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Wide-angle X-ray scattering (WAXS), YF nuclear magnetic resonance (n.m.r.) spectroscopy, differential
scanning calorimetry (d.s.c.) and density measurements have been employed to determine the crystallinity of
melt-quenched poly(tetrafluoroethylene) samples of different molecular weight. The methods have been
checked for consistency before a routinely used infra-red (i.r.) spectroscopic and a recently devised Raman
spectroscopic procedure have been correlated with crystallinity as derived by the four conventional
methods. The usefulness of the two vibrational spectroscopic methods for determining crystallinity has then
been assessed. It was found that WAXS, d.s.c. and density give consistent results in that they clearly show
the same trends in the sample crystallinity. In contrast, neither free induction decay nor solid echo pulse
sequence n.m.r. correlate with any of these methods, and possible reasons for this behaviour are discussed.
Raman as well as i.r. data correlate well with the crystallinity by WAXS, d.s.c. and density. In this respect,
both methods are found to be equally useful in estimating crystallinity. © 1997 Elsevier Science Ltd. All

rights reserved.
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INTRODUCTION

A number of papers have appeared reporting on
methods for determining crystallinity in poly(tetrafiuoro-
ethylene) (PTFE). Quantitative studies were restricted to
measurements on rather small sets of samples typncallgy
consisting of less than 10 melt-crystallized specimens

In addition, the molecular weight of the polymers used
remained unspecified if the grades were characterized at
all. It was, therefore, impossible to investigate whether
the molecular weight has an effect on the relationship
between the respective measured quantities which could
be anticipated in view of an observed molecular weight
dependence of the morphology % No more than three
different methods were cross- eorrelated in any of these
studies with most of the investigations restricting
themselves to a comparison of only two methods. To
our knowledge no work has been published in which all
conventional methods for determining crystallinity in
PTFE, namely wide-angle X-ray scattering (WAXS),
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nuclear magnetic resonance (n.m.r.) density, differential
scanning calorimetry (d.s.c.) and infra-red (i.r.) spectro-
scopy have been utilized to characterize the same sample
set. Consequently, some doubts remained whether these
methods really give consistent results. Furthermore,
PTFE, upon cooling from the melt, rapidly crystallizes
into a partially crystalline solid whose most prominent
morphological features are thick lamellar structures.
There is some evidence suggesting that the semi-crystal-
line material cannot be adequately described with a
simple two-phase model*!"'% and more comprehensive
experimental data are needed to help clarify this point.
We report on a study on PTFE which was conducted
with the aim of conclusively testing the aforementioned
methods for consistency. Three commercial grades of
different molecular weight were employed and a total
of three as-polymerized and 68 melt-quenched samples
were characterized to enhance the statistical significance
of the correlations of the corresponding data sets. Also
included in this study is a comparison of the conven-
tional methods with a new, recently proposed procedure
based on Raman spectroscopy. Although some details of

POLYMER Volume 38 Number 7 1997 1521



Comparative study on crystallinity of PTFE: R. J. Lehnert et al.

the latter method have already been published elsewhere"
a comprehensive account of the procedure will be given
here for completeness and also to throw some light on the
nature of the exploited spectral feature. Further, the
usefulness of the Raman spectroscopic method was
critically assessed by comparison with its i.r. counterpart.

Crystalline PTFE exhibits three solid phases at
atmospheric pressure with first-order crystal-crystal
transitions occurring at 292 and 303K, the former of
which is accompanled by a relative change in density of
approximately 1%'*1°. The equilibrium meltmg point
lies, depending on the chosen extrapolation'®, between
605 and 620K. It is generally agreed that in the low
temperature (LT) phase the molecules pack in a highly
ordered triclinic structure adopting a 13/6 helical
conformation having 13 equally spaced CF, groups in
six turns. The intermediate temperature (IT) phase
between 292 and 303K is of hexagonal symmetry, the
molecular helix slightly untwisting to form a 15/7 helix.
The hexagonal lateral packing of the molecules is
maintained in the high temperature (HT) phase, the
intermolecular separation increased and the helical
conformation further untwisting as the temperature is
raised. It has been suggested that disorder is introduced
into the crystal lattice of the IT phase by thermally
activated librational motions of the chain segments
and helix-reversal defects. In the HT phase, trans and
gauche conformations are thought to become activated
and translational motion sets in, in the chain direction
dlsturblng the longitudinal order in the crystal
lattice' The polymeric solid is known to be
highly crystallme and fully amorphous PTFE has never
been observed'*?. Several authors have indicated that
conformational, orientational and even lateral order
could persist even in the molten material®™ >’

EXPERIMENTAL
Materials and sample preparation

As-polymerized commercial grade polymers were
supplied in powder form by ICI, UK (Fluon G163)
and Hoechst AG, Germany (Hostaflon TF1750 and
KU02). Accordmg to Suwa et al’s empirically derived
relationship®™ between the number-average molecular
weight and the heat of crystalllzatlon the molecular
weight  was estlmated at 44 x 10>, 22 x10° and
2 x 10° gmol™! for G163, TF1750 dnd KUO02, respec-
tively. Material that has never been melted and has been
used as provided is subsequently referred to as ‘virgin’
polymer. The polymer powders were cold pressed under
vacuum at a pressure of 7500 kgcm ™2 to form discs with
a diameter of 13 mm and a thickness of ca 120 um. The
discs were heated at 650 K—well above the peak melting
temperatures of the polymers-——for 1h, subsequently
quenched in an ice—water bath and then annealed for
various times at temperatures between 590 and 600K to
yield samples of various crystallinities. Thermogravi-
metric analysis confirmed that polymer degradation did
not occur during quenching and annealing. X-ray
diffraction (XRD) and i.r. transmission spectroscopy
were applied without altering the quenched specimens.
After characterization by XRD and ir. spectroscopy.
three discs, 3.6 mm in diameter, were punched out of
each sample along the diameter, which coincided with
the image of the diffractometer collimator slit on the
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sample. For the Raman measurements the three discs
were stacked to increase significantly the scattering
volume. Similarly, the n.m.r. measurements were made
on the set of discs to improve the '°F signal intensity.
Subsequently, each set of discs was used to determine the
density and the heat of fusion. Deviations in the
measured values of the respective quantities were found
to lie within the experimental error of each method for
the three individual discs comprising a set. An oligomer
of PTFE, n-C,yF,, was obtained from Aldrich and used
as provided. The melting point of the mass spectroscopy
standard was measured by d.s.c. at 437K at a scanning
rate of 20 K min™"

Wide-angle X-rav scattering

Step-scan diffractograms were recorded in reflection at
298 K with a Philips 1700 diffractometer using nickel
filtered Cu Ko radiation. The data were corrected for
polarization and scattering angle before deconvoluting
the overlapgmg amorphous halo and the (100) diffrac-
tion pedk Ratioing the integral intensities and
correcting for density gives the degree of crystallinity
by WAXS, X (X-ray). Prior to obtaining diffractograms,
flat-film photographs of quenched specimens were
acquired at ambient temperature to check the samples
for preferred molecular orientation. Photographs were
taken parallel and perpendicular to the surface plane of
the specimens using forward reflection techniques and
nickel filtered Cu K« radiation.

Nuclear magnetic resonance spectroscopy

N.m.r. measurements of crystallinity are based on
associating either n.m.r. relaxation times or lineshapes
found in a fit to the experimental data with the crystalline
and amorphous phases within a polymer. Thus, in
contrast to XRD the n.m.r. determination of crystallinity
is based on the differing dynamics usually found for the
crystalline and amorphous regions rather than differ-
ences in order. A fundamental assumption is that the
dynamic processes characterizing the two regions have
distributions largely independent of the sample. In
practice this condition can be relaxed somewhat to
allow for differences in the distributions providing that
the effect of these variations on the n.m.r. properties still
leaves the crystalline and amorphous responses distinct.
The choice of the appropriate n.m.r. method is proble-
matic. Although a linear correlation has been established
between the crystallinity as found by n.m.r. multiple
pulse lineshape analysis and densityz, this procedure is
not suitable for a routine plant application, in view of the
technically demanding character of the data acquisition.

Previous experience suggests that analysis of the free
induction decay (FID) after single pulse exc1tdt10n is a
viable simple method for determining Crystdllmlty ,30.31
Here, the fast decaying Gaussian component in the FID
is identified with the crystalline phase while the slow
decaying exponential is said to be the amorphous phase.
Serious complications with this experiment arise in the
more limited equipment suitable for plant operation
because of the instrument dead times which result in the
loss of the first few microseconds of data, making the
initial decay of the FID very ill-defined. Solid-echo
experlments overcome the problem of the instrument
dead time* but introduce another complication, ndmely
the question ofwhether the whole of the magnetlzdtlon is
being refocused™. Complete refocusing in a solid-echo
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only occurs when the dipole—dipole interaction can be
treated as an isolated rigid spin-1/2 pair. Multiple spin
interactions, chemical shift anisotropy and dynamlc
processes all introduce incomplete refocusmg 3. Sucha
case must exist in PTFE where chain dynamics are
present in the amorphous phase, and although the
dipole—dipole interaction in the crystalline region will
be dominated by the CF, groupings there will also be
other contributions.

Furthermore, in the crystalline region, °F spins will
have a substantial chemical shift anisotropy of the order
of 15kHz. The uncertainty is then whether and to what
degree back extrapolation of the fitted solid-echo
components is necessary. In view of this uncertainty,
back extrapolation to the start of the FID was not
carried out. Providing all the PTFE samples display
similar dynamic processes the only consequence of
taking the fitted components from the solid-echo itself
will be to introduce a proportional systematic error into
the derived crystalllnltles

Solid state "F n.m.r. free induction decays were
measured at 188.5MHz on a Bruker MSL200 n.m.r.
spectrometer. A 5.5 us /2 pulse was used with a dead
time of 8 us for single pulse excitation and an interpulse
delay of 8 us for a solid-echo. In each case, 720 transients
were acquired using a 5s recycle delay, 2048 data points
and a dwell time of 0.4 us. All measurements were made
in the HT phase at 333K to emphasize the difference
between the rigid crystalline and mobile amorphous 7.
The PTFE discs were left for 1h to equilibrate at this
temperature before data collection started. The FID’s
were then fitted to the sum of an exponential and
Gaussian function using a non-linear least squares fitting
method based on the Levenberg—Marquardt
algorlthm The mass fraction of crystalline material
by nm.r., X (n.m.r.), was determined by taking the ratio
of the amplitude of the Gaussian signal to the total signal
intensity. Experimental noise levels were found from the
final 20 points of the FID.

Differential scanning calorimetry and density
measurements

Absolute density measurements utilizing the sink/
swim method were conducted in compliance with
international standard ISO 1183:1987, Method C. The
measurements were carried out at 296K using 1,4-
dibromobutane and dibromomethane as immersion
liquids. It was verified that the effect of solvent uptake
by the specimens on the measured density values stayed
within the experlmental uncertainty of approximately

+2x 1073 gem™”. Heats of fusion, AH;, were deter-
mined from the meltmg endotherms obtained with a
Perkin Elmer DSC 7 scanning calorimeter at a heating
rate of 20 K min™". Values for AH; were then normalized
by the total weight of the semi-crystalline sample to yield
the enthalpy of melting, Ah;.

Infrared spectroscopy

Lr. transmission measurements in the range 400-
4000cm™' were made on a Mattson, Galaxy 2020
spectrometer equipped with a TDGS detector. Twenty
spectra with a nominal resolution of 2cm™! were co-
added before processing the data, employing a method
for the determination of the degree of crystalhnlty
of PTFE proposed by Moynihan*. The method is based
on the i.r. peak absorbances of an amorphous band

at about 780cm ™! and a band at 2367cm ! whose
absorbance is considered to be insensitive to the
molecular arrangement and hence to be only dependent
on the sample thickness. Accordmg to Moynihan, the
ratio A(778cm 1)/A(2367cm™') relates linearly to
X.(X-ray) and the sample density. Although our
samples were some 120 um thick they were still thin
enough to allow accurate measurement of the relevant
peak absorbances.Values for the absolute absorbance
(peak absorbance plus baseline) at 2367 and 778 cm™!
lay between 0.5 and 0.7 for the former and around 1 for
the latter frequency, which is within the linear range of
the detector.

Raman measurements

Raman Stokes spectra with a nominal resolution of
2cm™! were recorded on a Perkin Elmer 1700X Fourier
Transform Raman spectrometer equipped with an indium
gallium arsenide photodetector and linearly polarized
neodymium:YAG laser operating at a wavelength of
1064 nm. Scattering light of all polarization directions was
collected in back-scattering geometry. Stokes shifts in the
region below the Rayleigh line rejection filter cut-off at
180cm ! were inaccessible. The laser power at the sample
was 500 mW, and the Norton—Beer medium apodization
function’” was chosen for Fourier transforming the
1nterferograms reducing the actual spectral resolution to
2.7cm™! (Raylelgh criterion). In order to improve the
signal-to-noise ratio, 60 spectra were co-added. Specimens
were mounted in a purpose-built sample holder equipped
with a Peltier-element driven temperature stage to allow
variable-temperature Raman spectra to be obtained.
Spectra of crystalline and molten oligomers were recorded
after a short-wave > pass filter (OD> 3 for Stokes shifts
exceeding 1400 cm™ ') had been fitted to the spectrometer.
The filter was needed to block off most of the thermal
emission of the hot samples, avoiding in this way detector
saturation. A conventional Dilor Raman spectrometer
with 488 nm argon laser excitation was used to record
spectra of molten PTFE at a resolution of about 4cm ™!
Spectra of the molten polymer did not exhibit any changes
over the course of 1 h, suggesting that if decomposition or
any other effects occurred they caused no spectroscopic
effect. All work on molten materials was conducted
utilizing an aluminium sample holder fitted with a heater
cartridge. None of the spectra presented here were
corrected for instrument response.

RESULTS AND DISCUSSION
Primary methods: WAXS and n.m.r.

Quenched sheets of high molecular weight PTFE were
reported to possess a high degree of planar orientation
in their_surface layers. Contrary to this finding other
authors® could not observe any preferred molecular
orientation in performed and subsequently sintered
samples of unspecified molecular weight. Planar orienta-
tion in which the molecular axes are parallel to the
specimen surface, with a random distribution of the axes
in the plane causes the equatorial reflections (4k0) to lie
preferentially along a locus perpendicular to the surface
plane, whereas (407) reflections tend to scatter out of the
perpendicular plane. Ultimately this leads to higher
relative counting rates for (hk0) reflections in diffract-
ometers operating in reflection geometry. In this case, on
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Figure 1 Typical solid-echo FID "F n.m.r. signal of melt-crystallized
PTFE (solid line) and corresponding fit (a). Fitted curve is the sum of an
exponential (b) and a Gaussian function (c). Curves (a)—(c) are shifted
by +0.1 along ordinate for clarity. Difference (d) between measured and
fitted intensity is multiplied by a factor of 2 for emphasis. Acquisition
temperature was 333 K; specimen was denoted KL

the assumption that amorphous material does not
exhibit any type of orientation, one expects the crystal-
linity by WAXS to be overestimated. To check whether
preferred molecular orientation plays a role here, flat-
film photographs of a number of quenched spe01mens
with widely varying heats of fusion (28-55Jg™!) were
taken. None of the samples made of grade KUO2
exhibited any sign of preferred orientation: photographs
taken from either direction showed perfect ring patterns.
In contrast, all specimens made of the higher molecular
weight polymers G163 and TF1750 had their diffraction
rings broken into arc patterns if the photographs were
taken parallel instead of normal to the specimen surface
plane. All observed arc patterns, namely, of the (200),
(110), (210), (107) and (108) Bragg reflections, were
compatible with the samples showing planar orientation,
the effect of which on the diffractograms could not be
corrected. Consequently, only diffractograms of polymer
KUO02 could be meaningfully analysed for quantitative
work. No conclusive explanation can be given here why
preferred molecular orientation exclusively occurred in
the hlgher molecular weight polymers.

All the F n.m.r. solid-echo free induction decays could
be very satisfactorily fitted to a two-phase model based on
an exponential and Gaussian function. Although chemical
shift oscillations might be expected to complicate the
picture for the crystalline material, in practice, strong
ddmpmg of the oscillations occurs as a result of the '°F

"F dipolar coupling, with the effect that the signal decays
to zero before the first null point. The overall effect is
stmply to decrease 7. A typical fit is shown in Figure 1. On
the scale of the drawing no deviation between the fitted
curve and the experimental data is apparent. Given the
evidence for an oscillation in the FID, attempts were made
to improve the fit using the Abragam-type function to
describe the crystalline phase. However, these proved
largely unsuccessful with the oscillatory term being
forced to unity, reducing the Abragam function to the
simpler Gaussian one. The observed time constants Tm
are determined by the second moment of the "F-'""F
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Figure 2 Mass fraction of crystalline material by solid-echo FID
n.m.r., X.(n.m.r.) versus the mass fraction of crystalline material by
WAXS, X (X-ray). Filled circles = grade KU02

homonuclear dipolar coupling. Values around 17 us for
the Gaussian component are typical of the crystalline
phase above the 30°C phase transition while the longer
exponential time constant of 70 us reflects a reduction in
the second moment from the rigid lattice value caused by
the polymer dynamics. Both time constants are similar to
those reported previously for PTFE*. A small reduction
in T, for the Gaussian component arises as a consequence
of the contribution to the dephasing from the extensive
chemical shift anisotropy. On the whole, the variation in
T> was found to be small, less than [ us for the Gaussian
component but somewhat greater at [5us for the
exponential component.

A plot of the crystallinity derived by n.m.r. and by
XRD is shown in Figure 2. Overall, the correlation is
poor, with the n.m.r. crystallinities covering a very
limited range of values from 0.40 to 0.48, in contrast to
the greater spread of those found by XRD (0.45-0.80).
Having said this there is an obvious gross correlation in
that both n.m.r. and XRD identify all samples as having
a crystalline fraction in excess of 0.4. The failure to
refocus chemical shift dephasing coupled with the finite
pulse width of 5.5 us will account for an under-reporting
of the crystalline phase by a factor of the order of 0.74
based on density matrix calculation of the response of an
isolated rigid CF, group to a solid-echo pulse sequence
using the program ‘Antiope’’. At lower magnetic fields
typical of low resolution n.m.r. spectrometers used for
process control this error will be negligible.

Random errors in the n.m.r. data collection and
analysis procedure cannot account for either the
generally low levels of crystallinity found by n.m.r. or
the lack of correlation between the n.m.r. and XRD data
since the repeatibility of the n.m.r. crystallinity was
found to be excellent (a relative standard deviation of
<1% for 20 consecutive measurements), while the
reproducibility over a two-week period for eight
measurements was also very good with a relative
deviation of 2.5%. Perhaps the most striking example
of difficulties with the n.m.r. method is the comparison
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between two samples made of grade KU02, denoted KM
and KL, for which the foliowing fitted parameters were
found:

KM : I, =0.56, T, = T74.2pu8; Iy = 0.46,
T, =171 pus; X (X-ray) =0.511
KL : Iy, =0.59, T, =55.6us; Iy = 0.41,

g
T, = 16.7 us; X (X-ray) = 0.748

The n.m.r. measurement effectively underestimates the
crystallinity of KL by 0.33 while the n.m.r. and XRD
values for KM are equal within experimental error. To
explain this discrepancy we need to consider the possible
sources of systematic errors in the n.m.r. measurements.
These can be found in four areas: the n.m.r. pulse
sequence, the acquisition parameters used, the fitting
procedure and the two-function fit used to model
the FID. Systematic errors in the pulse sequence and
acquisition parameters are unlikely to cause the
discrepancy seen. Errors may well result in the failure
to observe all the crystalline phase, such as by incomplete
refocusing of the solid-echo or poor excitation of the
broad rigid phase resonance, but the nature of these
errors will be to underestimate proportionately the
crystalline fraction for all samples regardless of
the absolute crystallinity rather than just in the case of
the most crystalline samples. Only a failure of the two-
phase model itself, whereby some ordered material
appears to have a mobility consistent with the amor-
phous phase or gross changes taking place in the
distribution describing the crystalline phase dynamics,
will alter the n.m.r. properties sufficiently for the choice
of n.m.r. experiment and acquisition parameters to be
important.

Although the quality of the fitting procedure can be
called into question, insofar as the fitting error is
substantially greater than the experimental noise of
0.04% no amount of optimizing the fit can alter the
conclusion that the short time constant fraction cannot
exceed 0.5 in the case of sample KL. Statistically
significant fits to n.m.r. FID data obtained for solids at
high signal-to-noise ratios are very rare. In part this is a
reflection of the attempt to fit a single 7, value rather
than a distribution of values, but also because the
theoretical description of the expected decay is not clear
when partial averaging of the dipolar interaction occurs
in the presence of chemical shift oscillations. Lastly, we
must not forget minor impurities, perhaps the presence
of a low molecular weight oligomer, at only a level of
0.1% or so will in all probability prevent a statistically
significant fit being obtained.

Having discounted systematic error in the data
acquisition and analysis the only possible source of
error left is the two-phase model chosen to interpret the
FID. In particular the nature of the distribution
describing the crystalline phase must be dependent on
the individual sample. Two possible explanations for the
discrepancy in crystallinity seen for KL follow from this.
First, in samples of high crystallinity a substantial
fraction of the crystallinity is in fact associated with
regions of ‘ordered” amorphous polymer which is
structurally ordered PTFE with the mobile phase
dynamics. Second, changes in 7, for the mobile phase
lead to an overlap in the chain dynamics, as indeed
would be expected for amorphous material directly at the

interface with crystalline polymer. As a consequence of
the overlap in 7, the two-function fitting leads to an
artefact which can be thought of as the exponential
function ‘stealing’ amplitude from the Gaussian func-
tion. The true explanation may well be a combination of
these. Certainly, on the basis of the present work we
cannot distinguish between these possibilities. Clear
evidence for some change in the average dynamics of
the mobile polymer is shown by all samples suspected of
being highly crystalline, but reported as being low by
n.m.r. For these samples we see a consistent trend of a
short exponential time constant of about 55 us. Thus, as
the crystallinity of the polymer measured by XRD
increases so the T, of the mobile phase becomes shorter.
Such a reduction in T, would make the fitting process
more susceptible to artefacts, but could also be taken
to imply that the amorphous phase is taking on the
characteristics of the crystalline polymer and in so doing
contributes to the ordered fraction. Further confirma-
tion of the problems associated with the two-phase
model is provided by the virgin samples. Despite all
being of very high crystallinity by WAXS the n.m.r.
measurements consistently gave values for X, of less than
0.5 again with a short time constant for the exponential
component.

We must now consider why these problems have not
been observed in previous n.m.r. studies, i.e. why highly
crystalline polymer still gave a motionally averaged
chemical shift lineshape. Here, the answer lies in the
differing responses of the YF-"F dipolar interaction
being observed in the solid-echo T, measurements and
the chemical shift tensor lineshape in the multiple-pulse
experiments to the dynamic process. At all temperatures
the averaging of the chemical shift tensor of the mobile
component is more complete than is the averaging of the
dipolar interaction; consequently, the mobile component
can be more readily resolved from the rigid, crystalline
component in the case of the chemical shift lineshapes.
Moreover, the small changes in the amplitude of the
motion with increased crystallinity observed in the T,
measurements is unlikely to modify the chemical shift
hneshape to a detrimental extent. Previous work on the

PF n.m.r. FIDs has not been sufﬁc1ently extensive to
deduce anything about the origin of our failure to
determine high crystallinities in PTFE.

D.s.c. and density versus primary methods

Under the assumption of a two-phase morphological
model consisting of a perfectly crystalline and a perfectly
amorphous phase the mass fraction, X, of crystallme
materlal by d.s.c. is given by the ratio Ahf/ Ah{ where
Ahf is the enthalpy of melting of the crystalline bulk
polymer. X .(d.s.c.) represents, regardless of the mor-
phology, the ‘equivalent mass fraction™ of perfect
crystals which can be melted by A#k; ignoring possible
crystal-amorphous interfaces and intracrystalline
defects. The actual value for X.(d.s.c.) is, therefore, a
function not only of the amount of crystalline material,
but also of the crystalline perfection and the polymer
morphology. To calculate X.(d.s.c.) the enthalpy of
melting of a macroscopic PTFE crystal has to be known.
Values ranging from 57-104J g~" were reported in the
literature (see Table 1) with no value appearing to be
generally agreed upon. In view of this uncertainty,
quoting X (d.s.c.) will be avoided and only the measured
enthalpy of melting, Ak, will be used for comparison
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Table 1 Literature values for the density of amorphous and crystalline PTFE, p, and p, at 296 K and the enthalpy of melting, Ah?, of perfectly
crystalline bulk PTFE
Pa 3 Pe 5 Ah? .
(gem ) (gem™7) Jg™ ) Extrapolation method Reference
2.00 +0.04 - - 1/p to X (X-ray) = 0 and 14
liquid oligomers 18
2.060 2.302 - 1/pto Akg=0and 931 g™ 3
2.056 2.259 — 1/pto X.(n.m.r) =0 and 1 3
— 2.304 + 0.006 — p to i.r. absorbance 4
A(778cm™ ) =0
— 2.30 £ 0.01 — 1/pto X (X-ray) = 1 6
— 2.302 - Crystallographic unit cell 42
— — 93 (102) Clapeyron equation using 12
quenched (virgin) polymer
104 Perfluoro-n-alkanes 16
— — 57-84 Literature to 1980 12
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Figure 3 Enthalpy of melting versus the mass fraction of crystalline material by (a) WAXS and (b) n.m.r. Filled circles = grade KUO02; open

circles = grade TF1750; squares = grade G163

with other data sets. Due to the proportionality between
X.(d.s.c.) and Ak, none of the correlations will be
affected by effectively setting Ah?» to 1.

The measured melting enthalpies of samples of grade
KUO2 are plotted versus X (X-ray) in Figure 3a. Both
quantities measure the mass fraction of crystalline
material and can, therefore, be directly compared. A
linear relation was assumed, an assumption that is
supported by the results of a linear least-squares fit
whose details can be found in Table 2. The extrapolated
value for Ah? is roughly in the middle of the range of
reported literature data and leads to a value of X .(d.s.c.)
for virgin polymer KUO02 at 0.89, implying that as-
polymerized PTFE is highly, but by no means fully,
crystalline. A small fraction of amorphous material in
virgin PTFE would agree with the observed tailing of the
(100) reflection towards lower diffraction angles, which
can be viewed as a weak amorphous halo merging with
the Bragg peak. Extrapolation to Ah‘,) =0 yields
X.(X-ray) = 0.23, suggesting that a certain order could
remain in the polymer even though, according to d.s.c.. it
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would be fully amorphous. It can only be speculated
whether heavily distorted crystalline material, interfacial
material with some kind of structural order (although
amorphous in nature for d.s.c.) or both cause d.s.c. to
underestimate crystallinity in comparison with WAXS. A
complete absence of correlation between the enthalpy of
melting and X, (n.m.r.) is revealed in Figure 3b, a finding
one would intuitively expect from the comparison
between WAXS and n.m.r. data in the foregoing section.

The measured density, p, can be used to derive the
volume fraction of crystalline material, ¢.. according to
Oc = (p — pa)/(pc — pa). As a prerequisite, the densities
of amorphous and crystalline material, p, and p., have
to be known. Table I lists literature values for these
quantities as determined by the methods quoted.
Obviously. p, and p. are not exactly known and some
discrepancies persist between the different methods.
giving rise to uncertainties for calculated values for
¢.. To avoid such uncertainties, the raw data—the
measured density-——and not ¢, will be used here for
comparison with the various data sets. Since ¢, is a linear



Comparative study on crystallinity of PTFE: R. J. Lehnert et al.

Table 2 Experimental values for the density of amorphous and crystalline PTFE, p, and p, at 296 K and the enthalpy of melting, AA?, of perfectly
crystalline bulk PTFE. Fits were linear least-squares regressions using all data points unless otherwise stated. Acronym LMW indicates that only data
points of the low molecular weight grade KUOQ2 were used for fitting. Regression coefficient is denoted R. Absolute errors indicate 67% confidence
limits

Pa Pe Ah? . 5
(g cm™?) (g cm™) Jg™) R Extrapolation method Figure
— — 77.1+£12.4 0.91 Ahs to X (X-ray) = 1 (LMW) 3a
1.991 £+ 0.047 2.286 + 0.086 - 0.65 pto X (X-ray) = 0 and 1 (LMW) 4a
2.006 + 0.039 2.291 £0.029 — 0.65 Equation (1) fitted to p vs X (X-ray) (LMW)
2.074 £+ 0.006 2.289 +0.015 — 0.87 pto Ay =0and 77.1Jg"! 5
2.042 +0.011 2.305+0.022 — 0.94 pto Ahe=0and 77.1J g~! (LMW)
— 2.292+0.169 — 0.90 i.r. vs p, abs. ratio = 0 1la
— 2.293 +£0.252 — 0.92 i.r. v8 p, abs. ratio = 0 (LMW)
— 2272 4£0.182 — 0.89 Raman vs p, band tailing (b.t.) =0 11b
— 2.271 £ 0.148 — 0.97 Raman vs p, b.t. = 0 (LMW)
— — 75.0+3.4 0.90 i.r. vs Ahg, abs. ratio =0 12a
— — 73.1+54 0.92 ir. vs Ak, abs. ratio = 0 (LMW)
— — 71.1+£6.1 0.71 Raman vs Ak, bt. =0 12b
— — 66.9 +4.6 0.93 Raman vs Ak, b.t. = 0 (LMW)
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Figure 4 Density of specimens versus the mass fraction of crystalline material by (a) WAXS and (b) n.m.r. Filled circles = grade KU02; open
circles = grade TF1750; squares = grade G163

function of p, a quantity which linearly correlates with p
will also do so with ¢.. The crystalline volume and mass
fraction are related by ¢. = (p/p.)X.. Combining the corresponding data with sufficient accuracy, justifying
two relations for ¢, and solving them for p , one arrives the use of linear regression methods in connection with
at ¢. by density. A plot of p versus X (X-ray) is shown in
p Figure 4a. As can be seen the data points show scatter,
a N .
T—(1-2)x, (1) but clearly reveal a tendency of the density to increase
C

However, the approximation has a maximum deviation
of —1.7% at X, = 1 and can, therefore, be regarded to fit

p:

Pe

From equation (1) one would expect a non-linear
relation between p and X. Assuming values for p, and p,
of 2.0 and 2.3 gcm ™ the inequality (1 — p,/p.)X. < 0.13
holds and equation (1) can be simplified using simple
numerical arguments:

P

P = Py + pal —p—d)Xc (2)

This approximation gives the correct value for p at
X. = 0 and increasingly underestimates p as X, increases.

as the crystallinity by WAXS increases. Linear extra-
polation of X (X-ray) to 0 and 1 yielded values for p,
and p. that matched the results of fits of equation (1)
to the same data within less than 0.8% discrepancy while
the 67% confidence limits were between 1.3 and 3.8%
relative error (see Table 2). The derived values for p, and
pc are, within the error limits, in good agreement with the
literature values. No information on p, and p. could be
derived from the density data as plotted against
X (n.m.r.) that are shown in Figure 4b. Clearly, there is
no correlation between the two quantities.
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Figure 5 Density of specimens versus enthalpy of melting. Filled
circles = grade KUOQ2; open circles = grade TF1750; squares = grade
G163

Finally, to complete the cross-correlation of the four
methods the density data for all samples of the three
polymer grades were compared with the enthalpy of
melting. Bearing in mind what has been said above,
density and d.s.c. are anticipated to depend linearly on
one another. The data confirming this presumption are
plotted in Figure 5. Linear regression analysis and curve
fitting were applied to the entire data set as well as a
reduced set consisting of KU02 samples only. Due to the
lack of reliable literature data a value of 77.1Jg" as
determined earlier for KU02 was assumed for Ah{ (Table
2). Fitting either equation (1) or a straight line yielded
values for p, and p. that were equal within 0.4%
deviation irrespective of whether all data points or only
those of KUO2 samples were used. The results of the
linear fits are listed in Table 2. Density values as derived
from the complete data set, and its KUO2 subset are the
same within the fitting error and are in good to excellent
agreement with the literature.

Raman spectroscopic method

Several authors®** have suggested exploitation of
certain features of the Raman spectrum of PTFE for
determining crystallinity. These studies were based on
very few samples and were purely qualitative. Moreover,
two of the studies®* drew contradictory conclusions and
all of them failed to explain how bulk crystallinity can
actually be derived from the observed spectral changes.
We have recently proposed a new Raman spectroscopic
procedure for quantifying crystallinity in PTFE" and a
brief account of the method will be given here. The
proposed procedure is particularly attractive since it
provides a non-destructive and exceptionally fast*
means for determining crystallinity without any sample

* Scanning the relevant part of the Raman spectrum with a satisfactory
signal-to-notse ratio can take as little as several seconds if a
conventional spectrometer equipped with a CCD detector is used
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preparation requirements. In searching for an analytical
principle aimed at deriving information on crystallinity
from Raman spectra it is self-evident to try to decompose
the Raman data into spectra of the crystalline and
amorphous material. This approach did not prove
feasible here because neither fully amorphous nor fully
crystalline bulk PTFE has ever been observed. Attempts
to subtract spectra of the melt from those of the partially
crystalline solid were unsuccessful for three principal
reasons. First, the high temperatures involved, let alone
the melt transition itself, caused significant band broad-
ening which could not be corrected for when subtracting
the melt from the low-temperature spectrum. Secondly,
the melt spectrum could not be moved as a whole along
the frequency axis to make the peak positions match with
those of the solid state spectra. Lastly, a spectral feature
characteristic only for the melt but not the fully
crystalline solid could not be identified (see Appendix,
Figure 14). Thus, an unequivocal spectral ‘standard’ was
missing that could suitably serve to scale the intensity
of the melt spectrum prior to subtraction. Application of
principal component analysis (PCA), a multivariate data
analysis algorithm which allows the prediction of
unknown component concentrations for multicompo-
nent systems®, was also unsuccessful, the main reason
being that the non-linear baseline, which differed for
quenched samples, could not be unambiguously sub-
tracted prior to applying PCA.

In view of these difficulties it is clear that spectral
changes had to be systematically correlated with varied
sample crystallinity to identify changes that are specific
and pronounced enough to prove useful for quantifica-
tion. This was done in the LT phase of PTFE at 263 K,
firstly in order to minimize thermally introduced inter-
and intra-molecular disorder and secondly to narrow the
Raman bands, thus reducing band overlap and making
the distinction between different spectral features such as
peaks, peak shoulders or asymmetrically broadened peak
bases more obvious. Four bands, namely the ones at
Av = 1216, 576, 382 and 293cm ', show a step-like
doubling of their bandwidth between 270 and 300K in
quenched and between 280 and 300 K in virgin polymer.
This sudden change in bandwidth was attributed to
the onset of the solid—solid transitions and was exploited
to confirm that all of the samples were indeed in the
LT phase despite laser induced heating and likely
temperature gradients within the specimens. Raman
spectra of virgin PTFE and a sample of very low
crystallinity by d.s.c. and density are shown in Figure 6.
Line group analysis predicts 21 Raman active vibrational
modes, 14 of which can be readily observed in the
spectrum of virgin PTFE. There is some uncertainty
about the assignments of the symmetry species to the
observed Raman bands, and the reader is referred to refs
43 and 46 for details. Interest was focused on the eight
strongest, and therefore potentially most suitable for
quantification, Raman lines at Ay = 1381, 1301, 732 and
386.cm ™! and the four bands already quoted above. All
of the quoted peaks could be satisfactorily and consis-
tently fitted with a Lorentzian model. The fitted band
parameters, meaning the peak position, peak width and
relative peak intensities, were then systematically corre-
lated with the crystallinity by WAXS, n.m.r.. d.s.c. and
density. Correlations of relative intensities had to be
restricted to adjoining peaks because diffusive elastic
light scattering (all the specimens were white opaque)
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Figure 6 Raman spectra of virgin (lower curve) and quenched (upper
curve) PTFE recorded at a temperature of 263 K

cause a frequency dependent attenuation of the Raman
scatter. This in turn led to a strong dependence of the
relative band intensity on the sample alignment, intro-
ducing a considerable error into the calculated intensity
ratio if the peaks were not direct neighbours.

Shifts of band position were found to be insignificant if
they exceeded the experimental error at all. The increase
in bandwidth associated with the maximum decrease in
crystallinity ranges, dependent on the specific mode, is
from 20 to 60% of the minimal bandwidth measured
for one mode. Also, the bandwidth does not always
change systematically with crystallinity. Turning now to
relative band intensities, either these do not change
systematically with crystallinity or the changes are not
pronounced enough to be useful for reliable quantifica-
tion. Attention was, therefore, focused on another
marked effect of decreased crystallinity, the tail formlng
on the low frequency side of the peak at 1381 c¢cm™ ', the
depolarized symmetric CF, stretching fundamental (see
Figure 6). Possible causes of this tailing are discussed in
the Appendix. It was found that the high frequency
component of the 13810m band and the complete
bands at 1301cm™! (symmetrlc CF, stretching mode,
depolarized) and 1216cm™! (asymmetric CF, stretching
mode, depolarized) are almost perfectly fitted by
Lorentzians. Based on this observation, the following
procedure as depicted in Figure 7 and 8 was adopted to
quantify the ‘band tailing’. Three Lorentzians and a
stralght baseline were fitted to the group of overlappi ng
peaks in the interval between 1100 and 1500cm™,
deliberately ignoring the data between 1300 and
1380cm™'. The fitted spectrum was then subtracted
from the original data, yielding a difference spectrum
with non- vamshlng intensities between approximately
1325 and 1375cm™, with a maximum intensity near
1365¢cm™". As the last step, the areas beneath the
broad peak in the difference spectrum and the fitted
Lorent21an at 1381 cm l, here denoted [(tail) and
1(1381 cm™"), were ratioed, giving a relative measure of
the ‘band tailing’.

deciccmseceaniiiiioiessaseiinedd

1500 1400 1300 1200 1100

Raman Stokes - shift [ cm-1 ]

Figure 7 Relevant part of the Raman spectrum of virgin PTFE
recorded at 263 K: original and fitted (dotted curve) data (a), fitted
Lorentzians (b) and difference spectrum = original data~fitted data (c).
Curves denoted (a) and (b) are shifted along ordinate for clarity

Figure 8 shows the recorded Raman spectrum of a low
crystallinity sample, the entire model spectrum fitted to
these data, the Lorentzian at 138lcm™' and the
difference spectrum resulting from the subtraction.
Neither any additional Raman peak nor a shoulder
could be resolved at liquid nitrogen temperatures. In
addition, there was no indication of the difference
spectrum changing its shape and overall appearance
with temperature and crystallinity apart from a slight
broadening as the temperature rose. The ratio of
mtegrated 1ntens1t1es R, defined as quotlent I(tail)/
I(1381c¢cm™') can be reliably determined and is repro-
ducible within a statistical error or around 4%. The value
R is not affected by the solid—solid phase transitions and
stays almost constant between 173 and 395 K except for a
slight decrease as the temperature is raised, which can be
explained with an increasing overlap of the Raman
fundamental with its ‘tail’ due to band broadening. A
word of warning appears appropriate here: the actually
measured values for R are, rather unsurprisingly,
affected by the chosen spectral resolution, dv, and it
was experimentally established that R decays exponen-
tially with dv. This can be understood again in the light
of a Raman peak and its asymmetric base that merge to
an increasing extent and, therefore, become progressively
indistinguishable as the spectral resolution deteriorates.
From a certain value for the resolution onwards the ‘tail’
will become completely obscured by the Raman peak
eventually leading to R=0. However, it could be
confirmed that R falls with the same rate for samples
with very different crystallinity, hence ensuring that
correlations of R with other quantities do not become a
function of dv.

Lr. and Raman versus primary methods, density and
ds.c.

To find out whether the vibrational spectroscopic
methods devised in ref. 4 and in the preceding section can
add another means for determining crystallinity or not,
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Figure 8 Relevant part of the Raman spectrum of quenched PTFE
recorded at 263 K: original and fitted (dotted curve) data (a), fitted
Lorentzians (b) and difference spectrum as described in the text (c).
Curves denoted (a) and (b) are shifted along ordinate for clarity

Raman Stokes - shift

i.r. and Raman data were compared with the already
cross-correlated methods, three of which were found to
glve consistent 1nd1cat1ons of crystalhmty Includmg the
i.r. method by Moyniham* in this compar1son was
considered necessary particularly in view of ﬁndmgs4
which called the crystallinity independence of the i.r.
‘thickness’ band at 2367cm | into question. Another
reason for cross-checking the i.r. method was that ref. 4,
in fact, provided indirect evidence only for its claim
of excellent correlation of the absorbance ratio with
X.(X-ray). The i.r. absorbance ratio is plotted versus
X.(X-ray), X.(n.m.r.), p and Ahl; in Figures 9-12,
respectively. As can be seen in Figure 9a the plotted
data clearly support a linear relationship between the
absorbance ratio and X (X-ray), but the data points are

0.8 | -

0.6 ® .

0.4 | -

A(775cm-1) / A(2367cm-1)

0.2 [ .

0 N TR RN R SR R S R
0.4 0.5 0.6 0.7 0.8 0.9 1

Xc(xray)

somewhat scattered indicating that X.(X-ray) corre-
lates to i.r. within an uncertainty of some £10% rather
than 1% as claimed by Moynihan*. The regression
line extrapolates at X (X-ray)=0.9840.17 for a
vanishing absorbance ratio independent of whether
virgin polymer (single data point at X, =0.9) was
disregarded or not. Figure 10a reveals, in accordance
with the corresponding plots of p and Ahl; against
X.(n.m.r.), no significant correlation between the i.r.
data and the crystallinity by n.m.r.

Comparison of the i.r. data with p and Ak in Figures
lla and [2a, in turn, undoubtedly reveals that either
quantity is linearly related to the absorbance ratio, but
again the data are scattered to a certain extent. The
extrapolated values for p. and Ak are, although more
affected by scatter and therefore less accurate, in good
agreement with the results obtained earlier (see Table 2).

Plots of the quantified ‘band tailing’ R versus X.(X-
ray), X.(n.m.r.), the density and the enthalpy of melting
are depicted in Figures 9b—12b, respectively. Without
doubt R correlates linearly with all quantities other
than X (n.m.r.) for the low molecular weight polymer
KUOQ2. The statistical significance of the latter two
correlations, expressed as the squared regression coeffi-
cient, falls by 10-20% if in addition the two higher
molecular weight polymers are included (see Table 2).
The correlation with density data is relatively unaffected
by the molecular weight compared with the calorimetric
data as can be seen in Figures 11b and 12b, in the latter of
which data points of samples of different polymers
appear to lie on different straight lines. Increasing scatter
occurs for the polymer G163 as Ak decreases. We
presume that a molecular weight dependence of the
morphology could be the underlying cause. A transmission
electron microscopy study by Suwa et al.'? suggests that
melt-crystallized PTFE forms lamellar or fibrillar struc-
tures for polymers with molecular weIghts above
10°gmol™! and below 3 x 10° gmol ™!, respectively.
According to Suwa et al., disordered inter- and intra-
lamellar material composed of molecules with highly
irregular conformations causes the lamellar morphology

0.7 — T T

0.6 (b) ~

0.5 | o _

04 F -

Band tailing R

0.2

o | _

0.4 0.5 0.6 0.7 0.8 0.9 1

Xc(xray)

Figure 9 1.r. absorbance ratio (a) and ‘band tailing” R as defined in the text (b) versus the mass fraction of crystalline material by WAXS. Filled

circles = grade KU02
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Figure 10 Lr. absorbance ratio (a) and ‘band tailing’ R as defined in the text (b) versus the mass fraction of crystalline material by n.m.r. Filled

circles = grade KUO02; open circles = grade TF1750; squares = grade G163

to be less ordered than is the case for the fibrillar one.
Polarizing light microgaphs of 2 ym thick strips micro-
tomed from samples examined in this study also hint at
different morphologies. All micrographs showed irregu-
larly distributed dot-like or dash-shaped birefringent
regions with the latter exclusively appearing in polymer
KUO02. Another distinct difference between the low and
the two high molecular weight grades is that micrographs
of the former always revealed very evenly distributed
birefringent regions whereas crystalline regions in the
other grades tended to agglomerate and form compara-
tively compact ‘clouds’ in an otherwise amorphous
matrix. Evidently, such morphological differences could
be expected to influence the correlations, but it remains
unclear why quantities other than A#; seem little affected
if at all.
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Figure 11

open circles = grade TF1750; squares = grade G163

Turning now to the results of linear regression analysis
carried out on the data sets, R extrapolates to zero at X,
(X-ray) =091 £0.16 whether virgin polymer is
included or not, which compares reasonably well with
the value of 0.98 from i.r. data. The values for Ak} as
extrapolated from the entire sample set and samples
made of KUO02 only were different with the latter being
significantly lower. This finding indicates that certain
dissimilarities between low and high molecular weight
PTFE exist, but their cause remains unknown. However,
with the corresponding results from i.r. measurements
and the correlation of d.s.c. data with X (X-ray) one
arrives at the conclusion that Ah{ for melt-crystallized
polymer lies somewhere between 70 and 75J g~'. Using
the values for Ah}) from Raman and i.r. to extrapolate to
pc in Figure 5 one obtains a crystalline density of 2.272

0.7 I 1 L 1 1 1 1 1 1
0.6 |
%, (b)
osl 4P ]
x I D.' o
2 oat &oe . -
= doc e |
)
0.3 [ O -
g °
P o
0.2 |  ad i
@
0.4 F 4
0 1 1 1 1 1 1 1 1 1
2.1 2.14 2.18 2.22 2.26 2.3
Density [ g/cm**3 ]

L.r. absorbance ratio (a) and ‘band tailing’ R as defined in the text (b) versus the density of the specimens. Filled circles = grade KU02;
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Figure 12 Lr. absorbance ratio (a) and ‘band tailing” R as defined in the text (b) versus the enthalpy of melting. Filled circles = grade KUOQ2; open
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(2.270) and 2.283 (2.291)gem  if all (only KUO02)
samples are used for fitting. These figures are significant
to within approximately :tO.OZOgcm_3 . Finally, extra-
polation of R to zero in Figure 1la yields a value for p,
that is independent of whether only grade KU02 was
considered or not. A compilation of the extrapolation
results can be found in 7able 2.

All of the values for p. and Ah? determined here
agree well with the literature data. It is worth noting
that the value of p. of 2.272 gcm‘3 is rather low and
closest to the one of 2.259 gem™ derived from n.m.r.
measurements®. In ref. 3 it is presumed that the
discrepancy between 2.259gcm‘3 and the crystallo-
graphic density of 2.302gcem™ may reflect properties
of interfacial material between crystalline and amor-
phous regions. If this interfacial material has the density
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Figure 13 'Band tailing’ R as defined in the text versus the ratio of i.r.

absorbances. Filled circles = grade KU02: open circles = grade
TF1750; squares = grade G163
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of the amorphous phase, but not its mobility as seen by
n.m.r. extrapolation to X (n.m.r.) = 0 would give con-
sistent results with other methods, but extrapolation to
X.(n.m.r.) = 1 would not and, indeed, in the same study
the density p, was in excellent agreement with methods
other than n.m.r. It may be speculated that the intensity
ratio R exclusively measures the amount of structurally
‘truly’ amorphous material while Ak is a measure of a,
in the same sense, ‘true’ crystalline phase, and both
methods are insensitive to a presumed third component
of intermediate order. If one assumes that KUO02 forms
only two phases during crystallization whereas the other
two grades are able to form a third at the expense of a
‘true’ crystalline phase it could then be explained why R
relates linearly to A#; for the former polymer and why
the ‘band tailing” deviates towards lower values for the
other grades as the crystallinity by d.s.c. decreases.
Raman would measure the same amount of amorphous
material for a low and higher molecular weight specimen,
but the latter would have, due to the intermediate phase,
a smaller crystalline content by d.s.c. The scatter which
severely affects the data could be due to varying amounts
of the intermediate phase as quenching and subsequent
annealing cannot always be expected to result in the same
distribution of the originally molten material between
the three phases. From the smaller deviation between the
different grades at higher values for A/ one could
further presume that the amount of material in an
intermediate state of order, if existent at all, decreases as
the amorphous fraction becomes smaller.

Eventually, to complete the set of possible cross-
correlations, R is plotted against the i.r. absorbance ratio
in Figure 13. The data were found to be unaffected by the
molecular weight and they undoubtedly support the view of
a linear relationship between both quantities. The absor-
bance ratio extrapolates at —0.045 + 0.026 for R = 0 and
the squared regression coefficient equals 0.81. Ignoring the
data points of virgin polymer one arrives at values of
—0.006 + 0.033 and 0.71 for the same parameters.

From what has been said it may be stated with care
that the Raman and i.r. spectroscopic methods are
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similarly sensitive to the amount of amorphous material
present in the sample.

CONCLUSIONS

WAXS, d.s.c. and density measurements were found to
give consistent results in that they clearly show the same
trends in sample crystallinity while the derived values for
the degree of crystallinity are comparable, but not
identical. Each method correlates linearly with the
respective two other methods, which was shown here
for the first time for the same set of samples. Quenched
specimens with a molecular weight larger than
2 x 10°gmol™! exhibited planar orientation and for
this reason had to be excluded from the WAXS data,
limiting the meaningfulness of the cross-correlation to a
certain extent. Comparisons of °F solid-echo FID n.m.r.
with either of the aforementioned three methods did not
reveal a significant degree of correlation and the crystal-
linity by n.m.r. appeared to be generally lower than by
WAXS. Causes for this discrepancy, which is not
observed in multiple-pulse n.m.r., were considered and
an explanation is given on the basis of a failure of the
assumed two-phase model. However, there is a possibi-
lity that the polymer dynamics are not unequivocally
related to regions that are either amorphous or crystal-
line by WAXS and that, for instance, material which is
crystalline by X-ray may exhibit dynamics more akin to
amorphous polymer. Since the data on the samples are
insufficient in this respect it cannot be decided here which
explanation is the more probable one. The increasing
‘tailing’ of the Raman band at Av = 1381cm™! was
identified as a pronounced spectroscopic effect arising
from decreased crystallinity. Several possible causes for
this phenomenon were discussed, but its origin remains
unclear. A procedure for quantifying the ‘band tailing’
was devised and comparison with WAXS, d.s.c. and
density showed that the corresponding quantity can
serve as a measure for the crystallinity. Correlations of
the i.r. method by Moynihan* with WAXS, d.s.c. and
density have equal statistical significance compared with
the Raman procedure. Both methods were, in this
respect, found to be equally useful in estimating crystal-
linity. The molecular weight had an effect on the
correlation of the ‘band tailing’ with d.s.c., which is
thought to be due to a molecular weight dependence of
the sample morphology. The observed deviation in the
Raman versus d.s.c. plots can be tentatively explained if
one assumes that a morphological two-phase model for
melt-crystallised PTFE is insufficient for higher mole-
cular weight polymer. All methods employed here were
found to estimate rather than accurately measure
crystallinity in PTFE.
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APPENDIX

To aid in elucidating the origin of the tailing’ of
symmetric CF, stretching band at 1381cm™' several
possible causes for this phenomenon will be discussed
below. Subsequently quoted fundamental modes, corre-
sponding symmetry species and frequencies are compiled
in ref. 46.

‘Hot’ bands

The prerequisite for the occurrence of ‘hot’ bands is
the thermal excitation of vibrational states above the
ground state. Consequently, the intensity of ‘hot’ bands
will fall as the temperature is reduced. Here, the energy
difference between the ground state and the first excited
state was measured at AEy; = 170 meV corresponding
to 1380 cm~'. Since the intensity, I, .+1 of a Raman band
is proportional to the populatlon of the initial state
involved in the transition the relative intensity of a ‘hot’
band (1, ,/1p,) is proportional to exp(—AE,;/kT ) with
the usual notation. Hence, reducing the temperature
from 370 to 170 K should result in a drop of the relative
intensity by a factor of approximately 500. Here, it was
found that the intensity ratio R stays nearly constant
between 170 and 370K and it can, therefore, be reliably
concluded that the ‘band tailing’ is not caused by the
phenomenon of ‘hot’ bands. Another argument against
the occurrence of ‘hot’ bands is that even the first excited
vibrational level would not be sufficiently populated at
temperatures below T = AFEy/k =~ 2000K to contri-
bute to any significant extent to the Raman intensity.

Overtone bands

The weak Raman-active band at 676cm”!
(£, symmetry species) would be the most likely
candidate for an overtone close to but below
1352em™" =2 x (676 cm™") which would be within the
range of the ‘band tailing’ (1325 to 1375cm™"), but below
the frequency of the peak in the difference spectrum at
1365cm™ . The overtone would have a component with
A, symmetry, which is Raman active. However, without
assuming that Fermi resonance takes place, it could not
be understood how this weak band can give rise to a
fairly strong (R can reach values up to 0. 7) peak that
overlaps with the fundamental at 1381 ¢cm™" (A4;). This
fundamental could enhance the intensity of the overtone,
but would at the same time be expected to change at least
slightly both its intensity and position, which was not
observed. In addition, the fundamental at 676cm”!
considerably weakens in low crystallinity specimens
where the band ‘tailing’ is most pronounced (Figure 6).
In view of this evidence and having discounted second
and higher order harmonics the possibility that an
overtone causes the ‘band tailing” was ruled out.

Combination bands

Three bands would prove suitable as combination
bands in terms of their sum frequency:

(1) 102 (7), m + 1242 (E;), vvs = 1344cm ™!

(2) 203 (E)), s+ 1152(E}), vvs = 1355cm ™
(A4, +A’)+Ev) (3 symmetry species refer to
1355cm ' band)

(3) 638 (A1), s+ 732(4,), vvs = 1370cm ' (45)

Combination band (3) can be excluded on the grounds
that a band with 4, symmetry would be i.r. active but

1534 POLYMER Volume 38 Number 7 1997

Raman silent. The remaining two bands should both be
1.r. active because a combination of a fundamental
belonging to any of the four p0331ble symmetry species
with 1242cm™" band results in an i.r.-active mode. The
i.r. transmission spectra of virgin and quenched PTFE
were carefully examined, but no indication was found
of bands occurring in the relevant frequency range.
Although this absence of 1.r. bands does not necessarily
imply that the above combination bands do not exist it
seems improbable that a combination band is the
underlying cause of the ‘band tailing’.

Relaxation of selection rules

The factor group mode at 1381 cm ™' corresponds to a
vibrational mode with phase difference § = 0 between
adjacent CF, units. As a consequence, the position of the
mode on the dispersion curve is fixed and, therefore, the
band frequency cannot be affected by a change of the
helix pitch unless the force constants are also changed.
On the other hand, it seems likely that the molecule can
develop variability of its helix pitch in disordered
material, which would destroy the translational symme-
try along the chain. This, in turn, would remove the basis
of a description through line group methods. The same
holds for strongly curved stretches of the molecule such
as loops or entanglements. In either case, factor group
analytical arguments could not be expected to apply
rigorously and modes with a phase angle 0 <& < Aé
may be spectroscopically active. If one assumes that the
approximate dispersion curves in ref. 46 are correct, one
would expect the band at 1381cm™' to broaden
asymmetrically as observed and to exhibit, in this
respect, the most marked effect of the Raman bands
investigated here. The asymmetric broadening could be
explained in this way, but since the molecular conforma-
tion in the quenched material and the manner in which it
might affect the spectroscopic selection rules are
unknown no further conclusions are drawn.

Inhomogeneous broadening

It is quite instructive to look at the spectra of molten
PTFE, which can be reasonably presumed to be the most
disordered phase. Figure Al shows three Raman spectra
of the same sample of virgin PTFE, which was slowly
heated to temperatures above the melting point at about
620 K. The similarity between the spectra is striking. In
fact, the melt spectrum appears, in terms of the number
of modes and the peak pattern, to be identical with the
spectrum of the solid polymer and from the accessible
frequency range (50—2000cm™") it is concluded that the
spectroscopic selection rules for Raman activity do not
break down upon melting. Therefore, a considerable
degree of molecular symmetry 1s maintained in the melt.
This presumptlon is m agreement with neutron
diffraction®® and WAXS? studies on molten PTFE
where it was proposed that PTFE molecules are more or
less straight for some 25 A (20 carbon atoms) and that
straight chain segments are likely to pack locally in a
parallel manner. ‘Tailing’ of the Raman line in question
was observed from about 595 K onwards and was found
to become stronger up to the melting temperature. The
temperature at which ‘band tailing’ sets in coincides well
with the onset of the melting endotherm between 590 and
600 K at a heating rate of 20 K min~ Apparently, the
melting process and the accompanying increase in
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Figure Al Raman spectra of virgin PTFE at three different
temperatures on heating above the melting point at approximately
610K. Spectra were recorded using a conventional Dilor Raman
spectrometer with 488 nm excitation

disorder play a vital role here and it is suggested that the
molecular conformation in amorphous regions of
quenched material is similar to the one in the melt. A
corresponding series of Raman spectra of the oligomer
n-CyFyy is shown in Figure A2. n-CyF4; is known to
have a 15/7 helical conformation® above 200K, like
PTFE above 292K, and to possess a regular conforma-
tion over some 12 backbone atoms in the melt*. The
spectra of the oligomer and the polymer are virtually
identical in most respects apart from two progression
bands at 780 and 900 cm '. Also, they seem to be equally
affected by the melt transition. There is one distinct
difference, though, the 1381 cm™' band in the oligomer
is slightly asymmetric in the melt, but clear signs of
‘tailing’ as observed in the polymer were missing when
the data were fitted. Obviously, both the polymer and the
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Figure A2 Raman spectra of n-C,oFy, at three different temperatures
on heating above the melting point of 437 K. Spectra were recorded
using a F7 near i.r. Raman spectrometer equipped with a short-wave
pass filter; excitation wavelength was 1064 nm. Background at 449K
was caused by thermal emission of sample

oligomer exhibit some degree of conformational order in
the melt, but the oligomer would on a microscopic scale
lack conformational features such as entanglements and
loops which are normally assumed to be present in
molten polymers. With care it may be hypothesized that
the ‘band tailing’ is caused by sequences of CF, units
with irregular conformations that are located in entan-
glements, chainfolds or polymer specific conformational
defects. Notwithstanding what has been said above this
hypothesis is somewhat speculative and, in particular, it
does not explain why broadening occurs exclusively on
the low frequency side of the peak. It appears that this
argument makes it more probable that the cause for the
observed phenomenon can be linked to a relaxation of
the Raman spectroscopic selection rules rather than
inhomogeneous broadening.
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