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A detailed single chain model for molten
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scattering data
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We present a new methodology that couples neutron diffraction experiments over a wide Q range with
single chain modelling in order to explore, in a quantitative manner, the intrachain organization of
non-crystalline polymers. The technique is based on the assignment of parameters describing the chemical,
geometric and conformational characteristics of the polymeric chain, and on the variation of these parameters
to minimize the difference between the predicted and experimental diffraction patterns. The method is
successfully applied to the study of molten poly(tetrafluoroethylene) at two different temperatures, and
provides unambiguous information on the configuration of the chain and its degree of flexibility. From
analysis of the experimental data a model is derived with C-C and C—F bond lengths of 1.58 and 1.36 A,
respectively, a backbone valence angle of 110° and a torsional angle distribution which is characterized
by four isometric states, namely a split trans state at +18°, giving rise to a helical chain conformation,
and two gauche states at + 112°. The probability of trans conformers is 0.86 at T=350°C, which decreases
slightly to 0.84 at T=400°C. Correspondingly, the chain segments are characterized by long all-trans
sequences with random changes in sign, rather anisotropic in nature, which give rise to a rather stiff chain.
We compare the results of this quantitative analysis of the experimental scattering data with the theoretical

predictions of both force fields and molecular orbital conformation energy calculations.
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INTRODUCTION

The organization of non-crystalline polymeric materials
at a local level is still unclear in many respects, even for
polymers characterized by a relatively simple chemical
composition, such as poly(tetrafluoroethylene) (PTFE).
The determination of their local structure on a spatial
scale between a few and 100 A in terms of the configuration
and conformation of the polymeric chain and of the
packing characteristics of the chains in the bulk material
represents a challenging problem, especially in view of
the fact that many of the properties that are technologically
relevant ultimately depend on the type and level of
structural correlations on the microscopic scale.
Wide-angle diffraction techniques represent the most
direct experimental tools to address such issues. Indeed,
the sensitivity of these techniques, in particular wide-
angle X-ray scattering (WAXS), to the details of the local
correlations in amorphous macromolecules, has now
been shown on a wide variety of polymeric systems!-2,
In recent years the amount and detail of information
obtainable from diffraction techniques has been extended
with the development of neutron diffractometers operating
on pulsed sources. Besides the typical advantages that
neutrons offer, such as their high penetration and their
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capability of investigating the structure directly, the
availability of pulsed neutrons has opened up the possibility
of exploring structural features over a very large region
in reciprocal space (Q,,,,~ 100 A™%), and therefore with
a high spatial resolution which is certainly higher than
that obtained by the more traditional X-ray based
approach.

However, the recent literature remains sparse with
regard to detailed wide-angle diffraction studies on the
local structure of non-crystalline polymers, presumably
due to the inherent difficulty in isolating and identifying
the large number of correlations present in a diffraction
pattern of such complex systems. In the case of WAXS
investigations, the most successful data analysis strategy
proposed to overcome these difficulties consists in the
separation of the whole range of local structural correlations
within a chain molecule in two types of contributions,
i.e. those arising from correlations within the chain
(intrachain) and those generated by correlations among
different chains (interchain)®.

While the interchain correlations give information on
the nature and the type of packing in the bulk system,
the intrachain contributions describe both the type of
conformation and the extent of intrachain correlations.
These can be extracted from experimental data at
values of the momentum transfer @ >2 A ™!, by comparing
the experimental scattering function and the ones
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predicted by statistical models for the individual chains.
These models are built by specifying the nature of the
repeat unit and by assigning a set of possible rotational
isomers to describe the internal chain rotations and their
corresponding conditional probabilities of occurrence,
consistently with the rotational isomeric state (RIS)
theory®4.,

The conformational characteristics of the individual
polymer chains are fundamental in determining many of
the useful physical properties of the material. The detailed
study of conformational correlations is therefore of great
interest. PTFE is a very interesting material to study
from this point of view, in that little is known at its
intrachain structure at a quantitative level, despite the
wide technological exploitation of its unique properties
of stiffness>.

The chemical structure of the PTFE chain is considered
one of the simplest, with the repeat unit being analogous
to that of polyethylene. The stiffness of PTFE can be
explained by the characteristics of the individual chains.
The van der Waals radius of the fluorine atom is
considerably larger than that of the hydrogen atom. As
a consequence, the van der Waals interactions between
non-bonded atoms are more repulsive in PTFE than in
polyethylene. These differences in intramolecular inter-
actions result in profound differences in the configurational
characteristics of the two systems. The PFTE molecule
adopts a helical configuration in the crystalline state®,
whereas polyethylene assumes a planar all-trans form’.
The steric repulsions between non-bonded fluorine atoms
are also responsible for the potential barrier to rotation in
hexafluoroethane (4.35 kcal) being considerably higher
than that for ethane (3.29 kcal)®. This is therefore the
reason that the PFTE chain is less flexible than the
polyethylene one. Indications of this reduced flexibility
are the very high melting point (600 K) and the high melt
viscosity of PTFE. A high level of chain stiffness was also
supported by a detailed study of the chain configuration
through the analysis of experimental dipole moments of
perfluoroalkane molecules at room temperature® and by
a predictive calculation of the PTFE persistence length*°.

While a relevant number of theoretical models and
predictions of the single chain conformation of PTFE,
mainly in the crystalline form, but also in the molten
state, can be found in the literature, experimental
investigations in the melt are scarce. Traditionally, the
chain conformation and configuration of polymeric
systems have been investigated by small-angle scattering
techniques, mainly small-angle neutron scattering, which
exploits isotopic substitution (mainly deuteration) to
achieve different levels of contrast in the scattering signal,
thus yielding the desired structural information. PTFE
is not amenable to such a study, due to the fact that it
does not contain hydrogen, and the isotopic substitution
method does not work. After an initial, rather cursory
X-ray scattering investigation by Kilian and Jenckel'?,
a later and more detailed WAXS study was carried
out'?:13, The picture drawn from that latter work was
that of a highly persistent chain, characterized by a
probability of trans torsions p,>0.8 and a high level
of anisotropy in orientational segmental correlations.
However, the agreement between model and experiment
was not completely satisfactory.

This contribution is part of a larger programme, in
which we have been involved in recent years, aimed at
exploiting neutrons as a probe of local structure in
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amorphous polymeric materials. In this work, we focus
attention on the extraction of detailed quantitative
information on the single chain properties of molten
PTFE from its neutron diffraction pattern, taking
advantage of the extended Q region explored by this
experiment. We present a new method that quantitatively
compares single chain stochastic models of the PTFE
molecule and their predicted diffraction pattern with the
one that has been obtained experimentally. We show the
sensitivity of this approach to the different structural
parameters and we explore the role of the various
conformational parameters in the diffraction pattern. The
values obtained for the geometric parameters will be
discussed in the light of semiempirical quantum mechanical
orbital calculations that were performed on the same
material. Finally, this method allows us to draw, for the
first time, a detailed description of the particular single
chain properties of PTFE.

A preliminary qualitative report of the technique has
been presented elsewhere'4.

MODELLING TECHNIQUE

The single chain atomistic models were built, and the
scattering curves calculated, by using an in-house
modelling program, running on an Amdhal mainframe?>.
The major problem of simulating a polymer chain,
thereby describing its conformational correlations, arises
because of the internal rotations in molecules, with the
rotations about the skeletal bonds being particularly
important. It is well established!® that conformational
arrangements exist which are separated by energy
barriers, thus giving rise to conformational transitions.
The description is greatly simplified by adopting the
rotational isomeric state (RIS) approach®*. For each
backbone bond, the continuous distribution of possible
torsional angles is replaced by a finite number of values,
corresponding to minima in the conformational energy
curve, which are defined as rotational isomeric states.
The chain is then represented as an equilibrium mixture
of such states, each of which is characterized both by its
torsional angle value and by its probability of occurrence.
In general, these probabilities will be conditional in
nature, since the probability for a bond to be in a given
isomeric state will depend upon the state associated with
the bond’s nearest neighbours. This is expressed through
a conditional probabilities matrix U;=[u,,];. In this
matrix, states { for bond i—1 index the rows, whereas
states # for bond i index the columns. (The index i in the
matrix can be dropped if all bonds are equivalent.) Each
element u,, represents the probability associated with
bond i being in rotation state #, assuming that bond i—1
is in state {. In addition, u,, will be related to the
conformational energy difference AE, =E,—E,.
Therefore, our model chain is randomly built, following
the PTFE structure drawn in Figure 1. We assign values
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Figure 1 Schematic representation of a PTFE chain segment
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for the relevant geometric parameters of the chain, i.e.
bond lengths and backbone valence angle 6; we then
choose the finite number of backbone trans and gauche
states appropriate for PTFE, the values for the
corresponding torsional angles y and the conditional
probabilities matrix associated with them. Torsional
angles are defined such that a trans conformation
corresponds to a 0° angle.

Finally, we can take into account temperature-induced
variations in the torsional angles by introducing
Gaussian distributions in the values of the backbone
rotation angles.

Having created the chain, interatomic distances are
calculated and a neutron diffraction pattern is obtained
by applying the Debye relationship?>*7-18:

1 sin(Qr;;)
SAQ)=— bb; 1
C(Q) N;J;[ v Qrij
where N is the number of atoms, b; and b; are the neutron
scattering lengths associated with distinct atoms i and
j*® and r;; is the distance between these two atoms.

In order to avoid the inclusion of near-neighbour
distances that are effectively interchain in nature, due to
the coiling of the chain on itself, the scattering can be
calculated only for those atom pairs that are separated
by less than a given number of bonds. An acceptable
maximum number of skeletal bonds is usually 20*®, This
strategy has also the beneficial side effect of reducing
computation time.

Furthermore, the model diffraction pattern was
smeared with a Gaussian distribution of width proportional
to Q, the proportionality factor being 0.03. This takes
into account the finite experimental resolution, which on
the diffractometer used is AQ/Q=3%, as will be
mentioned later.

In order to obtain a reasonable statistical model, the
average of a number of chains is required. An equivalent
approach is to calculate the scattering from a long chain,
which also reduces any end effects. Since we were unable
to construct a chain of equivalent length to the one
characterizing the material being probed experimentally,
we have studied the effects of both chain length and
averaging over a number of chains on the accuracy and
reliability of the model.

The structure factor S(Q), calculated from the model
chain, is then quantitatively compared to the experimental
pattern Sg(Q) via the following y? test:

1 ne
X =— Z [Q:Sc(@)— Q:Se(@)] 2

Roi=1

where n, is the number of Q points in the scattering curve.

The comparison is performed on the Q-weighted
structure factors in order to enhance the high-Q scattering
region. Obviously, this comparison takes place over that
portion of the scattering pattern containing no appreciable
contributions from interchain correlations, namely over
Q values higher than ~2 A1,

Several models can be built by varying the different
parameters defining the simulated chain. The y? corre-
sponding to each generated chain will then measure the
accuracy of the model in describing the conformational
correlations in the real polymer chain. The most accurate
model will simply be the one corresponding to the
minimum y? value obtained. The strategy that we follow
is the systematic variation of one model parameter at a

time, in a given range of possible values and with a given
scan step size. This search strategy in the parameters
space is essentially equivalent to the Ravine method?’.
For any given parameter, the variability interval is wide
at first and the scan step is rather large. The region of
minimum x? in the parameter space is then identified
and the scan is repeated over a narrower interval with
a smaller step. The procedure is repeated until the
scan step corresponds to the desired accuracy for the
given parameter. This procedure allows us to obtain
information which is twofold in nature: on the one hand,
the effect of that particular parameter on the overall
structure factor can be studied, while on the other hand
it is possible to adjust the single chain model of the
polymer to ‘fit’ the experimental results. Once a minimum
value for x* has been obtained from the variation of one
parameter, the corresponding value for that parameter
is set in the model and a different parameter is explored.
After all of the conformational parameters have been
varied in turn, the procedure is repeated as many times
as it is necessary to obtain a stable 2 value.

From the results of this ‘refinement’ technique, a
picture of the polymer chain may be obtained. In
particular, its flexibility can be determined by the
probability of trans torsions that are obtained. The energy
difference between trans and gauche states can be
determined and the average of the straight sequence
length can be estimated. Another important determinable
parameter is the anisotropy of this straight sequence of
chain segment, which can be obtained as an aspect ratio
a, i.e. the ratio of length to diameter of the sequence. If
the diameter of the straight conformation is d, a can be
approximated directly from the first-order probabilities:

_l(ip+1
”“d(l—p,,> M

where [ is the projected skeletal bond length.

While being rather crude, this representation is
particularly useful in providing a simple picture of the
chain and in giving an insight into the possible types of
packing arrangements.

SEMIEMPIRICAL QUANTUM MECHANICAL
ORBITAL CALCULATIONS

In recent years a great interest has been demonstrated
in the use of force field and molecular orbital calculations
to predict polymer properties. In order to test this
approach, we performed calculations using the semi-
empirical molecular orbital program MOPAC?! and
compared the results obtained via this route with the
ones experimentally derived with the method described
in the previous section.

MOPAC can be efficiently used to calculate polymer
properties by taking advantage of the so-called cluster
approach??23, Conventionally, polymers have been
studied using solid-state methods such as tight-binding
theory. In this approach, a Brillouin zone is constructed
and sampled using a regular mesh of points. This
produces a number of complex electron density matrices,
from which the real density matrix can be derived.

The MOPAC approach is quite different: instead of
sampling the whole Brillouin zone, only a single point is
considered. The use of a single point requires the unit
cell or repeat distance to be large enough for the
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associated Brillouin zone to be so small that all bands
are essentially flat. In other words, the repeat distance
needs to be greater than 10 A. A practical way to establish
how large the repeat distance should be for a given
polymer is to calculate the heat of formation on clusters
characterized by an increasing number of repeat units.
The heat of formation per repeat unit is expected to
decrease at first with the increasing size of the cluster,
but to converge subsequently towards a constant value.
The speed of such a convergence, i.e. the required repeat
distance length, depends on the degree of delocalization
of the polymer structure.

This cluster model allows polymer calculations to be
carried out with little more difficulty than that encountered
in a similar calculation on molecules and ions. Further-
more, since the repeat unit’s dimensions are normally
rather large, the cluster can be frequently built up with
just a few units.

The different calculation methods within MOPAC
(MNDO, MINDO/3, AM1 and PM3) have many
features in common. They are all self-consistent field
(SCF) methods, they take into account electrostatic
repulsion and exchange stabilization, and all calculated
integrals in them are evaluated by approximate means.
Furthermore, they all use a restricted basis set of one
s orbital and three p orbitals per atom and ignore overlap
integrals in the secular equation. All four semiempirical
methods contain sets of parameters, but not all
elements are parameterized for all methods.

We have been using the computational program to
perform complete geometry optimizations with the
different available Hamiltonians. Geometry optimization
is an energy minimization technique that proceeds by
calculating the resultant forces on each atom in the
system (using the derivatives of the energy with respect
to coordinates) and then moving the atoms in the
direction determined by these factors so as to lower the
energy of the system. When the geometry is within a
preset distance or energy of a local minimum, the
optimization is stopped. MOPAC does not necessarily
converge to the global minimum for the system. The
optimized geometry will correspond to an isomer or
conformer, with the degree of optimization being
specified by the user.

We have also tested the sensitivity of the computational
technique to geometric parameters such as bond lengths
or backbone valence angles. The procedure is based
on an analysis of the evolution of the molecule’s heat
of formation as one geometric parameter is varied
systematically over a range of values. This allows us to
determine the role of the variable geometric parameter
in the modelling Hamiltonian, plus the size of the
fluctuations of this parameter which will be present in
the material. Obviously, the best value for this parameter,
corresponding to a minimum in the heat of formation
curve, will have to match the results obtained in the
geometry optimization calculation.

EXPERIMENTAL

The material used was commercial PTFE (ICI Fluon),
in the form of a 7 mm diameter cylindrical rod, with the
sample being contained in a vanadium cylindrical can.
The measurements were performed on the Liquid and
Amorphous time-of-flight Diffractometer (LAD) at the
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pulsed neutron source, ISIS (Chilton, UK)**. The
vanadium can was mounted on the standard furnace of
the diffractometer. We carried out measurements at two
different temperatures in the melt, namely 350 and 400°C,
i.e. just above the melting transition temperature and just
before the high-temperature degeneration of the material,
respectively: the stability of the material at 400°C had
been previously tested. The temperature inside the
furnace was stable within 0.5°C, and the duration of each
run was ~ 10 h.

For each one of the 16 detector banks, the raw data
were normalized for the incident beam flux and calibrated
with a standard cylindrical vanadium sample. Corrections
were made for absorption, multiple scattering and
self-scattering contributions. Data from the different
detector banks were finally merged and the total structure
factor S(Q) was obtained. This data reduction was
performed with the ATLAS suite of programs, available
at ISIS for the analysis of time-of-flight diffraction data24,
The data thus obtained were characterized by a constant
AQ/Q resolution?>,

‘RESULTS AND DISCUSSION

Figure 2 shows the experimental static structure factor
8(Q) of molten PTFE at a temperature of 350°C as a
function of the exchanged momentum ¢, after data
correction and normalization. After the first, dominant
peak, which is interchain in nature, the two main features
are a peak at ~3 A~ which arises mainly from F-F
interactions and a peak at ~5 A ™, indicating correlations
between carbon atoms along the chain. The triangular
nature of the first intrachain peak has been previously
shown to indicate the presence of long segments in a
trans-type conformation'?. The Q-weighted scattering
pattern was then calculated and the region between 2.5
and 35 A~' was used as a quantitative comparison with
the scattering function predicted by the various models.

The model was a PTFE chain consisting of 5000
skeletal bonds. The chain was built with four isomeric
states, i.e. a split trans state and two gauche states,
according to previous conformational energy calcula-
tions?®, as well as an analysis of the experimental dipole
moments in perfluoroalkane molecules®.

S(Q)

-1

oL
U\/ (4
5 10 15 20 25 30 35

0
Qa]

Figure 2 Experimental $(Q) curve for PTFE at T=350°C, after data
correction and normalization
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The conditional probabilities associated with these
isomeric states were represented by the following matrix:

") ) (") (o)
aff aol—p) 1—a O

ol—p) «f 0 1-a (2
o 0 l—a O
0 o 0 1—a

where o is the probability of a trans state and f is the
probability of a given state preserving its sign. The
varying parameters of the model were C—C and C-F
bond lengths, backbone valence angle 6, backbone
torsion angles corresponding to each one of the four
isomers, i.e. Y, and y, for the two trans and gauche states
respectively, forced to vary coupled (i.e. ¥,- = —y,+), and
o and f in the probability matrix. The bond lengths and
bond angles were characterized by the same values
throughout the chain.

The initial values for the parameters were taken from
the literature. They were 1.54 and 1.36 A for the bond
lengths, 114° for the 6 angle, +15° and +120° for the
torsional angles, 0.84 for « and 0.76 for . Figure 3 shows
the corresponding neutron scattering pattern and its
comparison with the experimental results. As can be seen,
the main features in the experimental curve are
represented by the model curve, but the peak positions
and relative intensities are not quantitatively predicted.

The ‘refinement’ procedure was then started. For each
model parameter, an initial scan interval and a scan step
were chosen. Several models were built, in which the
parameter of interest was set to one of the scan values,
while the other parameters were frozen to their initial
values. The expected diffraction patterns were calculated
for every model and the corresponding x> values
evaluated. The region of minimum y? in the parameter
space was then identified and the span was refined over
a narrower interval with a smaller scan step. The
procedure was repeated until the scan step corresponded
to the desired accuracy for the given parameter. The best
value for the parameter of interest was obtained from the
minimum in the ¥ curve. The refinement procedure was
then repeated for a different parameter, after having fixed
the previous parameter to the best value found. The

¥ Xx X0k

x

Qs(Q)

T Weoxx x

XX X X X

0 5 10 15 20 25 30 a5
QA1)

Figure 3 Comparison of model prediction (continuous line) with
experimental neutron diffraction data at T=350°C (+), using the
model parameters reported in the literature

overall procedure was finally repeated as many times as
was necessary to achieve convergence of the .

It is to be noted that, for each parameter, the model
scattering pattern was calculated as an average of the
scattering patterns obtained by a number of equivalent
models. The number of models over which the average
was performed depended upon the accuracy required for
the particular parameter under investigation. For
example, while a single model was sufficient to determine
bond lengths to an accuracy of 0.01 A, an average over
20 analogous models was necessary to discriminate
between two neighbouring values for o or §, within 0.01.
Figures 4 and 5 show examples of the tests performed to
this aim. Figure 4a represents y® curves obtained by
varying the parameter  and averaging over a variable
number of models, with a chain consisting of 1000 skeletal
bonds. Figure 4b shows the same calculation with a model
chain of 5000 bonds. As can be expected, the shorter-
chain model needs an averaging over 50 models to obtain
a reasonably smoothly varying curve, whereas the
5000-bonds chain model only requires an average over
10 analogous models, with a resulting saving in
computation time. Figure 5 represents the standard
deviation ¢ of the distribution of x* values for 10
independent 2 calculations from a given model,

0.0864 v ——r—r T L

oces |

0.0852

0.0848 " L n . 1 s .
0.16 0.18 0.2 0.22 0.24 0.26 028 03 032

0.0868

0.0864

0.0856 -

0.0852 L i " " 2 s "
0.16 0.18 0.2 0.22 0.24 0.26 0.28 03 0.32

4

Figure4 Representative behaviour of y? as a function of the probability
parameter f for (a) a 1000-bonds chain and (b) a 5000-bonds chain.
The different curves represent averaging of the calculated scattering
pattern over a number of equivalent models: (continuous line) 1; (long
dashed line) 10; (short dashed line) 20; (dotted line) 50; (dashed—dotted
line) 100 models
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Figure 5 The standard deviation ¢ of x? for 10 equivalent models as
a function of the number of models N in the averaging procedure: (<)
a 1000-bonds chain; (+) a 5000-bonds chain
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corresponding to different numbers N of averages for
the two chain lengths of 1000 and 5000 bonds. Once
again, ¢ can be seen to reach rapid saturation at an
average over a number of models equal to 10 for the
longer chain. As a result of these tests, all our models
were build using a 5000-skeletal-bonds chain and an
averaging over 1, 10 and 20 models for bond lengths,
bond angles and conditional probability parameters,
respectively.

Figure 6 shows typical y* curves obtained from final
scans of the geometric parameters, i.e. bond lengths, 0

- valence angle and trans and gauche torsional angles. The

experimental data from which the y* values of Figure 6
were calculated are obtained at T=350°C. For each
curve, the value of the parameter corresponding to the
minimum in y? was obtained by direct examination of
the curve, rather than through interpolation of the curve

08 T T — — T T T

126 1.28 13 132 134 136 138 14 142 144 146
C-F bond length [A]

0.16 . r T . y v . . .
d
014 | .
¥ o2} .
0.1} ~
0.08 . L . —_—

0 3 6 e 12 15 18 21 24 27 30
Y, (degl

Figure 6 Final x curves obtained by varying one of the parameters
defining the single chain model: (a) C—C bond length; (b) C—F bond
length; (c) backbone valence angle 6; (d) trans torsional angle
(¢) gauche torsional angle ¥,
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itself. In other words, the ‘best-fit’ value for any given
parameter was one of the points scanned during the
search. The precision of this value was determined by the
resolution chosen in the grid-scan procedure. From the
curves of Figure 6 we obtained the following values for
the geometric parameters: 1.58 and 1.36 A for the C-C
and C-F bond lengths, respectively (Figures 6a and 65,
respectively), 110° for the 6 valence angle (Figure 6¢) and
+18° and + 112° for the two trans and gauche torsional
angles, respectively (Figures 6d and 6e, respectively). The
existence of a split trans state is confirmed by the fact
that a three-rotational-states model does not produce a
satisfactory fit to the experimental data, as is shown in
Figure 6d. This agrees with a previously suggested
model’-®. The value of the angle, corresponding to the
helical deformation which is found, is in agreement with
all of the theoretical predictions presented in the
literature?6-34, Similar values for the C—C and C-F bond
lengths were obtained by inspection of the corresponding
radial distribution function that was obtained by Fourier
transformation of the data shown in Figure 2.

As regards the conditional probabilities, since the two
probability parameters « and f are interdependent, a
grid-search strategy was applied: having roughly localized
the region between 0.8 and 1.0 as that containing the
best a« value (with f arbitrary), o was fixed at a starting
value and a x* curve was obtained by varying f. The
value for « was then changed and a new y? curve was
calculated. The procedure was repeated with a being set
to values in the range 0.8-1.0. Each y? curve that was
obtained was analysed and the f value giving the
minimum x?, at the corresponding set value of «, was
recorded. All of the minimum y? values obtained from
the several curves were finally compared with each other,
and the absolute minimum value was then selected. The
a, f§ couple corresponding to this absolute minimum was
thus chosen as defining the best probability parameters
for the model chain. In this way, we obtained the values
«=0.86 and B=0.25 at T=350°C. The probability of
trans (i.e. &) obtained is in very good agreement
with the results predicted at 600 K by the analysis of
dipole moments in perfluoroalkanes (obtained with the
assumption that the energy barriers are for trans/gauche
transitions®35). The resulting probability of the torsions
being trans corresponds to straight chain sequences of
~25 A and to an aspect ratio of 3.2. This is in agreement
with previous conclusions from X-ray measurements’3.
As pointed out in the literature'?, this would suggest a
high degree of orientational correlations between chain
segments. By assuming that the correlation extends in a
spherical diameter equal to the persistence length, it has
been shown!? that an aspect ratio of ~ 3 implies a sphere
including nearest neighbours (while a higher aspect ratio,
i.e. a higher probability of trans, would allow the inclusion
of second and third nearest neighbours). Thus, a
correlation sphere of 15 A in radius might be expected
for PTFE. The possibility of a high level of orientational
correlations in PTFE has been theoretically predicted in
previous work>®, in which it was shown that the chains
characteristic of PTFE are at the boundary of liquid
crystal formation. Optically, PTFE melts are isotropic
and hence they do not form liquid crystalline phases. The
aspect ratio of 3 therefore sets a lower limit for the
formation of liquid crystal phases in simple main-chain
systems.

The value obtained for § implies a high rate of helix

reversals, as was previously suggested® '3, A considerable
level of helix reversals has been deemed responsible for
the intrachain disorder observed in the crystalline state
in relatively recent X-ray investigations®”->%.

Figure 7 shows the projected trajectory of a portion of
the best model chain. As can be seen, the chain
configuration is characterized by considerably long
all-trans sequences.

Having obtained the best model, we also considered
the possibility of temperature-induced oscillations in the
values of the torsional angles around the minimum of
their potential well. This was achieved by introducing a
standard deviation ¢, for the distributions of torsional
angles, which was assumed Gaussian. The standard
deviation ¢,,,. was varied and the value of y*> was
evaluated. The fit to the experimental diffraction pattern
is only marginally improved by this parameter, as was
previously concluded from the analysis of X-ray data'?.
The best value found for ¢, was 5° at T=350°C.

Figure 8 shows the predicted Q-weighted scattering
function for the model that corresponds to the minimum
%2, at T=350°C. As can be seen, the agreement between
the model and the experimental results is good, over the
wh/(ilelof the Q range considered (between 2.5 and
35A7H.

Table 1 summarizes the values found for the various
structural parameters at two different temperatures,
namely 350 and 400°C. At the higher temperature, the

\\Mv\\ 10A

Figure7 Typical chain trajectory; note the extended all-trans sequences

Qs(Q)

Q[A-1]

Figure 8 Best fit to the experimental diffraction pattern of molten
PTFE at 350°C, over the Q range 2.5-35 A~ !; (continuous line) model
predicted values; (+) experimental data
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Table1 Configurational parameters of the single chain model corresponding to minimum y2 at two different temperatures in the melt. Calculations

performed over the Q range from 2.5-35 A1

T c-C C-F 0 ¥, v, Drose
¢C) (A) (A) (deg) (deg) (deg) x I (deg)
350 1.58 +0.01 1.36 +0.01 11041 +18.0+0.5 +112+41 0.86+0.01 0.254+0.02 542
400 1584001 1364001 11041 +180+0.5 +11241 0.84+001 0.24 0,02 542

quality of the fit that is obtained is comparable to the
one determined at 350°C. An observation of the same
values for bond lengths and valence angles is encouraging.
On the other hand, the 0.02 difference in the probability of
trans/gauche transitions with variation in temperature
coincides with the variation that would be expected from
the relationship

where E,, obtained from the probabilities parameters
derived from the fit at T=350°C, is 6.7 kJmol~!
(1.6 kcal mol~!) and is assumed to be temperature-
independent (the validity of this assumption was
demonstrated by Bates and Stockmayer®:3%).

We have used in this work a comparison between the
Q-weighted structure factors obtained from experiment
and by calculation from each model. Calculations using
a weighting of Q" with n=0, 1, 2, all yielded similar
results although the level of uncertainty associated with
each result varied. Geometric factors, such as the bond
lengths, have a marked imprint on the structure factors,
especially at high values of Q, and hence it is relatively
straightforward to extract such parameters. In contrast,
the influence of the nature of the distribution of the
rotation states along the polymer chain on the structure
factor is not so strong and is more marked at lower values
of Q. Hence, for example, evaluation of these parameters
using a Q2 weighting results in an increased uncertainty
with respect to the values of « and f§ although the
minimum values found in the ¥2 curves were similar for
all weightings. Therefore, weighting with Q provided a
reasonable balance between the opposing factors involved
in the evaluation of the wide range of conformational
parameters studied in this work.

The values derived for the geometric parameters from
the experimental diffraction pattern may be used to
critically examine the results that we obtained from the
semiempirical MOPAC calculations. In the MOPAC
analysis, we started from all-trans chain segments. We
calculated at first the heat of formation associated with
polymer clusters characterized by an increasing number
of repeat units. After a progressive decrease for small
clusters, the heat of formation per repeat unit stabilized
to a constant value for clusters of 10-14 CF, units.
Therefore, we chose a 12 CF, units segment in all of the
ensuing calculations. Table 2 shows the results of
geometry optimizations performed with the different
available Hamiltonians. The required precision in all
calculations was 100 times higher than the default
precision, with the default criterion ensuring a heat of
formation within less than 0.4 J of the correct semiempirical
answer. The MNDO method predicts a heat of formation
per CF, unit that exactly matches the results reported -
from analogous calculations by Stewart on a series of
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Table 2 Summary of results obtained in this work from MOPAC
calculations

cC-C C-F ¢ ¥, H:*

t f
(A) (A (deg) (deg) (kJ mol™Y) Method
1.67 1.34 113 0 —353.84 MNDO
1.61 1.37 109 0 -371.56 AM1
1.61 1.35 111 0 —445.89 PM3, no cluster?
1.61 1.35 111 +16 —401.70 PM3-DFP*
1.60 1.35 110 +18 —403.33 PM3-BFGS$¢

“ Calculated heat of formation per CF, unit

bCalculation performed on an all-trans C,,F,, molecule

¢ David-Fletcher—Powell (DFP) minimization algorithm3®

4 Broyden—Fletcher—Goldfarb—Shanno (BFGS) minimization
algorithm*®

polymers, including PTFE?3, The geometric parameters
listed in Table 2 have values that are close to the results
obtained by the independent experiment/y?> modelling
approach, for calculation methods other than MNDO,
which predicts a considerably larger C—C bond length.
In particular, both approaches predict a lengthening of
the C-C bond length with respect to the ideal value of
1.54 A for an isolated bond, which is to be attributed to
the strong repulsion of the fluorine atoms. It is to be
noted though that the MOPAC predicted C-C bond
length is always larger than the experimental evidence.

Furthermore, the trans torsional angle values listed in
Table 2 are very interesting to consider. Of all of the
available methods, only the most recent, namely PM3,
predicts a helical distortion of the all-trans configuration,
the distortion angle being 18°, in agreement with all of
the previous evidence. This helicity is only predicted on
a cluster-like periodic structure, not on the corresponding
isolated molecule. These results lead to two conclusions.
First, the periodicity of the cluster structure is fundamental
in determining the observed helical conformation of
PTFE. Secondly, the reason for the accuracy of only the
PM3 Hamiltonian in dealing with this particular polymer
is probably to be found in the fact that, of all the MOPAC
methods, PM3 is the only one for which the parameters
referring to s and p atomic orbital repulsion integrals
have been optimized?*.

The optimized geometry obtained with the PM3
calculation was then used to perform reaction coordinate
scans to determine the values of bond lengths and
backbone valence angle giving rise to the lowest heat of
formation. For each parameter explored, the resolution
in the reaction coordinate space was set at the same
value as the step ultimately chosen in the scattering
refinement procedure. The calculations were performed
both with and without geometry optimization for each
intermediate structure generated in the scan procedure.
Figure 9 shows typical reaction coordinate curves, both
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Figure 9 Typical heat of formation curves obtained in a MOPAC
reaction coordinate calculation, with the reaction coordinate in this
case being the C-C bond length: (a) no energy optimization; (b) energy
optimization of each intermediate structure

without (Figure 9a) and with (Figure 9b) geometry
optimization at each point in the curve. As can be seen,
the range of variability of the heat of formation changes
in the two cases, but the position of the minimum of the
curve is left unchanged. The best values for the geometric
parameters obtained from this procedure confirm the
values predicted by the geometry optimization, i.e.
C-C=160A, C-F=1.35A and 0=110".

A comparison with theoretical predictions of the
conformation of the PTFE chain that are present in the
literature is not very straightforward, due to the large
number of often contrasting data presented. Table 3
summarizes results previously obtained by using several
different force fields. As can be seen, there is no general
agreement either on the position of the gauche minima
in the torsional energy curve or on the relative depth of
such minima. This is due to the difference in the
ingredients chosen by the various authors to describe the
torsional potential. This is particularly crucial in a
polymer such as PTFE, where non-bonded interactions
are rather delicate and difficult to account for. It is to be
noted that these works present a smaller value for the
C-C bond length than that determined by experiment
in this work. In most of the cases, this parameter was
not obtained from the calculations, but assigned at the
start as an input parameter. Furthermore, the reported
values for the 8 valence angle are all substantially higher
than the one found by us in this work. On the contrary,
the C—F bond length is variable over an interval which
is reasonably centred around the values found by us.

Finally, we applied the same fit strategy to a smaller
portion of the experimental diffraction pattern, i.e.
2.5-10 A™%; this is the Q range that would normally be
explored by X-ray experiments. The resulting model
parameters are summarized in Table 4. While the quality
of the fit is satisfactory, the model converges, as the table
indicates, to a slightly different configuration for the
PTFE chain. We believe that this is an indication of the

Table 3 Comparison of values obtained for the geometric parameters in this work with literature data

c-C C-F 9 v, E E—E,>

(A) (A (deg) (deg) (kJ mol™ 1) (kJ mol™ 1) Ref.
1.543 1.330 +14 27
1.54 1.36 114.30 +17.30 —-17 28¢
1.54 1.38 116 +15 +90, £120 -1.2 42,25 294
1.54 141 109.28-116 +17 +87, +120 -75 8,418 26%¢
1.53 1.36 114 +17 +120 —222 8.4 30
1.54 1.36 114.6 +10, +15 +120, +£90 -29 314
1.52 1.31 112 +5 —19.2 32
1.54 1.36 1144 +15 +90, +120 -79 10.0, 40.2 33¢
1.54 1.36 114.6 +15 +90, +120 —-50 10.0, 22.6 344

“Value of the energy per CF, unit at the bottom of the trans wells
*E,—E, is the energy difference between trans and gauche minima
‘Gauche isomers not calculated

4The two different gauche isomers are listed in order of decreasing energy well depth
¢ Calculations performed with both values of the € angle; results do not differ greatly

Table4 Configurational parameters of the single chain model corresponding to minimum x? for two different Q ranges; both calculations performed

on the data at T=350°C

Q range C_C C_F 0 ‘//r ll/, ¢losc
(A7) (A) (A) (deg) (deg) (deg) a i (deg)
2.5-35.0 1.58+0.01 1.36+0.01 11041 +180+0.5 +11241  0.86+0.01 0.25+0.02 542
2.5-10.0 1.60+0.01 1.36+0.01 11241 +18.0+0.5 +115+1  090+0.01 0.28 +0.02 4+2
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importance of including the information present in the
high-Q diffraction pattern to obtain a really quantitative
description of the intrachain order.

CONCLUSIONS

In this study we have demonstrated the possibility of
carrying out a detailed quantitative analysis of the single
chain conformation of a non-crystalline polymeric
material through the combination of neutron scattering
over a wide Q range and a modelling technique rather
similar to the procedure known as ‘structure refinement’
in crystailine materials.

We have shown the high sensitivity of neutron
diffraction to the details of intrachain correlations and
the capability of a relatively simple and straightforward
statistical model to reproduce an amorphous diffraction
pattern with reasonable accuracy, once the Q region
characterized by interchain correlations is excluded from
the analysis. The fit of the model to the experimental
data can give useful information, not only on the chemical
features of the polymer repeat unit, which are to a large
extent known a priori, but also, and most importantly,
on the degree of stiffness of the polymer chain and on
its anisotropy.

The method has given satisfactory results for molten
PTFE, thus providing a single chain model in which the
C-C and C-F bond lengths are 1.58 and 1.36 A,
respectively, the backbone valence angle is 110° and the
four isomers describing the torsional potential are at
angles of +18° for the trans conformers and +112° for
the two gauche states. The splitting of the trans state is
responsible for a helical distortion of the chain. The
probability of trans conformers is 0.86 at T=350°C and
decreases slightly to 0.84 at T=400°C. This high fraction
of trans conformers produces a stiff chain, characterized
by long all-trans sequences, which are also rather
anisotropic, with the evaluated aspect ratio being 3.2.
This anisotropy may imply the existence of considerable
local interchain orientational correlations.

Finally, we have used the experimental results obtained
to establish the viability of semiempirical molecular
orbital methods for this unusual polymer. We have shown
the importance of the choice of Hamiltonian for the
description of the system. Of all the available methods
within MOPAC, only the PM3 method predicts, in fact,
the distortion of an otherwise planar all-trans chain into
a helical structure, as observed experimentally. We have
also shown the convergence of the MOPAC geometry
optimization procedures to geometric parameters for the
chain that are largely in agreement with the ones that
have been determined experimentally.
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