
316 Macromolecules 1995,28, 316-324 

Morphology-Dependent Anomalous Frequency Shifts of Infrared 
Absorption Bands: Poly(tetrafluoroethy1ene) and Its Linear 
Oligomers Perfluoroeicosane and Perfluorotetracosane 

Masamichi Kobayashi,* Mami Sakashita, and Toshihisa Adachi 
Department of Macromolecular Science, Faculty of Science, Osaka University, 
Toyonaka, Osaka 560, Japan 

Mitsue Kobayashi 
Research Reactor Institute, Kyoto University, Sennan, Osaka 590-04, Japan 

Received February 28, 1994; Revised Manuscript Received September 13, 1994@ 

ABSTRACT: Morphology-dependent frequency shifts of the infrared parallel bands of poly(tetrafluor0- 
ethylene) (PTFE) were investigated using a FTFE sample having a whisker-like crystal morphology and 
lamellar crystals of linear oligomers of FTFE (perfluoro-n-eicosane (C~~FQ)  and perfluoro-n-tetracosane 
(C24F50)). The vibrational assignments of the infrared-active zone-center fundamentals were established 
through polarization measurements on well-oriented thin films of FTFE and thin layers of C20F42 deposited 
on a metal surface. Based on the assignments thus decided, it has been demonstrated that the A2 bands 
with the transition dipoles parallel to the chain axis are blue-shifted as the crystal morphology of the 
sample goes from the extended-chain crystal to  the lamellar crystal, whereas the E1 perpendicular bands 
as well as the infrared-inactive Raman bands (the A1 and E2 bands) remain unshifted. The magnitudes 
of the frequency shifts of the A2 bands were interpreted quantitatively in terms of the transition dipolar 
coupling theory. The role of the in-phase oscillation of the parallel transition dipoles in this spectral 
phenomenon was investigated by the analysis of the frequency shifts of the parallel progression bands of 
the oligomers in their lamellar type mixed crystals of various compositions. 

Introduction 
In crystalline solids of linear high polymers, the 

crystallites assume various types of morphologies situ- 
ated in between the two extreme cases of the fully 
extended-chain crystal (ECC) and the folded-chain or 
lamellar crystal (FCC), depending on the crystallization 
conditions as well as the thermal and mechanical 
histories of the samples. Physical properties of bulk 
crystalline polymers are strongly influenced by higher 
order structures like crystal morphology and, therefore, 
control and characterization of the morphological struc- 
tures are of importance in the manufacture of high- 
performance polymeric materials. 

The studies in this field have been done mainly by 
electron microscopy and small-angle X-ray and neutron 
scattering. On the contrary, it has been believed that 
vibrational spectroscopy in the mid-infrared region is 
not informative, or even useless, for studies in this area. 
However, in the past decade, the present authors and 
co-workers have demonstrated that for some crystalline 
polymers including poly(oxymethylene1 (both the stable 
trigonal and metastable orthorhombic forms) 
and poly(ethy1ene oxide) (PEO),637 very remarkable 
infrared spectral changes are induced by change in 
crystal morphology, even when the unit cell structure 
and the degree of crystallinity remain unchanged. 

The spectral changes are very specific and have the 
following common features. (1) As the crystal morphol- 
ogy goes from the typical ECC to the lamellar type, only 
the infrared bands with the transition moments parallel 
to the chain axis (the infrared parallel bands) are shifted 
always toward the high-frequency side. (2) The mag- 
nitudes of the frequency shifts are proportional to the 
oscillator strengths of the bands. (3) The infrared bands 
with the transition moments perpendicular to the chain 
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axis (the infrared perpendicular bands) as well as the 
infrared-inactive Raman bands remain unshifted. (4) 
Even for samples that are in highly crystalline states, 
the intense parallel bands that exhibit large frequency 
shifts have rather broadened absorption profiles, in 
contrast to the sharp Lorentzian profiles of the perpen- 
dicular bands and the infrared-inactive Raman bands. 
( 5 )  The absorption profiles of the parallel bands exhibit 
substantial changes on thermal andor mechanical 
sample processings. 

These characteristics of the morphology-dependent 
spectral changes found in POM and PEO were inter- 
preted quantitatively in terms of the transition dipolar 
coupling theory.* The theory demonstrates that the 
anomalously large high-frequency shifts of the infrared 
parallel bands in lamellar crystals are attributed to the 
strong interactions caused by the in-phase oscillation 
of the parallel transition dipoles distributed in one 
crystallite having a particular morphology. The strength 
of such dipolar interactions depends on the morphology 
of the crystallites; it vanishes for the ideal ECC and gets 
stronger as the crystallite goes to the lamellar type, 
giving rise to high-frequency shifts of the parallel bands 
in proportion to their oscillator strengths. The magni- 
tudes of the band shifts depend also on the lateral 
packing of the polymer molecules; the smaller the 
intermolecular distance, the greater is the band shift. 
Therefore, we are able to anticipate that the morphol- 
ogy-dependent spectral changes are detectable for such 
crystalline polymers that exhibit intense infrared paral- 
lel bands and have a tight helical form carrying no bulky 
pendant groups. 

According to this consideration, we chose poly(tet- 
rafluoroethylene), (CFZ)~ (PTFE), as the next polymer 
to be examined, because it satisfies the above-mentioned 
geometric condition and gives rise to medium intense 
infrared parallel bands. 
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Reconsideration of the Vibrational Assignments 
of PTFE 

The present paper deals with the morphology-de- 
pendent infrared spectral changes of PTFE. As an ECC 
type F'TFE, we chose a sample generated by an emulsion 
polymerization, since Folda et al.9 reported that rodlike 
whiskers of PTFE were prepared by this method. As 
the typical lamellar crystals we chose polycrystalline 
and single-crystal samples of perfluoro-n-eicosane (c2$42) 
and perfluoro-n-tetracosane (C24F50), Le., linear oligo- 
mers of PTFE. These oligomers appear in three crystal 
modifications a t  atmospheric pressure, referred to, from 
higher to lower temperature, as the R (rhombohedral), 
I (intermediate), and M (monoclinic) phases.1° In all 
modifications the molecules assume essentially the 
same conformation corresponding to the (15/7) uniform 
helix (the identity period along the polymer chain 
consists of 15 CF2 groups arranged in 7 turns of a helix) 
of PTFE. The observed infrared spectral changes 
caused by the change in crystal morphology are ana- 
lyzed quantitatively according to the transition dipolar 
coupling theory. The role of the in-phase oscillation of 
the parallel transition dipoles in this phenomenon is 
investigated by the analysis of the frequency shifts of 
the parallel progression bands observed in the lamellar- 
type mixed crystals of C20F42 and C24F50. Contrary to 
the zone-center modes of high molecular weight PTFE, 
the frequencies of the progression bands of the oligomers 
depend on the chain length; therefore, the in-phase 
oscillation of the molecules is destroyed in the mixed 
crystals, so that the high-frequency shifts of the parallel 
progression bands occurring in lamellar crystals of the 
respective pure oligomers are anticipated to be reduced 
in the mixed crystals, and the extent of the reduction 
might depend on the composition. If this prediction is 
confirmed experimentally, we have conclusive evidence 
supporting the transition dipolar coupling mechanism 
as the origin of the morphology-dependent infrared band 
shifts. 

Experimental Section 
A. Samples. A powder sample of PTFE produced by an 

emulsion polymerization of tetrafluoroethylene was supplied 
by Daikin Industrial Ltd. This sample had a whisker-like 
morphology under the view field of the electron microscope as 
reported in ref 9 and was used as the standard for the ECC 
sample of PTFE. A highly oriented thin film was prepared 
by the friction transfer technique.11J2 A commercial F"FE rod 
was rubbed on a polished face of a steel block kept at 200 "C. 
The very thin film formed on the metal surface was transferred 
onto a KBr plate to be subjected to the IR measurement to 
ensure infrared polarization of very intense absorption bands. 
Perfluoro-n-eicosane and perfluoro-n-tetracosane were pur- 
chased from Ardrich Chemical Co. Inc. Thin plate-shaped 
single crystals of these oligomers were grown from trichloro- 
trifluoroethane solutions. Mixed crystals of C20F42 and C24F60 
were prepared by melting a powder mixture at 230 "C in a 
sealed aluminum pan followed by cooling to room temperature. 

B. Spectral Measurements. Infrared spectra were taken 
using a JASCO Fourier transfodinfrared (FT/IR) 8300 
spectrometer. For the measurements at low temperatures 
down to  30 K, an Oxford flow-type cryostat was used. The 
infrared RAS (reflection-absorption spectrum) was measured 
at room temperature on a thin film of C20F42 deposited on the 
flat surface of an aluminum plate. Transmission spectra of 
C20F42 and C24FEo were taken on plate-shaped single crystals 
so oriented that the basal normal (parallel to the molecular 
axes) was inclined by various angles of 0-40" to the incidence 
direction of the IR radiation. For IR measurements on very 
tiny specimens, a microfocus FTDR spectrmeter (JASCO 
Janssen) was used. Raman spectra were measured using a 
JASCO N R l O O O  double monochromator with 514.5 nm light 
from an Ar+ laser for excitation. 

At atmospheric pressure, PTFE exists in three crystal 
modifications with solid-state transitions at 19 and 30 
"C. The crystal structures were investigated by many 
authors in the 1950s and 196Os.l3-l6 Although there 
still exist some unsettled problems about the details of 
the molecular structure in the respective modifications, 
the molecular conformation of PTFE is now recognized 
as follows. Below 19 "C the molecules assume a (13/6) 
uniform helix forming a monoclinic or triclinic lattice. 
Between 19 and 30 "C the conformation changes to a 
(15/7) helix, the molecules being arranged in a trigonal 
lattice. Above 30 "C the molecules are believed to 
contain some conformational defects even though the 
hexagonal parallel alignment of the molecules is main- 
tained as a whole. 

The zone-center normal modes of the (13/6) uniform 
helix of PTFE are classified into eight symmetry species 
(r = 4A1 + 3A2 + 8E1 + 9E2 + ... + 9E6), and those of 
the (15/7) uniform helix are classified into nine species 
(r = 4A1+ 3A2 + 8E1+ 9E2 + ... + 9E7). In both cases 
the A1 and E2 species are Raman-active, the A2 is IR- 
active giving rise to parallel absorption bands, the E1 
is active in both IR (perpendicular bands) and Raman 
spectra, and the other species are optically inactive. 
Thus, the number of fundamental modes and polariza- 
tions expected to  be observed in IR and Raman spectra 
are the same in the two helices. 

Vibrational assignments of the IR- and/or Raman- 
active fundamentals have been investigated by many 
authors. However, for some IR and Raman bands the 
assignments still remain unsettled. The most conspicu- 
ous feature of the IR spectrum of PTFE is the appear- 
ance of very intense absorptions with three peaks at 
1242, 1210, and 1150 cm-l. These three bands have 
differently been assigned by previous authors. The 
main reason that makes the decision of the symmetry 
species of these bands difficult is the difficulty in 
preparing very thin and well-oriented film specimens 
suitable for IR polarization measurement. 

For our purpose, correct assignment of the IR-active 
A2 modes is of essential importance, so that we have to 
start with the establishment of the vibrational assign- 
ments of the IR bands of PTFE based on polarization 
measurements. In what follows, the IR-active funda- 
mentals are designated as Az(rn) (rn = 1-3) and El(rn) 
(rn = 1-8), the numbering rn being made in the order 
of higher to lower frequency. 

The A2(1) mode [the CF2 antisymmetric stretch: va- 
(CF2)I was assigned first by Liang and Krimm17 to the 
very weak IR absorption a t  1450 cm-l. The three 
intense IR bands around 1200 cm-l were assigned to 
the El(1) through E3(3) fundamentals. Thereafter, the 
Adl)  mode was assigned by Moynihan to the intense 
1210 cm-l band on the basis of IR polarization observed 
for overtones and combinations.18 Hannon et al. pre- 
sented dispersion cuvers for the (15/7) helix obtained 
by the normal mode calculation based on the Liang- 
Krimm (L-K) assignment.lg 

The L-K assignment was also supported by Piseri 
et a1.20 through comparison between the calculated and 
experimentally obtained dispersion curves for the (15/ 
7) helix along the c-axis (by means of coherent neutron 
inelastic scattering with the aid of IR and Raman data). 
On the contrary, Boerio and Koenig21 adopted the 
Moynihan assignment on the basis of the fact that there 
were no distinct IR absorptions around 1450 cm-l in 
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the spectra of a series of PTFE oligomers. They 
recalculated the dispersion curves based on the assign- 
ment and obtained results somewhat different from 
those in ref 19. 

For checking the reliability of the calculated disper- 
sion curves, the spectral data of the progression bands 
obtained for linear oligomers play important roles. In 
considering molecular vibrations of the oligomer CnFzn+2 
in accordance with the model of simply coupled oscil- 
lators, the phase angles (bk between the neighboring CF2 
oscillators allowed for the Kth modes on a dispersion 
curve are given by the equation 
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All the vibrational modes with these phase angles are 
potentially active in the IR andor Raman spectrum and 
observed as a series of progression bands in a particular 
frequency range characteristic of the respective disper- 
sion curve (or branch) of the infinitely long polymer 
molecule. In the case of F'TFE, there are nine branches 
v1 through vg, being designated from higher to lower 
frequency range. 

Rabolt and Fanconi22 compared the frequency data 
of the Raman progression bands obtained for CnFzn+2 
oligomers with the calculated dispersion curves pre- 
sented by various research groups and claimed that the 
data points fitted more accurately to the v3 branch 
calculated by Boerio and Koenig (B-K121 rather than 
that presented in ref 20. In a recent work on the IR 
spectra of PTFE oligomers reported by Hsu et al., the 
Moynihan assignment and the B-K dispersion curves 
were adopted.23 

According to the transition dipolar coupling theory 
presented by the present authors,* the morphology- 
dependent frequency shift should occur only for the IR- 
active parallel fundamentals and its magnitude should 
be proportional to  the oscillator strength of the band. If 
the intense 1210 cm-l band observed commonly in 
various PTFE samples including the emulsion-polym- 
erized whiskers is assigned to the Az(1) mode, we predict 
that the band exhibits a very large blue shift (by 100 
cm-l or more estimated from the absorption intensity 
of the band and the crystal structure of PTFE) in 
lamellar crystals of the oligomers. Contrary to  the 
prediction, the 1210 cm-l band and the two intense 
bands a t  both sides of it as well do not show any 
noticeable frequncy shift. 

This discrepancy motivated us to reexamine the 
assignments of the three intense IR bands around the 
1200 cm-l band through direct polarization measure- 
ment on highly oriented samples. For this purpose we 
used the following samples. First, we prepared a very 
thin and highly oriented PTFE film by the friction 
transfer technique (see Experimental Section). With 
this sample we obtained highly polarized transmission 
spectra free from saturation of the intense bands (Figure 
1). Here, we used a microfocus FT-IR spectrometer 
because of the small size of this sample. The three 
intense bands at 1250, 1206, and 1151 cm-l show 
undoubtedly Perpendicular polarization, indicating that 
they should be assigned, respectively, to the E1(1), El- 
(21, and El(3) fundamentals. In contrast, the A2(2) 
doublet around 645 cm-I (see the next section) shows 
clear parallel polarization. The &(3) band at 531 cm-l 
could not be measured with the MCT detector used for 
the microfocus measurement. Second, a hexagon- 
shaped lamellar single crystal of C20F42 (with thickness 
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Figure 1. Polarized infrared spectra of PTFE taken on a well- 
oriented thin film prepared by rubbing a PTFE rod on a steel 
plate kept at 200 "C. 

of ca. 30 pm) was subjected to a transmission spectral 
measurement. 

The polymorphic structures of this compound have 
been studied by Schwickert et al.1° At atmospheric 
pressure there are three crystal modifications which 
appear in the following temperature ranges: the R 
(rhombohedral) phase, T, = 437 K L T L Tcl = 200 K 
the I (intermediate) phase, Tcl L T L Tc2 = 143 K, and 
the M (monoclinic) phase, T < Tc2. In these modifica- 
tions, the molecules assume essentially the same con- 
formation that corresponds to the (15/7) uniform helix 
of PTFE in the trigonal form (in the temperature range 
19-30 "C). The X-ray diffraction taken on the C20F42 
single crystal in a wide temperature range covering the 
appearance of the three modifications showed that the 
molecular axes are always arranged normal to the 
lamellar face. The unit cell of the R phase (with the 
cell dimensions of a = b = 0.57 nm, c = 8.50 nm, and y 
= 120") consists of three molecular layers stacked along 
the c-axis, and each layer contains one molecule per unit 
cell. The lateral packing of the molecules is essentially 
the same as that in the trigonal PTFE having the unit 
cell dimensions of a = b = 0.566 nm, c = 1.69 nm, and 
y = 120". The unit cell of the M phase (with the cell 
dimensions of a = 0.965 nm, b = 0.566 nm, c = 1.95 
nm, and ,f3 = 97") consists of one molecular layer 
containing two molecules. The molecules are packed in 
a pseudohexagonal lattice as in the R phase, but 
handedness of the molecules differs from the case of the 
R phase; one molecule in the unit cell is a left-handed 
helix and the other is a right-handed helix. 

In the transmission spectrum taken on the single 
crystal of C20F42 at room temperature (the R phase) with 
the unpolarized IR beam incident normal to the lamellar 
face, only the perpendicular bands are observed as 
shown in Figure 2a. The three intense bands around 
1200 cm-l are fully saturated and the medium intense 
band at 555 cm-l associated with the El(4) mode 
[precisely speaking, the most-in-phase mode nearest to 
the &(4) zone-center mode of PTFE] is observed along 
with very weak perpendicular components of the pro- 
gression bands (see below). 

As the third sample, a thin film of C20F42 deposited 
on an aluminum plate was subjected to reflection- 
absorption spectroscopy (US), where only the modes 
with transition moment perpendicular to the metal face 
are excited. As shown in Figure 2b, several weak 
absorptions are observed in the 1300- 1100 cm-l range 
instead of the three intense bands seen in Figure 2a. 
The El(4) band a t  555 cm-l disappears, while the Ad21 
doublet around 645 cm-l and the Ad31 band at 531 cm-' 
appear with strong intensities. There are many pro- 
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Figure 2. Infrared spectra of C20F42 crystals at room tem- 
perature: (a) transmission spectrum taken on a lamellar single 
crystal with normally incident radiation; (b) RAS of a thin film 
deposited on the flat face of an aluminum plate. 

gression bands observed in the frequency range 1400- 
500 cm-l. Polarizations of the progression bands were 
decided by the oblique transmission technique. A thin 
plate of C20F42 single crystal was so mounted on the 
sample holder that the basal normal made an angle 8 
with the incident beam, and absorption spectra were 
recorded at various inclination angles. At 8 = 0 (normal 
incidence), only the perpendicular bands were observed 
as in Figure 2a. With increasing 8, the parallel bands 
began to appear and got stronger. Figure 3 shows the 
spectra measured at 110 K (the M phase) with the 
inclination angle of 8 = 0 and 23" (corrected for the 
refractive index of the sample). Here, the assignments 
of the v2, 19, and v4 progression bands are described. 
The progression bands with 12 = even are strongly 
polarized parallel to the molecular axis, and some of the 
odd-numbered modes appear as very weak bands. As 
far as the polarization is concerned, the same results 
were obtained a t  room temperature (the R phase). The 
spectral data are summarized in Table 1 along with the 
assignments of the bands. The frequencies of the bands 
observed in RAS are also given for comparison. 

On referring to these spectral data, conformation and 
orientation of the C20F42 molecules in the thin film 
deposited on the aluminum plate were considered, since 
the spectral feature of the progression bands reflects 
more sensitively the state of the molecules than the 
bands due to the zone-center modes. All the progression 
bands appearing in RAS in the 1400-1200 and 1125- 
500 cm-l ranges coincide in both frequency and relative 
intensity with the parallel progression bands of the 
single crystal. The weak satellite bands at the high- 
frequency wing  of the 1/3(4) and v3(6) progression bands 
observed in both RAS and the transmission spectrum 
at room temperature (see Figure 5) are associated with 
the molecules having conformational defects at the 
chain ends. In bulk samples they decrease in intensity 
with decreasing temperature and disappear as the 
sample transforms to the I phase. Details of the IR and 
Raman spectral changes on solid-state transitions will 
be reported elsewhere. 

The similarity in the spectral pattern of the IR 
parallel bands of C20F4.2 between the single crystal and 
the thin film deposited on the metal face, along with 
the selective appearance of the parallel bands in RAS, 
suggests that at room temperature the thin film as- 
sumes a structure very close to the R phase with the 
molecules arranged normal to the metal face. 

As for the assignment of the weak bands a t  1254, 
1219, and 1151 cm-l in RAS, there are two possibili- 
ties: (1) they are regarded as residues of the very 
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Figure 3. Infrared spectra of C20F42 single crystals at 110 K 
taken with the inclination angles of 8 = 0" (solid lines) and 8 
= 23 (broken lines). 

intense perpendicular bands caused by optical aberra- 
tion, misalignment of the molecules, etc. or (2) one of 
them, e.g., the 1219 cm-l band, is assigned to the Ad11 
mode. At present, it is difficult to  decide whether the 
Az(1) mode is assignable to the weak parallel component 
a t  1219 cm-l or to a very weak band around 1450 cm-l 
measured in C24F50 (see Figure 5). In any case, the 
oscillator strength of the Az(1) mode is very small 
compared with the other A2 modes. Therefore, the 
morphology-dependent frequency shift of this mode is 
predicted to be undetectably small. 

Two different types of dispersion curves of PTFE were 
presented by previous authors. The difference is par- 
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Table 1. Frequencies and Assignments of Infrared 
Bands of C&42 

4 4  & $0 530 A0 1:o ' 
I I 
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570 
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591 
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654 
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686 
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739 
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756 
779 
832 
837 
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1114 
1121 
1128 
1133 
1137 
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C 

1279 

1291 
1306 
1323 
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1377 

Measured by RAS. Fermi resonance doublet. Not observed 
due to saturation. 

ticularly notable for the v1 and v2 branches. In the 
present work, the dispersion curves were examined 
based on the spectral data of the progression bands 
(Figure 4). If the Az(1) mode is assigned to the band 
around 1450 cm-l (case 11, the ~1 starts at the point (Y 
= 1450 cm-l, 4 = 0") and goes toward the El(1) mode (v 
= 1252 cm-l, 4 = 168"). There are no observed data 
points between these two points. The v2 starts a t  the 
Al(1) mode (v = 1379 cm-' as observed in Raman 
spectrum, 4 = 0") and goes toward the E1(2) mode (Y = 
1206 cm-', 4 = 168") with many progression bands in 
between. The v3 starts at the Al(2) mode (v = 738 cm-l 

Davydov split in the monoclinic phase. 

Ai,A2 Ez I !  E l  
I 
I 
I 

I 

_ - -  

I .mi  0 y-, 

c20 
C Z 4  

I 

as observed in the Raman spectrum, 4 = 0") and goes 
toward the El(3) mode (v = 1151 cm-l, 4 = 168") with 
many data points in between. The steepest slope of the 
dispersion around 4 = 70" is rather close to the result 
calculated by Hannon et al.19 On the contrary, if the 
A2(1) mode is assigned to the weak parallel component 
at 1219 cm-l (case 2), the VI starts a t  the Al(1) mode 
and goes toward the El(1) mode. This corresponds to 
the v2 branch of case 1, except for the region around 4 
= 160". The v2 starts at the Az(1) mode and goes toward 
the E1(2) mode. Because of the very small frequency 
gap between these two modes, no progression bands on 
this branch are detected. At present, it is difficult to 
conclude which case is more reliable. In Figures 3, 4, 
and 13 as well as in Table 1, we adopt conventionally 
the notation of the branches defined in case 1. 

Frequencies and Absorption Profiles of the A2 
Bands in Relation to the Crystal Morphology 

In Figure 5 unpolarized IR spectra taken on powder 
samples of emulsion-polymerized PTFE (Pl), C20F42, 
and C24F50 are compared with one another. In the P1 
sample having an ECC-type morphology, the A2(2) and 
Ad31 bands appear, respectively, a t  636 and 505 cm-l, 
while they are shifted to 642 and 524 cm-l in the 
lamellar crystals of the oligomers. On the contrary, the 
E1 bands as well as the Raman-active A1 bands (Figure 
6) appear at the same positions within the experimental 
ambiguity in these three samples. 

The spectral profiles of the A2 bands are influenced 
by the state of the sample. In Figure 7 are shown the 
IR spectra of C20F42 in the 700-490 cm-' region 
containing the A2(2), A2(3), and E1(4) bands in three 
different crystalline states (at room temperature): a 
polycrystalline powder, a single crystal with the basal 
normal inclined by 30" to the incident radiation for 
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Figure 5. Infrared spectra of powder samples of FTFE (Pl), 
C20F42, and C24F50. 
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Figure 6. Raman spectra of powder samples of PTFE (Pl), 
C20F42, and C24F50. 

observing the parallel bands, and a thin film deposited 
on an aluminum plate measured by RAS. In Figure 7a, 
the absorption profiles in the 590-490 cm-l region are 
divided into five Lorentzian components after the cor- 
rection of the base line (the broken lines). The highest 
component at 555 cm-l is due to the El(4) perpendicular 
band (hence, it disappears in the RAS) and the other 

E1141 Powder 
533 543 I 

21.1% 78.9% 6 

- - - - _ _ _ _  - - - - _ _  
640 820 

I .6 El,4) ~ingla-crystal I ',"I Single-crystal 
(incld. 30') I incld.30') 

Wavenurnber/cm-l Waverum 
( 0 )  ( b )  

Figure 7. Infrared absorption profiles of C20F42 in three 
different crystalline states: powder, single crystal, and thin 
film deposited on an aluminum plate (measured by RAS). 

two are due to the vg(1) [i.e., A2(3)1 and vd2) bands with 
parallel polarization. The relative integrated intensities 
(in percent) of the parallel absorptions are described in 
the figure. The peak position of the Ad31 band is 
further shifted toward the high-frequency side as the 
sample goes from polycrystalline to the well-grown 
lamellar type. At the same time, the intensity distribu- 
tion between the vg(1) and vg(2) components varies. 
Contrary to the significant change of these parallel 
bands, the El(4) perpendicular band does not show any 
change in either frequency or profile. 

The similar spectral change of the parallel bands in 
the 670-610 cm-' region is shown in Figure 7b. Before 
discussing the spectral characteristics, we have to 
mention the assignment of the A2(2) band in PTFE. In 
the IR spectrum of PTFE, there appears a doublet with 
peaks a t  639 and 626 cm-'. The former has been 
assigned to the A2(2) mode [approximately, the CF2 
wagging: w(CF2)I of the (15/7) or (13/6) helix, and the 
latter to the corresponding local mode associated with 
trans sequences formed in the helix as a result of the 
helix reversal motion, on the basis of the experimental 
fact that it becomes stronger with increasing tempera- 
ture and also of the calculated density of states for a 
PTFE molecule containing such type of conformational 
defects.22 

However, we propose another interpretation for the 
doublet. As shown in Figures 5 and 7b, the absorption 
profile at a constant temperature (at 25 "C) is influenced 
by the state of the sample not only in the relative 
intensity but also in the peak positions. The integrated 
intensity ratio R = Ahigh/A1ow of the doublet varies as 
follows: R = 50/50 for P1, R = 68/32 for polycrystalline 
C20F42, R = 85/15 for single-crystal C20F42, and R = 871 
13 for thin-layer C20F42. The peak positions are shifted 
toward the high-frequency side in this order. We 
consider that the spectral change should be explained 
by the Fermi resonance between the Ad21 fundamental 
mode and the (383 cm-l) x E1(6) (278 cm-l) 
combination mode. The frequencies of the El(5) and El- 
(6) modes were measured by far-infrared spectroscopy 
(Figure 8). Since the combination includes the A2 
species (E1 x E1 = A1 + A2 + E2), it is able to  couple 
with the A2(2) fundamental, giving rise to a doublet 
through the Fermi resonance. The absorption due to  
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Figure 8. Far-infrared spectrum of PTFE. 

Table 2. Morphology-Dependent Band Shifts (cm-l) of 
the Aa Modes of PTFE 

sample Az(2) mode Az(3) mode 
PTFE 
(PI) 

(powder) 

(single crystal) 

(thin film) 

C20F42 

C20F42 

C20F42 

639 629 634.0 505 

643 629 638.4 520 

648 631 645.5 530 

648 631 645.8 530 

(50.0:50.0)” 

(67.5325) 

(85.4:14.6) 

(87.4:12.6) 

a “he integrated intensity ratio of the Fermi resonance doublet 
is given in parentheses. 

the Fermi resonance doublet varies very sensitively with 
the position of the A2(2) fundamental, which moves with 
change in crystal morphology. In other words, the 
morphology-dependent spectral change is enhanced by 
Fermi resonance. From the measured peak positions 
and the intensity ratio of the doublet components, the 
intrinsic values of the Az(2) mode frequency for the 
respective samples were evaluated as summarized in 
Table 2, where also the A2(3) mode frequencies are 
given. 

A2 Band Shifts Predicted by Transition Dipolar 
Coupling Theory 

As reported in ref 8, the magnitude of the band shift 
(in cm-l) for the kth fundamental is expressed by the 
equation 

where p denotes the dipole moment of the whole 
crystallite, Qk the normal coordinate of the kth mode, 
and vko the intrinsic frequency (in cm-l) of the kth mode 
free from the transition dipolar interactions. C(KJIRj3) 
is the geometric factor (the Madelung constant) related 
to the spatial distribution of the transition dipole 
moments within the whole crystallite. Each Kj/Rj3 term 
for the interaction between the transition dipoles a t  the 
origin (the 0th dipole) and thej th  one is expressed by 
the following equation using the parameters defined in 
Figure 9: 

K/R; = (COS 0, j  - 3 COS 8, COS 8j)lRj” (3) 

Since the IR parallel bands arise from the in-phase 
oscillation of the transition dipoles along the chain axis, 

~ PTFE 
I 

i 

I 1 1 , I 

Wavenumber / cm-’ 
700 600 500 400 

Figure 10. Separation of infrared absorption profile of PTFE 
(P1) in the 700-400 cm-’ region. 

the geometric factor for the parallel bands is reduced 
to 

In ref 8, it has been shown that the magnitude of the 
geometric factor vanishes for the extreme case of the 
ideal ECC and increases monotonously as the crystal 
morphology goes to the lamellar type (see Figure 12 in 
ref 81, approaching the maximum for the ideal lamellar 
crystal, i.e., for the two-dimensional lattice. For such 
a two-dimensional lattice, the geometric factor becomes 
C(l/Rj3) whose value for PTFE is obtained as 0.0484 k3 
from the hexagonal lattice determined by Bunn and 
H0we1ls.l~ 

(ap/aQ)02 in eq 2 is expressed in terms of the inte- 
grated molar absorption coefficient A (cm mol-l) as 

(8,d8Qk);[in cm3 s-ll = 3c2NNAn = 1.426 x 10-3A 
( 5 )  

where c (cm s-l) denotes the velocity of light in a 
vacuum and NA is the Avogadro constant. The values 
ofA for the Az(2) and A2(3) modes in the absolute scale 
were obtained as follows. IR spectra of the powder P1 
sample were measured on KBr pellets of various poly- 
mer concentration cp. The thickness d of each pellet was 
measured using a dial gauge. The absorption profile 
in the 700-400 cm-l range was separated into four 
Lorentzian curves as shown in Figure 10. The inte- 
grated intensities I of the Az(2) (the doublet caused by 
the Fermi resonance), A2(3), and &(4) bands were 
obtained. The A value of each mode was evaluated from 
the slope of the Ild vs cp line as shown in Figure 11. 
The magnitudes of oscillator strength A h k 0  (in cm2 
mol-l) per monomeric unit were obtained as given in 
Table 3. 

The maximum frequency gap for the kth mode be- 
tween the ideal ECC and lamellar morphologies is 
derived from eq 2 as 
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I PTFE d 

Concentration/ W m o l  cm-' 
Figure 11. Integrated intensities (per unit thickness of KBr 
pellet) of the A2(2), and El(4) bands of PTFE as a 
function of polymer concentration. The values of the inte- 
grated molar absorption coefficients A are indicated. 

Table 3. Calculated and Observed Frequency Shifts of 
the Infrared Parallel Bands of FTFE 
YO A AlVO AVcalc AVobs 

mode (cm-1) (cm mol-') (cm2 mol-') (cm-') (crn-l) 

&(2) 634 3.78 x lo5 5.96 x lo2 8.7 12 
&(3) 505 11.1 x lo5 2.20 x lo3 32.1 25 

A'VkM[in Cm-'] = (1/82C2)(A/'Vk0)(5-") = 2.009 X 

10-2p(A/vk0)[in cm2 m~l- ' I (CR-~)[ in  (6) 

where p denotes the number of monomeric units that 
consist of the unit transition dipole (in the point dipole 
approximation). 

The values for the Az(2) and modes were 
calculated as given in Table 3, in good agreement with 
the experimental Avk values measured between the 
PTFE whisker (Pl) and the thin layer of C20F42 depos- 
ited on an aluminum plate (see Table 2). Here we 
assume that one unit transition dipole consists of 15 CFZ 
groups, i.e.,p = 15. 

The IR perpendicular bands assignable to the doubly 
degenerate species do not show such morphology- 
dependent frequency shifts, because the transition 
dipolar interactions are canceled out when they are 
summed up over the whole c r y ~ t a l l i t e . ~ , ~ ~  The IR- 
inactive Raman bands are not influenced by the crystal 
morphology simply because (8,d8&k)02 = 0. 

Transition Dipolar Interactions in Mixed 
Crystals of C20F42 and C24F50 

As described in the preceding section the high- 
frequency shifts of the IR parallel bands are caused by 
the in-phase oscillation of the parallel transition dipoles 
among the molecules constructing a single domain of 
the lamellar crystallite. If such an in-phase relation 
among the neighboring molecules in the lamellar crys- 
tallie is destroyed by some causes, the high-frequency 
shifts might cease to occur. In fact, this was confirmed 
experimentally for lamellar-type mixed crystals of nor- 
mal and deuterated paraformaldehydes (PFA and PFA- 
dz, linear oligomers of POM and POM-d2) where the in- 
phase oscillation is hampered by different normal 
frequencies of the mutually surrounding two isotopic 
species.27 The result showed that PFA-dz molecules 
surrounded by PFA molecules in solution-grown lamel- 
lar-type mixed crystals gave rise to the parallel A2 bands 
a t  the frequencies free from the transition dipolar 
interactions. 

Morphology-Dependent Spectral Changes in 

2 50 
C20F42 

-2501 I 1 I 

v) n = -  85.50C 

-250, 
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C24F50 

O i r ,  -60.8OC 

PTFE 323 

- m u  
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T P C  

Figure 12. DSC thermograms (on heating) of C20F42 and 
C24F50 and their mixed crystals with different compositions 
(indicated by the mole ratio C20F4dC2250). 

A similar effect caused by the disturbance of the in- 
phase oscillation is anticipated in mixed crystals of 
linear oligomers having different chain lengths. In this 
case, the in-phase oscillation is maintained for the most- 
in-phase modes (i.e., the modes with k = 1 in eq 1 for 
the parallel bands), because their frequencies are almost 
independent of the chain length and approximately 
identical with those of the corresponding zone-center A2 
modes. Therefore, the parallel most-in-phase bands in 
the mixed crystals should exhibit the same morphology- 
dependent shifts as those in pure C20F42 or C24F50 
crystals. On the contrary, the frequencies of the other 
progression bands depend on the chain length. There- 
fore, the transition dipolar interactions for these bands 
should be reduced in the mixed crystals. 

Mixed crystals of C20F42 and c 2 3 5 0  prepared in the 
present work (see Experimental Section) are repre- 
sented here by the mole ratio C ~ O F ~ ~ C Z ~ F ~ O .  They give 
rise to DSC thermograms (on heating) shown in Figure 
12 in comparison with those of pure C20F42 (upper) and 
C24F50 (bottom). In every mixed crystal, there appears 
one broad endothermic peak at a temperature lower 
than the transition temperature of C20F42 from the 
intermediate phase to the rhombohedral phase,1° indi- 
cating that CzoF4dC24F50 cocrystals are formed in our 
samples. The IR spectra of these cocrystals were 
measured at various temperatures down to 100 K. 

The IR spectrum of the (25/75) mixed crystal mea- 
sured at 110 K is reproduced in Figure 13 in comparison 
with the weighted superposition of the spectra of pure 
C20F42 and C24F50 measured at the same temperature 
(broken lines). Assignments of the v&) progression 
bands associated with C20F42 and C24F50 are indicated 
on the figure. The v3(K) bands due to CZOF4.2 (the minor 
component) in the mixed crystal are red-shifted from 
the positions of pure C20F42. The v&) bands due to  
C24F50 (the major component) show similar but less 
pronounced red shifts. The results obtained for mixed 
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Figure 13. Infrared spectra of the (25/75) mixed crystal 
measured at 110 K (solid lines) in comparison with the  
weighted superposition of the spectra of pure C20F42 and C&~O 
(in the  powder state) measured at 110 K (broken lines). 

Table 4. Frequency Shifts (crn-9 of the vs(k) Progression 
Bands of Cad?& and C g w  in Their Mixed Crystals with 
Various Mole Ratios (CmF&Cdm) Measured at 110 K 

mole ratio 
100/0 80/20 55/45 25/75 0/100 

mode v v Av v Av v Av v 

C20F42 Component 
~3(4)  758.1 757.9 -0.2 756.7 -1.4 755.0 -3.1 
~3(6) 839.6 838.9 -0.7 837.5 -2.1 835.0 -4.6 
~3(8) 966.9 966.5 -0.4 965.3 -1.6 962.8 -4.1 
V3(10) 1067.3 1067.0 -0.3 1066.3 -1.0 1065.3 -2.0 

C24F50 Component 
v3(4) 742.9 -2.7 743.9 -1.7 744.4 -1.2 745.6 
~3(6)  786.8 -0.6 786.8 -0.6 787.5 
~3(8)  888.3 -1.5 888.6 -1.2 888.8 -1.0 889.8 
v3(10) 992.5 -0.7 992.7 -0.5 992.7 -0.5 993.2 
v3(12) 1071.1 -0.7 1071.4 -0.4 1071.4 -0.4 1071.8 

crystals of d i f fe ren t  composi t ions  are summarized in 
Table 4. The magnitude of the red shift for a pa r t i cu la r  
v3(k) band of one cons t i t uen t  i nc reases  with a decrease 
of its concent ra t ion  (i.e., with inc reas ing  extent of 

dilution with the other cons t i t uen t )  as predicted from 
the transition dipolar coupl ing  theory .  The most-in- 
phase parallel bands [corresponding to the Ad21 and A2- 
(3) fundamentals of PTFE] remain unshifted in the 
mixed crystal regardless of the composition. 

The transition dipolar coupling theory  also predicts 
that the magnitude of the red shift in the mixed crystals 
is more pronounced  for the progress ion  band which has 
greater oscil lator strength and is posit ioned more 
distant from any one of the progression bands due to 
the diluent molecules. In fact, the largest red shift is 
observed for  the 146) band of C20F42, which has a 
comparatively large oscil lator strength and is well 
separated from both the v3(6) and v3(8) bands of C24F50. 
The v3(8) band of C20F42 has a larger oscil lator strength 
than the v3(6) band but locates rather close to the v3- 
(10) band of C24F50. Consequently, the ~ 3 ( 6 )  and ~ 3 ( 8 )  
bands are red-shifted by nearly the same magnitude. 
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