More coiled chains are also likely to occur. 
A comprehensive and critical discussion is presented of the presently available experimental data from the vibra- 
tional spectrum of poly(tetrafluoroethy1enej (including the Raman and the far-infrared spectrum). The structural 
implications are analyzed 

The infrared spectrum of poly(tetrafluoroethy1ene) 
(PTFE) has been the subject of several investigations in 
the past.1-3 For a short detailed review of the main results 
of these studies we refer to the preceding paper (paper I).4 
With the availability of laser sources much more attention 
has been focussed in the last years a t  the Raman scatter- 
ing properties of this polymer. Two groups of workers5-8 
have recently reported on the Raman laser spectrum of 
PTFE and have independently proposed an assignment of 
several infrared and Raman bands to fundamental modes 
of the PTFE chain taken as isolated. In such an analysis 
they used the infrared data taken from previous authors. 
Even if the agreement in the conclusions of these two 
groups of authors is rather good, there is still some uncer- 
tainty in the interpretation of several spectral features 
both in the Raman and the infrared spectra. The room- 
temperature transition of PTFE is likely to be the reason 
of this uncertainty; namely, the experimental data may 
originate from the two structures stable above and below 
19”, respectively. Moreover other structures are also likely 
to occur. For a comprehensive review of the nature of this 
transition, see paper I. In paper I the density of vibration- 
al states g ( w )  and k = 0 phonon frequencies have been 
calculated for several geometrical models of PTFE which 
should be the most stable ones on the basis of theoretical 
considerations.9 Similar calculations have been carried 
out on polymer chains containing randomly distributed 
conformational defects. Conclusions have been derived on 
the main changes which should be observed in the vibra- 
tional spectrum of PTFE when either particular chain 
geometries or conformational defects occur in a real sam- 
ple. In this paper we report on new experimental results 
on the infrared absorption spectrum of PTFE. The pur- 
pose of the present work is twofold: (i) verify the validity 
of the force field adopted in the calculations, (ii) collect 
experimental data in order to verify or disprove the theo- 
retical predictions regarding the existence of geometrical 
defects and their effect on the spectrum as discussed in 
paper I. 
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Experimental Section 
The infrared spectra were obtained with a Perkin-Elmer Model 

180 (4000-180 cm-1) and a Hitachi Perkin-Elmer Model Fis-3 
(400-30 cm-l )  grating spectrophotometers. The polymer as pow- 
der was studied either as a suspension in Nujol and in KBr or CsI 
matrix for the 4000-400 cm-1 range, or by pressing it at  room 
temperature into films of the desired thickness (400-30 cm-I).  
Commercial samples of PTFE of various origins were purchased 
in the form of films and plates and directly analyzed. For the di- 
chroic measurements only commercial products were employed 
which, after orientation induced by drawing at  room temperature, 
were analyzed under tension. In order to reduce the effect of the 
polarizing properties of the gratings the specimens were posi- 
tioned with their stretching direction at  45” with respect to the 
monochromator slits. A wire grid polarizer in the common beam 
of both spectrophotometers was used. Rotation of f45” was al- 
lowed to obtain spectra with light polarized parallel and perpen- 
dicular to the drawing direction. The first set of low-temperature 
measurements was obtained by placing the specimen in a conven- 
tional, commercially available, low-temperature cell using liquid 
nitrogen as refrigerant. Still lower temperatures were reached by 
employing a helium Cryo-Tip refrigerator Model AC-3L. With 
this device spectra near the liquid hydrogen temperature were ob- 
tained. The determination of the true temperature of very thin 
films of polymer turned out to be a rather difficult task. While 
this fact is not particularly important when experiments are car- 
ried out a t  low temperatures with any of the cryostats used, much 
more careful attention had to be payed when the temperature 
had to be slowly and gradually changed just below the room tem- 
perature. Since experiments in this temperature range are partic- 
ularly meaningful, attempts were made to reach good and reliable 
reproducibility. In order to avoid any possible temperature gradi- 
ent across the sample, a device was realized in which the sample 
was immersed in a stream of nitrogen gas cooled at  the desired 
temperature. In such a case the junction of the thermocouple was 
in contact with the gas stream flowing near the sample and the 
indicated value was assumed to represent the “true” temperature 
of the sample. For thicker samples the cold junction of the ther- 
mocouple was inserted in a hole drilled in the polymer and no se- 
rious problems were encountered in the measure of the tempera- 
ture. For the high-temperature measurements an electrically 
heated furnace, which was built in our laboratory, was employed. 
The sample, clamped between cesium iodide plates, was heated 
a t  temperatures as high as 400”. In this case the junction of the 
thermocouple was inserted in a hole drilled in one of the CsI 
plates. 

Results and  Discussion 
I t  is known that PTFE in the form of fine microcrystal- 

line powder shows some differences in its optical,1° me- 
chanica1,ll and magnetic12 properties when, compared 

(10) C. A. Sperati and H .  W. Starkweather, Jr., Fortschr. Hochpolym. 
Forsch., 2,465 (1961). 

(11) N. G. McCrum, B.  E. Read, and G. Williams, “Anelastic and Dielec- 
tric Effects in Polymer Solids,” John Wiley, New York, N. Y., 1967. 



Vol. 6, No. 5,  September-October 1973 Conformational Order in Poly( tetrafluoroethylene) 70 I 

Figure 1. Infrared absorption spectrum from 4000 to 190 cm-' of PTFE, 25-mm diameter disk: (--) powder, 140 mg; (- - -) commer- 
cial film, 115 mg. 

with commercial products of the same chemical nature. 
This fact has been ascribed to a possible lowering of crys- 
tallinity which should occur when the original polymer is 
subjected to very high temperatures in all technological 
processes which yield commercial articles. By comparing 
spectroscopic and density data, Moynihan2 has suggested 
that the ratio of the infrared absorption intensities a t  778 
and 2367 cm-1 could be taken as a relative measure of the 
degree of crystallinity of the polymer. Such a method has 
been and is presently used in many laboratories in order 
to determine the relative content of the crystalline phase 
in PTFE samples. Since the present work deals with the 
interpretation of particular features in the infrared spec- 
trum of PTFE which might be correlated to specific con- 
formational defects, as suggested by t h e ~ r y , ~  it has been 
thought necessary to examine several specimens of poly- 
mer of different origin and having different thermal and 
mechanical history. In addition to powderlike polymerized 
material, several commercial PTFEfilms were then studied. 
The latter had been obtained either by compressing rhe 
powder a t  high temperatures from an aqueous suspension or 
through a skiving process from polymer moldings of cylin- 
drical shape. 

The infrared spectra of all commercial products were 
nearly identical independently of their origin; little differ- 
ences were observed only in very minor absorption fea- 
tures which can confidently be attributed to different 
technological production processes. On the contrary, the 
spectrum of the powder shows peculiar features in fre- 
quency as well in intensity when compared with that of 
commercial films (Figure 1). Moreover the observed spec- 
tral differences tend to cancel out when the powder is 
heated above the softening point and then reanalyzed 
after cooling at  room temperature. If the method of Moy- 
nihan is adopted, for the time being, the intensities of the 
bands near 780 cm-I  (Figure 1) seem to indicate that the 
PTFE powder is much more crystalline than the commer- 
cial product as film. 

In the discussion of the experimental results reference 
will be made constantly to paper I and particularly to Fig- 
ure 4 of paper I which correlates the calculated funda- 
mental frequencies for several chain geometries which 
have been considered to be the most probable ones on the 
basis of theoretical considerations. 

1400-1100-cm-1 Region. The infrared spectrum of 
PTFE in the 1400- llOO-cm-l range has received relatively 
little attention in the past, mainly because of the very 
strong absorption infensity. Very thin films of polymer 
(-0.003 mm),  now commercially available, should allow 

(12) S Iwayanagi and I Sakurai, J Polyn  Scr , Part C, 14,B (1966) 
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Figure 2. Infrared absorption spectrum from 1350 to 1100 cm-1 of 
powder of PTFE in KBr matrix a t  different temperatures: (--) 
room temperature; (-.-.-.) 320"; (- - -) 395". 

an easier study of the fundamentals in this region. This is 
only partly true since several difficulties are encountered 
when dichroic measurements are performed if perpendicu- 
lar illumination of oriented samples is used. It follows 
that an unequivocal assignment of the only one theoreti- 
cally predicted parallel fundamental in this region is not 
yet possible on an experimental basis only. I t  has been re- 
ported by Moynihan2 that the absorption pattern between 
1300 and 1100 cm-I depends on the nature of the sample. 
In addition to the always occurring band a t  1152 cm-1, 
Moynihan finds two strong absorption maxima a t  1242 
and 1213 cm-1 in the spectra from samples obtained by 
pressing a fine powder of PTFE in KBr; he finds instead 
one band at 1212 cm-I when reflection techniques are 
used and when thin oriented films are studied under par- 
allel polarized radiation, and only one band at 1225 cm-I 
with diluted water dispersions. Moynihan suggests that 
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Figure 3. Low-temperature infrared absorption spectrum from 
1350 to 1100 cm-l  of powder of PTFE in CsI matrix: (- - -) room 
temperature; (--I - 190". 

strong reflection maxima in this region somehow affect 
the experimental results on thin films. We agree on these 
results; in addition we find that the intensity reproduci- 
bility for the 1242-1213-cm-1 doublet of powder in KBr 
matrix is rather poor. 

Current as~ignments2 .~  based on D14~/15 or D12a/13 line 
group (hereafter referred to as models D15 and 0 1 3 )  asso- 
ciate the bands a t  1242 and 1152 cm-1 with h = 0 phonon 
of El species on the basis of dichroic measurements, the 
band a t  1213 cm-1 with an optical A2 phonon mainly on 
the basis of the dichroic properties of its two phonon tran- 
sitions. Based on several coincidences with the Raman 
spectrum and other considerations, Peacock et al. have 
recently inverted the assignment of the 1242- and 1213- 
cm-1 bands (1242 cm-1 - AS; 1213 cm-I - El).  Figure 2 
shows the infrared spectrum from 1350 to 1100 cm-l of 
PTFE powder in KBr matrix a t  several temperatures. In 
addition to the very weak, ill-defined band near 1300 
cm-1 three well-resolved absorption maxima are observed 
a t  1242, 1213, and 1154 cm-I a t  room temperature. 
Whereas the lowest frequency peak is sharp but clearly 
asymmetric a t  higher frequencies the maxima a t  1242 and 
1213 cm-1 strongly overlap and are broad thus suggesting 
they represent an envelope of many transitions arising 
from C-F bond embedded in various structural environ- 
ments. These structural features might well originate 
from regions of conformationally disordered chains in the 
polymer. It is then possible to postulate that even in the 
"highly crystalline" PTFE powder such disordered regions 
occur. At higher temperatures remarkable changes are ob- 
served in the same spectral range (Figure 2) .  When the 
temperature rises, the two distinct peaks a t  1242 and 1213 
cm-1 disappear into a broad absorption a t  about 1225 
cm-1. A nonnegligible lowering of the intensity a t  1300 
and 1154 cm-1 is also observed. At temperatures above 

the softening point (327") of the polymer a much more 
well-defined absorption maximum appears a t  1217 cm-1, 
the intensity of the 1154-cm-l peak is very reduced and 
the feature a t  1300 cm-1 cancels out completeIy. Further- 
more the overall absorption pattern is generally slightly 
shifted toward lower frequencies. The reversibility of this 
spectral behavior was carefully tested. Starting from the 
melt upon cooling the band a t  1300 cm-1 is again found, 
and the intensity change near 1150 cm-1 and the broad- 
ening of the band a t  about 1225 cm-1 are again observed. 
The splitting of the broad 1225-cm-1 band into 1242- 
1213-cm-1 doublet and the asymmetry of the 1150-cm-1 
band are not reobserved by cooling. It can then be con- 
cluded that the powder contains peculiar structural char- 
acteristics which cannot be regenerated by cooling a fused 
sample, if cooling rates as high as 2"/min are employed. 
For sake of completeness low-temperature measurements 
have been performed also (Figure 3). A number of details 
are better resolved a t  low temperatures even if no dramat- 
ic changes are observed in the overall absorption pattern. 
Of particular interest are: (i) the frequency shift toward 
higher frequencies (1312 cm-I) of the highest frequency 
band and (ii) the splitting in a t  least two components of 
the 1213-cm-l peak. The same behavior has been re- 
ported recently in the low-temperature Raman spectrum 
of PTFE8J3. A complete reversibility has been observed in 
these experiments. 

As given in Figure 4 of paper I, four infrared active fun- 
damentals are expected in this spectral range for the poly- 
mer chain containing 15 CF2 groups in the repeat unit. 
The calculated values are 1298 (El ) ,  1241 (El ) ,  1213 (Az), 
and 1150 (El )  cm-1. 

First the experimental weak band a t  about 1300 cm-1 is 
assigned to an E1 optical phonon for the following reasons: 
(a )  it coincides with a well-defined Raman band for a 
sample a t  room temperature; (b) this coincidence is even 
more evident if one considers the behavior a t  low temper- 
atures-both bands shift to higher frequency, namely, 
from 1300 to 1308 cm-1 at -150" in the Ramans and from 
1300 to 1312 cm-1 at -190" in the infrared; (c )  the in- 
frared band is clearly perpendicular as found by dichroic 
measurements on oriented films. The very low infrared in- 
tensity of this band is reasonably accounted for by the 
fact that  a small transition moment is probably associated 
to this phonon. In fact in the case of the planar-zigzag 
model such a mode belongs to the B1, infrared inactive 
species: the very small geometrical change associated to 
the coiling of the chain from the planar to a 0 1 3  or D15 
model generates a very small dipole moment change. 

The three main absorptions a t  1242, 1213, and 1154 
cm-1 should be distributed among the ir active A2 (paral- 
lel) and E1 (perpendicular) optical phonons. Several crite- 
ria have guided the authors in proposing an assignment of 
these bands in the past. We wish to discuss our viewpoint 
based on our experiments. From Table I1 of paper I four 
spectroscopically active vibrations are predicted by calcu- 
lations in the 1250-1140-~m-~ range: two ir Raman coin- 
cidences, corresponding to E1 species, are expected a t  
about 1240 and 1150 cm-'. Failure in observing these 
frequencies in the Raman is accounted for possibly by 
considering that such vibrations are Raman inactive for 
the planar-zigzag model. As discussed before it is then ex- 
pected that the Raman transition moment of these two 
modes should be very small for the Dl3 or D15 helical 
chain. The two other frequencies in this range are predict- 
ed to be very close, namely, one E2 bode  (Raman active 

(13) F. J. Boerio and J. L. Koenig. J.  Chem. Phys., 54,3667 (1971) 
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Figure 1. Infrared absorption spectrum from 1350 to 1100 cm-1 of 
an oriented commercial film of PTFE: (--) unpolarized radia- 
tion; (- - -) radiation with electric vector polarized parallel to 
stretching direction; ( - . - . - a )  radiation with electric vector polar- 
ized prependicular to stretching direction. 

only) is expected a t  1217 cm-l,  one A2 (ir active only) a t  
1213 cm-l.  Preliminary results obtained in our laboratory 
by Raman scattering experiments on PTFE oriented fibers 
seem to confirm the assignment of the 1217-cm-l frequen- 
cy to an E2 fundamental, hence we do not consider the 
1217- (Raman) and 1213-cm-l (ir) bands as coincidents. 

For the experimental verification of the symmetry of 
the modes in this frequency range, we resort to dichroic 
measurements (Figure 4). The spectrum of the oriented 
film in unpolarized light differs sensibly from that of the 
powder a t  room temperature. Only two intense maxima 
are found a t  1210 and 1153 cm-I, whereas a very weak 
unresolved prominence is observed near 1250 cm-l;  more- 
over, the asymmetry of the 1153-cm-l band has nearly 
disappeared in the commercial product. Surprisingly this 
spectrum is rather similar to that of the powder a t  tem- 
peratures above the softening point. While the overall ab- 
sorption intensity is clearly reduced under parallel light 
the intensity under perpendicular illumination is so strong 
that the absorption maxima cannot be observed directly. 
The weak feature a t  about 1250 cm-1 appears to be a lit- 
tle more pronounced in the unpolarized spectrum when 
compared with the parallel spectrum. The 1153-cm-l 
peak, which occurs both in the original and in the com- 
mercial polymer a t  nearly the same frequency, is definite- 
ly assigned by us to an E1 perpendicular infrared active k 
= 0 phonon, in agreement with the reported calculated 
data. The assignment of the two remaining E1 and A2 k = 
0 phonon is not so unequivocal and is rather difficult. A 
suggestion for the resolution of this uncertainty comes 
from the spectrum of the powder at different tempera- 
tures (Figure 2). From Figure 2 and from the previous dis- 
cussion it becomes apparent that  the possible existence of 
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Figure 5. Infrared absorption spectrum from 900 to 450 cm-' of 
F'TFE: (--) powder in CsI matrix; ( -  - - -)  commercial film. 

geometrical disorder affects more the band a t  1213 cm-I 
than the band a t  1242 cm-1. An unequivocal perpendicu- 
lar dichroism is observed in the 1250-1180-~m-~ range 
with a very pronounced enhancement near 1240 cm-1. We 
failed instead to observe any parallel band in this fre- 
quency range. The band a t  1242 cm-I of the powder is 
reasonably taken as originating from the E1 mode. There 
is then no other choice for the A2 mode which necessarily 
has to be associated with the 1213-cm-l band of the pow- 
der. Failure in observing a parallel band may be due to 
the following reasons: (i) the band is intrinsically weak 
since it originates from a B3g infrared inactive mode of 
the planar-zigzag chain; (ii) the sample for dichroic mea- 
surements is a commercial film obtained after the sub- 
stance has been heated to high temperatures above the 
softening point. From Figure 2 a t  such a temperature a 
peak develops a t  1217 cm-I which does not split upon 
cooling, as discussed previously. I t  is then likely that ad- 
ditional conformational structures are responsible for the 
peak a t  1210 cm-I in Figure 4 and has nothing to do with 
the A2 mode sought for (paper I shows that the conforma- 
tional disorder causes a broadening of the density of states 
in this spectral region). 

Because of the complexity of the interpretation of the 
spectrum of PTFE in this frequency range already in 
terms of a 0 1 5  or 0 1 3  ideal model, any attempt to derive 
evidence for other regular structures as treated in paper I 
is meaningless. 

900-450-~m-~ Region. The spectral region between 900 
and 450 cm-I is that  which has been investigated in more 
details by most of the authors. Most of the investigations 
were carried out with the main hope to correlate specific 
infrared absorptions with the physical properties of the 
polymer. It was recognized that the crystallinity of PTFE 
seems to be related to the absorption intensity in the 
900-700-~m-~ range* and that the room temperature tran- 
sition can be revealed by the change in intensity of the in- 
frared doublet at 638-626 cm-1.3 We rediscuss in this 
work the problem in the light of our new experimental 
data. 

Let us first compare the infrared spectrum of the pow- 
der and the film (Figure 5 ) .  The spectrum of the powder 
(perhaps more crystalline) shows sharp peaks a t  638, 626, 
553, and 503 cm-1. The spectrum of the film shows peaks 
a t  638, 626, and 553 cm-1. The peak a t  503 cm-' in the 
powder shifts to 520 cm-1 and becomes noticeably broad- 
er in the film. The relative intensity of the doublet a t  
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Figure 6 .  Infrared absorption spectrum from 900 to 450 cm-1 of 
an oriented commercial film of PTFE: (--) radiation with elec- 
tric vector polarized parallel to stretching direction; (- - -) radia- 
tion with electric vector polarized perpendicular to stretching di- 
rection. 
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Figure 7.  Infrared absorption spectrum from 900 to 450 cm-I of a 
commercial film of PTFE a t  high temperature: (. . .) 230"; (- - -) 
320"; (--) 360". 

638-626 cm-I for the film is rather strange if compared 
with that of the powder since, on the basis of the com- 
monly accepted assignment, would indicate for the film a 
larger concentration of crystalline compound with respect 
to the powder. This is in sharp contrast with the conclu- 
sive evidence previously discussed in this paper which has 
shown that the film contains a larger concentration of 
amorphous substance. This contrast is overcome when the 
polarized spectrum of the film is analyzed (Figure 6). In 
such a case the parallel spectrum becomes rather similar 
to that of the powder regarding the relative intensity of 
the 638-626-cm-1 doublet and the peak position of the 
band at 503 cm-1. It is then possible to assign with confi- 
dence the peaks at 638 (parallel), 553 (perpendicular), and 
503 cm-1 (parallel) to the Az, El, and A2 11. = 0 phonon 
of the D15 or Dl3 helix, respectively. The residual broad 
absorptions a t  640 and 530 cm-1 in perpendicular light 
(Figure 6) can be ascribed to the disordered regions of the 
commercial sample and are responsible for the differences 
between the spectra of the powder and the film reported 
in Figure 5. The existence of peaks due to disordered re- 
gions is confirmed in the spectra of samples heated a t  
higher temperatures below and above the softening point 
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Figure 8. Infrared absorption spectrum from 680 to 470 cm-l of 
an oriented commercial film of PTFE at several temperatures: 
(A) radiation with electric vector polarized parallel to stretching 
direction; (B) radiation with electric vector polarized perpendicu- 
lar to stretching direction. Temperatures (from top to  bottom): 
35, 100, 200, 305, 320". 

(540 and 512 cm-1, Figures 7 and 8). The disorder does 
exist also a t  low temperature as revealed from the spec- 
trum in Figure 9 (512 cm-1). 

While the observed shift 503 - 520 cm-I from the pow- 
der to the film can be ascribed to changes in the amor- 
phous content, the behavior of the peak a t  626 cm-1 is in- 
stead somehow anomalous, namely: (i) the peak a t  626 
cm-I is clearly parallel (Figure 6); (ii) its intensity is very 
low below 0" (Figure 9); (iii) increases progressively with 
the temperature with a sudden enhancement a t  the tran- 
sition point (19");2 (iv) disappears a t  the softening point 
giving rise to a broad absorption centered near 640 cm-1 
(Figure 7). It seems reasonable to assume that the energy 
provided to the sample at the transition point cannot in- 
troduce drastic geometrical changes which generate a 
large concentration of amorphous substance (X-rays see a 
lattice above 19") .14J5 From energy calculationsg the pla- 
nar form turns out to be quite probable. The calculations 
of paper I suggest that the introduction of a planar-zigzag 
structure should give rise to a parallel band a t  about 620 
cm-I. The dichroism and the temperature behavior of the 
peak at 626 cm-1 are in agreement with this prediction. 
From calculations, the existence of the planar structure 
should also be revealed by the existence of a perpendicu- 
lar infrared band near 548 cm-1. A sudden increase at the 
transition temperature of the half-bandwidth of the peak 
near 520 cm-1 has been reported by Brown3 (and his ex- 
periments have been repeated and confirmed by us). It is 
concluded that such a broadening can be due to the in- 
crease in concentration of the planar form even if a de- 
fined peak cannot be resolved from the complex structure 
of the spectrum in this frequency interval. If this interpre- 
tation is correct from Figures 7 and 8 it is concluded that 
the planar form continues to exist at higher temperatures 

(14) C. IV. Bunn and E. R. Howells, Nature f londoni ,  171,519 (1954) 
(15) E. S. Clark, J Macromoi. Sei. Phvs , 1, 795 (1967). 
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Figure 9. Infrared absorption spectrum from 700 to 450 cm-1 of 
an oriented commercial film of PTFE. Temperature -20". Radia- 
tion with electric vector polarized at  different angles with respect 
to  the stretching direction. 
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and is completely destroyed a t  the softening point. A 
complicating feature in this spectral region is the absorp- 
tion at  about 515 cm-1 due to the disorder which has 
been shown in the spectrum under polarized light (Figure 
9). 

Further information can be derived from the complex 
structure between 850 and 680 cm-l.  In this spectral 
range several peaks are observed whose intensity increases 
along with the increase of the concentration of the amor- 
phous material. Among these Moynihan chooses the peak 
a t  778 cm-1 as characteristic of the amorphous phase to 
be used for the quantitative determination of the relative 
content of the crystalline material. A slightly parallel di- 
chroism for this band has been reported by Liang and 
Krimml and has been verified by us in this work. Calcu- 
lations of paper I predict that models 3 and 4 should ex- 
hibit one parallel band in this frequency range. The oc- 
currence of the peak at  778 cm-1 may be taken as a possi- 
ble indication that in the amorphous material segments of 
more coiled chains can exist. 

4 0 0 - 5 0 - ~ m - ~  Region. Four infrared active k = 0 pho- 
non of species E1 (perpendicular) are predicted from theo- 
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Figure 11. Infrared absorption spectrum from 400 to 200 cm-I of 
PTFE a t  room temperature: (--) powder; (- - -) commercial 
film. 

(16) Several infrared peaks below 100 cm-1 have been reported recently in 
low-temperature experiments. For a few comments on these results 
see section 7 of the conclusions of this paper. 
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Figure 13. Infrared absorption spectrum from 400 to  180 cm-I of 
an oriented commercial film of PTFE at room temperature: ( - -  
- - )  radiation with electric vector polarized parallel to stretch- 
ing direction; (--) radiation with electric vector polarized per- 
pendicular to stretching direction. 

400 300 200 

Figure 14. Infrared absorption spectrum from 400 to 190 cm-I of 
powder of PTFE at - 150". 

temperatures of the powder (Figure 14) and its E1 species 
has been verified from its dichroism from an oriented 
commercial film a t  low temperatures.l7 

Temperature-dependence studies have shown that the 
bands at 312 and 293 cm-I are temperature dependent; 
their intensity decreases with increasing temperature with 
a sudden change near the transition temperature (Figure 
15). From Figure 4 of paper I two bands in the 3 0 0 - ~ m - ~  
range are predicted to disappear in the infrared if a planar 
structure is generated. The agreement between theory and 
experiments gives a further support to the interpretation 
of the mechanism of the phase transition near 19" as pro- 
posed in paper I. Further temperature-dependence studies 
a t  high temperatures below and above the softening point 
allow to suggest an interpretation of the spectral differ- 
ences observed between the powder and the film. The 
main absorption bands due to the disordered substance 
are observed a t  384 and 277 cm-1 as shown in the spec- 
trum of the molten state (Figure 12).  It follows again that 
the commercial product contains a larger amount of 
amorphous material. 

The surprising coincidence of the infrared peak a t  384 
cm-I with a A1 Raman active mode in a spectral range 
free from neighboring fundamental transitions suggests 
the logical possibility that the lack of symmetry within 
the disordered region and/or the disorder (lack of transla- 
tional symmetry) activates an infrared mode or phonon 
only Raman active for the ordered substance. 

Since a slightly parallel dichroism has been observed for 
the amorphous peak a t  277 cm-1 it is possible to postu- 
late, following the theoretical predictions of paper I, Fig- 

cm-' 

(17) Furthermore it may coincide with the Raman band reported at  308 
cm-' by Koenig e t  al at low temperatures (ref 5 ) .  

O"O t '0312 cm-' 
\ ioao2 

10 20 
Figure 15. Intensity LW. temperature of the infrared absorption 
bands at  312 and 293 cm-l .  

ure 4, that it may arise from the strongly geometry-depen- 
dent A 2  parallel mode of some other types of more coiled 
helices (see, for example, the models 3 and 4 of paper I). 
From Figure 4 of paper I only the latter two models can 
exhibit a parallel fundamental in this frequency range. 
This mode is correlated (Figure 4 of paper I) to the paral- 
lel mode a t  503 cm-1 for the 0 1 5  model. As previously 
discussed by raising the temperature the band a t  503 
cm-1 decreases in intensity while the one a t  277 cm-1 in- 
creases. Thus the increase in concentration of one struc- 
ture a t  the expense of the other can be safely postulated 
when the temperature is raised. 

Conclusions 
In what follows the results both of paper I and of this 

work are taken into account a t  the same time in order to 
give a comprehensive view of the vibrational problem of 
PTFE. 

(1) Of the two types of materials studied, the powder 
certainly contains a more ordered structure than the film. 
We wish to point out that we are mainly concerned with 
the conformational order and/or disorder within the chain 
of PTFE and wish to avoid the term "crystallinity"18 
since unequivocal evidence of Davidov's splittings or stat- 
ic splittings has not been collected. 

In addition to the pair of bands proposed by Moynihan 
for the determination of the relative content of disordered 
material, we can suggest for thick samples the doublet a t  
293-277 cm-1; 129311277 increases with increasing order. 

(2) The analysis of the spectrum of the more ordered 
powder material throughout the whole vibrational spec- 
trum has allowed a better identification of the fundamen- 
tal transitions of the 0 1 5  model. Comparison with the as- 
signments of the infrared active modes by the previous 
authors shows that the main disagreement lies in the low- 
frequency region (see Table I). Since the force field has 
been refined on the previously reported experimental data 
(obtained from commercial samples) a further refinement 
may be needed. However the theoretical predictions of 
paper I are still valid on the whole as shown by the exper- 
iments. 

(3) In the literature2 it has also been proposed that the 
transition a t  19" involves a change from 0 1 3  to 0 1 5  helix. 

(18) G. Zerbi, F. Ciampelli, and V. Zamboni, J .  Pobm. Sei., Part C, 7,  141 
( 1964). 
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Table I 
Infrared Active k = 0 Phonon of Poly(tetrafluoroethy1ene) 

Calculated@ 
(&4a/15 Model Experimental 

of Isolated 
Chain) Previous 

Authorsb This Work 
Sym - 
metry Di- Di- 

cm-1 Species cm-' chroism c m - l  chroism 

1298 El 
1241 E l  
1213 A2 

1150 E1 
640 A2 

552 E1 
519 A2 

322 El 
27 1 E1 
187 E l  

6.2 E i  

1242 
1213 
1152 
638 
553 
516 
32 1 
277 
203 

a Paper I. References 1 and 2. 

1300 I 
i 1242 I 

1213 
I 1153 I 

638 I 
i 553 I 

I1 503 
312 I 
293 I 

I 203 i 

As shown by the calculations of Hannon et a1.6 the calcu- 
lated normal frequencies for the two models are practical- 
ly identical, hence no appreciable changes in the vibra- 
tional spectrum are to be expected. The observed spectral 
changes reported here can then more reasonably be as- 
signed to the planar-zigzag conformation in agreement 
with calculations. This does not mean that the 0 1 3  - 0 1 5  

transformation cannot occur, but simply it cannot be re- 
vealed by the vibrational spectrum. 

In paper I a mechanism for the phase transition near 
19" has been postulated as consisting of an increase of 
concentration of a planar-zigzag form with respect to the 
0 1 6  chain. Paper I predicts that  from model 2 to model 1 
the E1 mode a t  1298 cm-1 and the A2 mode a t  1213 cm-I 
should disappear in the infrared spectrum. The A2 mode 
a t  638 cm-I should shift downward to 626 cm-1. The 
E1-AZ doublet a t  552-518 cm-1 should coalesce into a sin- 
glet a t  542 cm-l.  The two E1 modes calculated near 320 
and 270 cm-1 should disappear. Because of the complexi- 
ty of the spectrum nothing certain can be derived from 
the experimental viewpoint from the 1300-1200-cm -1 
range. Instead a nice verification of the theoretical predic- 
tions is found for the lower frequency region where we do 
indeed find evidence for the planar-zigzag form. Tempera- 
ture-dependence studies of the 638-626-cm-I doublet in- 
dicate that the material a t  room temperature is a mixture 
of the two conformational structures. It has to be pointed 
out that  the planar-zigzag structure may occur as a defect 
even within the single chain because the energy required 
for such a deformation is very low. We do not have any 
possibility to suggest a minimum length of such a confor- 
mational defect. This conclusion offers an alternative ex- 
planation of some of the temperature-dependent features 
of the Raman spectrum of PTFE reported by Koenig et 
~ 1 . ~ ~  and by Boerio et ~ 1 . ~ 3  These authors have shown that 
the Raman doublets a t  384-389 and 575-595 cm-1 change 
their relative intensity with temperature. The same au- 
thors have proposed that this fact may be ascribed to ei- 
ther the introduction of thermal defects or to a crystal 
field splitting arising from a lattice with more than one 
chain per unit cell. We suggest instead the following ex- 
planation. The component a t  384 cm-I arises from the A1 

(19) J .  L. Koenigand F. J .  Boerio, J Chem PhSs , 52,4170 (1970) 
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mode of the 0 1 5  chain, the other component at 389 cm-1 
arises from the Ag mode of the planar-zigzag form. From 
Figure 2 of ref 13 it is clear that  the sample is a mixture 
of the two forms whose relative concentration changes in 
the way which has been previously discussed. The same 
interpretation can be suggested for the other doublet a t  
575-595 cm-1. Since no fundamentals are expected in this 
frequency range we assign the peak a t  575 cm-1 to the 
first overtone of the A1 fundamental a t  291 cm-I of the 
0 1 5  model: 2 x 291 = 582, A1 x A1 = AI, Raman active. 
The second component a t  595 cm-1 may be the first over- 
tone of the corresponding fundamental of the planar-zig- 
zag model which is Raman and infrared inactive, and is 
calculated in paper I a t  305 cm-1: A, x A, = A,, Raman 
active. The temperature behavior of this doublet is paral- 
lel to  that  observed for the Raman doublet a t  384-389 
cm-1 and for the infrared doublet at 638-626 cm-1.20 

(4) The existence of helical segments with geometries 
approaching the models 3 and 4 of paper I seems to be re- 
vealed in the commercial products by the weakly parallel 
peaks a t  778 and 277 cm-l.  

(5) The disordered material shows main absorptions a t  
1215, 640, near 520, and 277 cm-I in very good agreement 
with the predictions of the calculations of paper I. 

(6) Evidence of possible activation in the infrared of 
Raman active modes can only be found a t  384 cm-l .  
However it cannot be excluded that the disordered mate- 
rial can contribute to this infrared band. 

(7) A puzzle still remains in the interpretation of the vi- 
brational spectrum of PTFE, namely: (i) the splittings a t  
low temperatures reported for the Raman spectrum by 
Boerio et a1.13 a t  577-581 cm-1 and a t  1214-1218 cm-l ;  
(ii) the absorption bands in the far-infrared region at 46, 
55, 70, and 85 cm-I recently reported by Chantry et dZ1 
We have independently observed for samples a t  low tem- 
perature the same bands in the far infrared and located a 
splitting in the infrared at 1214-1218 cm-1 (Figure 3) in 
nice coincidence with the Raman. 

Following the interpretation originally proposed by 
Boerio et Chantry et ~ 1 . 2 ~  take the absorptions in the 
far-infrared region as further evidence of lattice bands 
arising from a crystalline structure containing more than 
one chain per unit cell. 

The existence of splittings in the vibrational spectrum 
and of absorption or scattering in the low-frequency region 
is not an unequivocal evidence of the existence of more 
than one chain per unit cell. As clearly demonstrated by 
Piseri et al. 22 splittings are predicted by group theory be- 
cause of symmetry also for the hexagonal or triclinic latti- 
ces with one chain per unit cell. Furthermore the same 
authors have shown that additional absorptions may arise 
in going from the isolated chain model to the three-di- 
mensional model because of the change of symmetry. Cal- 
culations indicate that this fact should be particularly no- 
ticeable in the low-energy region where the 09 dispersion 
branch has to occur. Obviously, the amount of splitting, 
the location of the 09 branch, and the corresponding polar- 
ization vectors depend upon the force field which is not 
yet definitely settled especially for the torsional motions. 

(20)  The fact that the Raman line a t  389 cm-' occurs even a t  -180" when 
the Raman line a t  59.5 cm-l  and the infrared band at 625 cm-I dis- 
appear a t  -0" may depend on the intrinsic intensities of the corre- 
sponding vibrational transitions. 

(21) G. W. Chantry, J. W. Fleming, E. A. Ticol. H. A .  Willis, and M. E. A .  
Cudby. Chem. Phj s .  Le t t . ,  16, 141 (1972). 

(22)  L. Piseri, B. M. Powell, and G. Dolling. J .  Chem. Phj s . ,  57. 158 
(1973). 


