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Abstract

Molecular mechanics and dynamics simulations have been utilized to probe the nature of helix reversal activity in polytetrafluoroethylene
(PTFE). The results of the simulations indicated that helix reversals do form and migrate in PTFE crystals. At low and intermediate
temperatures, the most important defect structure was a helix reversal band: two helix reversals which bracket a small chain segment having
the opposite helical sense from the parent molecule. The size of this reversal band defect was equal to approximately half of the helical repeat
unit in the low and intermediate temperature phases. In the high temperature phase where intermolecular effects are diminished, a wider
distribution of reversal band sizes was observed during the simulations. The impact of helix reversal activity on rotational disorder was also
examined. In addition to the rotational disorder created by the presence and motion of helix reversals, a mechanism was identified by which
significant reorientation of a chain segment (having the same helical sense as the host chain) about the molecular axis can occur when it is
bracketed by two helix reversal band$1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction also shown that larger cells (also consistent with diffraction

data) containing both left- and right-handed helices are

The helical structure of polytetrafluoroethylene (PTFE) feasible [3]. Above 3fC, further rotational disordering

gives rise to a very rich phase behavior for this chemically and untwisting of the helices occurs as temperature
simple polymer. At atmospheric pressure and within a few increases. In this high temperature phase I, the 15/7 helical
tens of degrees Celsius, PTFE exhibits three solid stateconformation gradually gives way to a time-averaged 2/1
phases. In phase Il below A, X-ray and electron diffrac-  (planar zigzag) conformation as the temperature increases
tion data indicate that the material has a well ordered tricli- [3]. The unit cell remains metrically hexagonal.
nic unit cell containing two chain stems of opposite hand  Though X-ray data suggest a high degree of order when
[1]. The molecules have a 54/25 (u/t, units per turn) helical PTFE is at or below 1€, other experimental techniques
conformation, though a 13/6 ratio is more often quoted. At such as solid state nuclear magnetic resonance (NMR) and
19°C, an order—disorder transition occurs [2]. The disorder Raman scattering suggest that dynamic disorder exists in
which comes into play is reorientation (rotations) of the crystalline regions even at cryogenic temperatures [4,5].
molecules about their axes (not reorientation of helical To reconcile these conflicting observations, the presence
axes). The molecules also untwist slightly to adopt a 15/7 and mobility of chain defects called helix reversals were
conformation. This intermediate phase (IV) has a metrically postulated [4]. Such helix reversals could allow large rota-
hexagonal unit cell containing one stem (based on X-ray tions about molecular axes locally without affecting the
data) and persists up to ¥ Model calculations have long-range order observed in X-ray diffraction studies. It

was further suggested [4] that helix reversals on neighboring
S chains could interact and segregate onto well defined planes
91’;7C°ffespondi”9 author. Tel.:+1-937-255-9209; fax:+1-937-255-  wjthin a PTFE crystal, and that these planes of defects could

E—r.nail addressfarmerbl@ml.wpafb.af.mil (B.L. Farmer) travel through the crystal. . .
The phase and mechanical behavior of fluoropolymers

! Work was carried out the the University of Virginia, Charlottesville, ] -
VA 22903-2442, USA. depend on chain and segmental motions. Thus, they are
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Fig. 2. Schematic of substructuring and distance restraints placed between

Fig. 1. Schematic diagram of the nineteen chain cluster and important center chain and outer ring chains.

crystallographic directions.

modeling studies that decreased lamellar thickness leads

subject to the influences of helix reversal activity. Though to lower transition temperatures in PTFE [2].
understood conceptually, details of the relationships Table 1 gives the molecular dynamics control parameters
between helix reversals, rotational disorder, phase transi-used in all of the simulations. For the heating stages, initial
tions, and mechanical properties in fluoropolymers are velocities were assigned based upon a Boltzmann distribu-
still unclear. This article describes the results of molecular tion at 50 K. The temperature was increased by 50 K every
dynamics simulations which allow direct observation of 50 fs up to 100 K, or 200 K. For the 248 K simulation, the
molecular events and elucidate the nature of intra- and inter- cluster was heated to 200 K as described earlier, and then a
molecular interactions between helix reversals and chain 48 K increment was made to reach the target temperature.
rotations. For the 273 and 298 K simulations, the 50 K/50 fs protocol
was used up to 250 K before making the 23 and 48 K incre-
ments, respectively, to reach these target temperatures.

Distance restraints on the outer chains were used to
prevent the cluster from disassembling. A substructuring
scheme of six segments each containing 1Q Gups
was used (see Fig. 2). Energy versus displacement curves
for thea’ andb’ directions (Fig. 1) were generated for the

F—(CR)s—F chains (Fig. 1) were used to investigate the c_ente_r cha_in (Ch@ir_l 5) in the cluster by stepping it in those
disordering chain motions that occur in fluoropolymers. directions in 0.25 Aincrements and calculating the energy

The simulations were performed for temperatures of 100 difference relative to a freely minimized cluster. All chains
200, 248, 273 and 298 K. As the order—disorder phase tran’_were held conformationally rigid during these calculations.
sition in perfluoroeicosane (gF,,) occurs at 200K [6], it A guartic function, shown in Eq. (1), was required to
was suspected that the behavior of the model would more 2d€quately fit the energy versus displacement profiles.
closely mirror that found in crystals of perfluorocarbon g — k,d* + kyd® + k,d? + k;d (1)
oligomers than PTFE, with disorder and transitions occur- .

ring at lower temperatures due to the lack of rotational Wherek; are the force constants auds the displacement
constraints. In addition, it has been shown in previous from the equilibrium position. The constants that resulted

2. Methods
2.1. Molecular dynamics simulations

Molecular dynamics simulations on a cluster of nineteen

Table 1 Table 2
Molecular dynamics control parameters Constants for quartic distance restraints (Eq. (1)). Units are kcal/mol
Simulation time 200 ps (300 ps for a'-directiorf? b'-direction
100 K simulation)
Temperature control Andersen method Ks 251.57 213.33
Non-bond cutoff 9.5A ks 37.24 ~11.25
Integrator Velocity Verlet ko 60.68 84.39
Time step 2fs ki 3.07 0.81
Snapshot interval 500 fs

2See Fig. 1.
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from this process are shown in Table 2. These were thenpattern from a static, minimized nineteen chain cluster is
used to restrain the outer chains of the model. shown in Part 1 of this series. The coordinates of the struc-
The force field used to describe intra- and intermolecular ture were considered at 2.5 ps intervals for the diffraction
interactions of perfluorocarbon molecules is given in the pattern calculations. Therefore within the 25 ps period, ten
first paper in this series. This set of parameters is far superior“snapshots” of the cluster were averaged. The X-ray wave-
to a force field that was previously derived and used in some length considered was 1. 54178 éorresponding to Cu &
earlier simulations [7]. The current force field was estab- rad|at|on Reciprocal space coordinat® ere scanned in
lished using a much larger range of helical conformations 0.1 A lincrements (2 increments of 1.580) betweerQ =
than was used for generating the earlier parameter set. Mored.0 and 6.0. Therefore, the 6. (TAby 6.0 AL “film” was
importantly, the van der Waals parameters utilized in the sampled at 3600 point®, the magnitude of the scattering
current work yield intermolecular distances which are closer vector, is defined as
]t%ﬁjxperimental values than do those from the previous forceQ — (4msing)/A. %)
Torsional restraints were placed on the dihedrals at the Cylindrical averaging was applied to the scattering along
ends of the chains to lessen the probability of the chain with a model size correction to reduce the size of the peak at
termini becoming initiation sites for helix reversals. This the origin of reciprocal space. The correction subtracts the
increases the effective chain length. To increase the resis-cylindrically averaged scattering from a cylinder of uniform
tance to torsional motion of the chain ends, scaling factors scattering density [8]. The length and radius of the correc-
were applied to the energy and derivatives for the dihedrals tion cylinder were optimized by thergius? software based
formed by C1-C2-C3-C4r(), C2-C3-C4-C5 12), on the dimensions of the nineteen chain cluster.
C56-C57-C58-C59 766), and C57-C58-C59-C60
(757) on each chain. Values of the scaling factors were
derived in the following manner. The most mobile helix
reversal defect structure involves a minimum of two dihe-
drals. Setting two consecutive dihedrals in the center of
Chain 5 (see Fig. 1) ttrans (18C) resulted in an energy
increase of 22.9 kcal/mol for the nineteen chain cluster
(referenced to the energy of the fully minimized cluster).
Setting the two end torsions tiansincreased the energy 3 1. Helix reversal activity
of the cluster by 2.16 kcal/mol. It was assumed that contri-
butions from the individual dihedrals to the total energy  Foreach of the dynamics simulations, the activity of helix
barrier are additive. Therefore, in the interior of a crystal, reversals was monitored as follows. The helical sense of the
where all torsions have essentially the same environment, anchains was plotted as a function of time and position by
individual dihedral would see a barrier of 11.45 kcal/mol applying a grayscale coding such that left-handed torsions
(0.5 x 22.9 kcal/mol). Settingrl and 72 individually to were assigned white, right-handed torsions black, and near
trans increased the cluster energy by 0.63 kcal/mol and transdihedrals with values betweer: 5° (trans= 0.0 in
1.46 kcal/mol, respectively. The sum of these individual this case) were coded gray. As the development of disorder
contributions (2.09 kcal/mol) is not too different from the as well as equilibrium behavior is of interest, helix reversal
energy increase (2.16 kcal/mol) observed when both endactivity plots were generated for the entire duration of each
torsions were set tdrans simultaneously. The scaling simulation. These are shown in Fig. 3(a)—(d).
factors were taken to be the ratios of the assumed individual Fig. 3(a) depicts the helix reversal activity on Chains 1-5
barrier (11.45 kcal/mol) for a torsion in the interior of a (see Fig. 1) during the 100 K simulation. The many grey
crystal to those seen by the dihedrals at the chain termini. “dots” indicate transient, neatrans dihedrals. Most of

3. Results

Before proceeding with a description of the results, it
must be stated that no data from the simulation at 298 K
will be presented or discussed. The results were essentially
identical to those from the 273 K simulation.

For 1 and 757, the scale factor was 11.45/0.6318.17, these neatranstorsions occur singly or in pairs. Inspection

while for 72 and 756, it was 11.45/1.46= 7.84. of the dihedral trajectories revealed that essentially all of the
neartrans torsions were of the same hand as the parent

2.2. Simulated X-ray diffraction patterns chain, even those involved in a neaans pair. Accord-

ingly, the helix reversal density given in Table 3 for the
The calculation of diffraction patterns from the clusterisa 100 K simulation is close to zero. Note that nétansdihe-

convenient method for summarizing structural characteris- drals were not excluded from this count. The kinetic energy
tics. It also provides a link between the model/simulation of the torsional motion was not sufficiently high at this
data and experimental data. The Diffraction module avail- simulated temperature to surmount the barrier to helix
able in the @rrus? (version 3.0) molecular modeling pack- reversal formation.

age was used to calculate time-averaged fiber diffraction The striking characteristic during the 200 K simulation is
patterns from the cluster as it evolved during the last the development of well-defined bands that have the
25 ps of the molecular dynamics simulations. The fiber opposite helical sense from the host chains (Fig. 3(b)).
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Fig. 3. Helix reversal activity during the (a) 100 K simulation, (b) 200 K simulation, (c) 248 K simulation, (d) 273 K simulation.

Structurally, the bands consist of a pair of helix reversals difficult to discern from Fig. 3(b). Inspection of plots (not
separated by a short chain segment that is of opposite helicashown) of helix reversal behavior on other chains in the
sense relative to the parent chain. The formation and growthcluster did not suggest strong, persistent intermolecular
of a helix reversal band involve the appearance of an adja-coordination of helix reversal behavior on chains of oppo-
cent pair of helix reversals at some location within a chain, site hand.
and subsequent migration of the individual helix reversalsin ~ The plots of helix reversal behavior for the 248 K simula-
opposite directions. These bands vary in thickness, but typi- tion (Fig. 3(c)) indicate that the reversal bands have a higher
cally involve two to five dihedrals (five to eight backbone C mobility at this temperature than at 200 K and are present in
atoms) and are flanked by neaans torsions. The near- much greater numbers (see Table 3). Excursion velocities
trans dihedrals are necessary to maintain the linearity of near 160 m/s are observed. Thicker reversal bands involving
the helical axes and minimize lattice strains. There is no up to 10—12 dihedrals (13—-15 backbone C atoms) are also
preferred direction of motion for these reversal bands. present, but do not appear to be as mobile as the smaller
They undergo small fluctuations and maintain relatively defects. With the greater motion and numbers of the reversal
stable positions in the cluster. Larger excursions with velo- defects, the axial staggering of reversal bands on neighbor-
cities near 100 m/s also occurred. See Chain 1 in the vicinity ing like-handed chains observed at 200 K is not as readily
of Torsion #40 between 140 and 160 ps (the axial distance apparent at 248 K.
between two adjacent dihedrals is 1.3 A). The helix reversal behavior at 273 K is shown in Fig.
The helix reversal bands on neighboring chains of the 3(d). Compared to that during the 248 K simulation, there
same hand (1, 2, 3 and 4) prefer to be staggered axially;is an insignificant increase in the density of helix reversals
i.e. they do not tend to arrange themselves into planes(see Table 3) and in the thickness of the reversal bands.
normal to the chain axes. Intermolecular interactions of  Higher excursion velocities near 250 m/s were observed.
reversal bands on chains of opposite helical sense areThe density of helix reversal defects increased with



D.B. Holt, B.L. Farmer / Polymer 40 (1999) 4673—-4684 4677

80 Chain #

‘HLI l:l‘l}lllvll\!I‘I![I)II‘

60

50
= 40
|
.S 30
2
220

10

time (ps)

Fig. 3. (continued

temperature in the simulations. Significance testing (with calculating an average setting angle trajectory for the central
thet-test) indicated that the helix reversal density increases twenty Ck groups in each chain referenced to a defect free
between the 100, 200 and 248 K simulations were statisti- helix of appropriate hand and with a setting angle of zero
cally significant (at 99% confidence or better). Therefore the degrees. Individual chain rotation trajectories are presented
increase on average of nine and five reversals, respectivelyas needed to highlight specific behavior(s) under discussion.
at successively higher temperatures was significant. As it is often difficult to see correlations in “raw” dynamics
The plots of helix reversal activity indicate the range of trajectories which fluctuate rapidly, correlation coefficients
values into which the backbone dihedrals fall, but do not over the last 50 ps of each simulation were calculated
reveal the magnitude of torsional motions which are respon- between the rotational trajectories of the chains with the
sible for helix reversal formation. These data are presentedfollowing equation:
in Table 4. At 100 K, the torsional amplitude is not large
enough to cause a reversal of hand. At 200 K, the average NIA.B, — 3A,3B,

. i ; : Cag = .
dihedral fluctuation amplitude is not large enough for the [(NSAZ — (SA)D(N3SBE — (3B,)1Y2
creation of helix reversals, but the larger oscillations contri-
buting to the average allow the formation of a few reversals. In this particular casef, and B, are values of setting
At 248 K, the torsional amplitude is sufficient to allow helix angles of the central segments of two different chains, A

©)

reversals to form readily. and B, at time step. These data are shown in Table 5.
The actual values dfg in the table and averages of the
3.2. Rotations/librations about the chain axes absolute valueggag|, of the correlation coefficients are not

the most important pieces of information in these data. They
Rotations about the helical axes were examined by all indicate very weak coordination of rotational and
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Fig. 3. continued

librational motion, and the mean absolute values of the determined from X-ray diffraction data is 54/25 [1]. Further
correlation coefficients at each temperature are not statisti-simulations would be required to determine if the approx-
cally different from each other. However, the sign (positive imate doubling of the libration amplitude at 200 and 248 K
or negative) of the correlation coefficient for a given pair of is significant. The substantial increase in the average libra-
chains is very noteworthy. The sign is indicative of the tion amplitude (and standard deviation) at 273 K was due to
relative directions of rotations/librations of two chains. A the onset of large, abrupt changes in setting angles.
positive value indicates rotation in the same direction, while
anegative value signifies rotation in opposite directions. For 3 3 piffraction patterns
the 100 and 200 K simulations, a well-defined pattern is
maintained. Like handed chains tended to rotate/librate in  Calculated fiber diffraction patterns (averaged over the
the same direction, and the motions of chains of opposite last 25 ps) for the 100, 200, 248 and 273 K simulations
helical sense tended to be in opposite directions. These relaare shown in Fig. 4(a)—(d), respectively. The same contour
tionships did not hold very strongly during the 248 and levels were used in each plot. They show that three distinct
273 K simulations in which the chiral identity of the chains phases were ultimately attained during the simulations. The
was lost. helical conformation was 13/6 (2.167) at 100 K. (Note that
The amplitudes of setting angle fluctuations are given in the resolution of the calculated diffraction patterns is not
Table 6. As expected, these amplitudes increase with sufficient to distinguish between 13/6 and 54/25 helices.)
temperature. Note that the libration amplitude for the low The conformation changed to 17/8 (2.125) at 200 K, and
temperature simulation (100 K) is close to 6.This is the then to 2/1 at 248 K. It remained 2/1 during the 273 K
“notch” angle (360/54 = 6.7°) for PTFE chains in the low  simulation. This does not imply that these temperatures
temperature phase Il in which the helical conformation are the transition temperatures. The calculated diffraction



D.B. Holt, B.L. Farmer / Polymer 40 (1999) 4673—-4684 4679

Cham #3 Chmn #

time (ps) time (ps)

Fig. 3. (continued

pattern of a static, freely minimized nineteen chain cluster 15/7 (2.143) in Phases IV and |, and eventually to 2/1 at high
(shown in Part I) indicated that the helical conformation was temperatures [1,3].
13/6. Note that the intensity of the reflections on the second The cluster of PTFE chains also experienced thermal
layer line, which are highly sensitive to rotational disorder, expansion during the simulations. Table 7 gidespacings
have fallen below the threshold for the minimum contour for the equatorial reflections from the calculated fiber
value plotted in the 200 K and higher temperature simula- patterns in Fig. 4(a)—(d). A Gaussian curve was fit to the
tions. These diffraction patterns are very similar to those data to determine the location of the peak. Gkgpacings in
observed experimentally in PTFE, in which the helical Table 7 are in reasonable agreement with experimental
conformation progresses from 54/25 (2.160) in Phase Il to values, 4.866 and 4. 902 Aor PTFE in Phases Il and IV,
respectively [9]. The similarity of the simulated structures to
Table 3 those observed experimentally demonstrates the quality of
Average helix reversal densities during the simulations. Values are the the force field.

population averages for Chains 1-5 over the last 50 ps of each simulation.

Neartranstorsions are not excluded from these counts 3.4 Thermodynamic properties

Temperature (K) Number per chain . . . . .

It is possible to derive a variety of useful properties of
100 0.2+ 0.6 model systems such as heat capacities or coefficients of
200 9.3 25 thermal expansion (CTEs) by applying statistical mechan-
3‘712 ii:gi gi ical relations to fluctuations of quantities such as energy or

volume which occur during a molecular dynamics
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Table 4 experimental values. The appropriate statistical mechanical
Mean dihedral angle fluctuations. Values are the population averages of a|ation for the canonical ensemble is
time-averaged backbone dihedral fluctuations occurring in Chains 1-5 over

the last 50 ps of each simulation <3E2>NVT _ kBTzCV 4
Temperature (K) AVg(AT) where (8E?)yr is the variance of the fluctuations in total
100 45+ 05 energy of the system andg ks the Boltzmann constant. To
200 10.4+ 2.5 evaluateC, from the molecular dynamics data, the energy
248 12.9+ 2.00 fluctuations were averaged over the last 50 ps of the simula-
273 13.6+ 1.5

tions. Values ofC, derived using Eq. (4) are given in Table
8. They are in fair agreement [9] with heat capacities
) ) . _ _ ) (constant pressure) determined experimentally for PTFE
simulation [10,11]. In addition, properties which are deriva- \yhich range from 19.4 J/mol GK at 100K to 45.1 J/

tives of a state variable with respect to temperature may be g CR/K at 298 K. The increased value @, derived
determined from a single simulation at a single temperature. fom the 100 K simulation indicates that this temperature
This method is generally more accurate than taking the a5 jikely near a transition temperature for the model
difference of average properties for two simulations at gystem in this study. Similar behavior is observed in heat
different temperatures, and then dividing by the temperature capacities derived from differential scanning calorimetry
difference [12]. o measurements on perfluonealkanes [13]. Peaks in heat
Fluctuations in total energy (the Hamiltonian) may be capacity—temperature data occur for these materials just
used to obtain constant volume heat capacities at the fourpefore disordering transitions in the solid state. Small ampli-
simulated temperatures, which may then be compared withy,ge conformational and rotational disorder were observed
during the 100 K simulation. Therefore, an assignment of
Table 5 the disorder (conformational, rotational, or both) responsi-
Correlation coefficient,g over the last 50 ps for rotat‘ion_alllibrational ble for the increase in heat capacity at 100 K cannot be made
motion about the molecular axes. Values of the A and B indices correspond . . . .
to the chain numbers indicated for each column and each row without data from at least one additional simulation at a
temperature below 100 K. Nevertheless, this agreement of

(@) 100 K simulation C, values derived from the simulations with experimental
Chain 1 2 3 4 5 values is another demonstration of the quality of the force
1 1.0 0.38 0.38 0.19 -0.31 .

2 1.0 0.22 018 - 0.23 field.

3 1.0 0.24 - 047

4 1.0 —0.09

5 1.0 4, Discussion

Average for all chainsicas| = 0.26 = 0.11
The results of the molecular dynamics simulations

(b) 200K simulation confirm that the helix reversals play an important role in

Chain 1 2 3 4 5

1 1.0 0.38 0.63 034 - 036 the behavior and properties of PTFE. However, at low and
2 1.0 0.30 0.33 —-0.20 intermediate temperatures, the distribution of helix reversals
3 10 0.18 -0.30 is not uniform. Rather, the helix reversals are more closely
:31 10 - (1’-39 spaced than a uniform distribution would indicate as a result

of the mechanism required for formation. An isolated helix

Average for all chainsjcag| = 0.33x= 0.12 . . .
Kol reversal cannot form spontaneously in the middle of a chain

(c) 248 K simulation (as this would require a large number of torsions to change
Chain 1 2 3 4 5 hand simultaneously) but may form at a chain terminus and
1 10 0.15 029 -0.28 0.17 migrate. However, a reversal pair can form in the middle of
g o - (1)'.81 - 8:28 8:12 a chain via coordinated torsional motion of two dihedrals.
4 10 -028 The pair may then drift apart. This results in a small segment
5 1.0 of chain with helical sense opposite to that of the host mole-
Average for all chainsicag| = 0.18 + 0.10 cule and which can behave as a single entity. This defect can

involve as few as two dihedrals (five —&Fgroups), or be

(d) 273 K simulation. comprised of larger segments with lengths approaching

fham 11.0 _ 02.01 _ 0?.’31 _ 0%12 _ 0.517 axis repeat distances (13—-15 —EFRjroups). This result is

2 1.0 0.37 0.29 0.12 in accordance with earlier suggestions that chain segments
3 1.0 0.28 0.58 containing between five and thirteen —SFgroups are

;1 1.0 5-88 responsible for relaxations in PTFE and TFE-HFP copoly-

mers [14]. The larger size defect structure has been

Average for all chainsjcag| = 0.23 = 0.17 . ) .
el discussed previously and referred to as a coherent twin
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Table 6 Table 7

Average rotational/librational fluctuations during the simulations during the Equatoriald-spacing derived from the calculated diffractions patterns in
last 50 ps of the simulations Fig. 4(a)—(d)

Temperature (K) (Pme Temperature (K) d-spacing EA

100 5.9+ 0.6 100 4.983

200 135+ 1.5 200 5.018

248 15.7+ 4.2 248 5.030

273 246+ 12.3 273 5.032

helix reversal defect if its length (and number of .€F  reversal band size may still be related to the helical confor-
groups) is equal to the helical repeat distance [15]. It was mation in a given phase. However, as only one intermediate
further proposed that the coherent twin defect would be the temperature was simulated, it is possible that the small
dominant defect structure found in the intermediate phase structures are involved in the behavior in the lower tempera-
(IV) of PTFE. ture range of the intermediate phase, and that the size of the
The results of the intermediate temperature simulation predominate defect increases with temperature into the
(200 K) in this study suggest that the smaller size reversal upper range of the intermediate phase.
band may dominate behavior in the intermediate tempera- It is quite possible that free chain termini could serve as
ture phase. The helix reversal band structures at 200 K (Fig.““nucleation” sites for larger reversal defects in the inter-
3(b)) indicate that coherent (as defined earlier) twin helix mediate phase. Fig. 3(b) provides evidence for this. Thicker
reversal defects, which would consist of 17 -E€Rroups reversal bands persist on Chains 1 and 2 at or near the chain
(14 dihedrals) for the model at 200 K, were not the predo- ends. During the simulations at the higher temperatures, in
minant defect structures. Rather, the reversal bands werewhich the distribution of helix reversals became more
approximately half this size on average (5—6 dihedrals uniform, larger reversal bands occurred more frequently
including neartrans torsions). This suggests that the (Fig. 3(c) and (d)). This indicates that in a PTFE crystal at

6.00, T T T T T T T T T T
B a - -_— P <> b B
D -
(@i g
[ o> )
- o
0.00 & = = = S
I > cotiBro— = 1
c & d
_6. 1 1 L 1 L 1 1 1 Il
-6.00 0.00 6.00

Fig. 4. Quadrants of the calculated fiber diffraction patterns over the last 25 ps of the simulations. (a) 100 K, (b) 200 K, (c) 248 K, (d) 273 K.
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Table 8 right and left-handed chain segments is far different from
Heat capacities derived from energy fluctuations during the simulations  the initial arrangement of molecules, each of which was
characterized by a single helical sense.

Temperature (K) C, (3/mol CR/K) . . . .

The role of helix reversal defects in the rotational disorder
100 36.6 observed in fluoropolymers can be classified into two major
200 22.4 influences: one static and one dynamic. (1) The mere
2‘7‘2 gg:i‘ presence of a helix reversal or reversal band causes a disrup-

tion of the local setting angle and results in rotational disor-
der. (2) If the defect migrates, the disruption of the local
setting angle becomes dynamic and will fluctuate as helix
low and intermediate temperatures, the activation barrier for reversal defects move along a given chain.
creating a reversal band defect is a function of the length of A third manner in which helix reversal defects may influ-
the defect. At high temperatures where intermolecular ence dynamic rotational disorder is suggested by the results
effects are diminished, this length dependence is weakenedof the simulations in this study. Comparison of the plots of
For an isolated molecule, for which there are no intermole- helix reversal activity with the rotational trajectories reveals
cular interactions, molecular mechanics calculations (Part I) an interplay of helix reversal and chain segment reorienta-
showed that the energy cost of creating helix reversal bandtion behavior. During the 200 K simulation, Chains 1 and 3
defects was essentially constant after three or more dihe-show low frequency (compared to librations) changes in
drals were involved. their setting angles between 150 and 175 ps. The rotational
Small helix reversal bands were more mobile than larger trajectory for Chain 1 is shown in Fig. 5. Chains 4 and 5
defect segments. The highest velocities of reversal bandsexperienced similar changes in setting angle in this time
encountered in the nineteen chain cluster during the simula-interval. In accordance with rotational correlations
tions, 100-250 m/s, are in agreement with previous esti- described previously, these rotations were in the same direc-
mates of velocities of singular reversals near chain endstion for the like-handed chains (Chains 1,3,4), while the
[16]. These are much lower than the velocity of a transverse change in setting angle of Chain 5 occurred in the opposite
(shear) sound wave in bulk PTFE [9] which propagates direction. Examination of Fig. 3(b) between 150 and 175 ps
around 770 m/s. This is another check on the validity and reveals the presence of helix reversal bands bracketing the
accuracy of the results. The maximum velocity of defects in central sections of the molecules (over which the setting
a crystal cannot be greater than the speed of sound in theangle fluctuations were averaged) in this time interval.
crystal. The plot for Chain 1 provides the best example. A short-
The simulation results indicate that a fundamental changelived reversal band at torsion #15 forms a bracket with a
in intermolecular relationships occurs between the phaseslonger-lived band at torsion #38 between 160 and 170 ps.
exhibited by fluoropolymers along with the changes in heli-  This suggests a potential mechanism by which large rota-
cal conformation. The amplitude of librations followed the tions of chain segments about the molecular axes may occur.
expected trend of increasing with temperature as shown in A pair of helix reversal bands or one reversal band and a free
Table 6, but the relative directions of librations and rotations chain end bracketing a short chain segment 2 helical
of the central segments of neighboring chains exhibited two repeats) could effectively isolate that section of molecule
different relationships as suggested by the correlation coef-from the rest and allow (or possibly cause) it to rotate
ficients in Table 5 (a)—(d). During the low and intermediate more or less independently of the segments above and
temperature simulations (100 and 200 K), chains of the below it. This will be subsequently referred to as the IRS
same hand generally rotated/librated in the same direction,(Independently Rotatable Segment) mechanism. Instances
while pairs of chains with opposite helical sense did so in in Fig. 3(b) in which persistent reversal bands bracket longer
opposite directions. This behavior is consistent with results sections of the chains were not found to be associated with
from previous modeling studies which indicated that helices changes in the rotational/librational behavior of the
of opposite sense would likely rotate in opposite directions segment.
[17]. During the 248 and 273 K simulations, this pattern did  Instances of the IRS mechanism were observed at all
not hold. Pairs of initially like-handed chains had opposite simulated temperatures (except 100 K). Another example
rotational relationships, and pairs of initially opposite- can be seen by comparing the helix reversal behavior in
handed molecules no longer consistently maintained the Fig. 3(d) and the rotational trajectory of the central segment
opposite rotation/libration directionality observed in the of Chain 3 during the 273 K simulation in Fig. 5. A large,
low temperature simulations. The helix reversal activity abrupt change in setting angle, likely facilitated by a pair of
plots (Fig. 3(a)—(d)) show that the cause of this change in helix reversal bands, occurs at 160 ps. However, a modifi-
rotational/librational behavior is a loss of identity in hand- cation must be made to the IRS mechanism as it applies to
edness (relative to initial helical sense) of the chain the behavior observed during the higher temperature
segments as the density of conformational defects simulations (248 and 273 K). The increased helix reversal
increases at higher temperatures. The arrangement ofdensity and uniformity of distribution at higher
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Fig. 5. Rotational/librational trajectory averaged over the central twenfyg€ftips of (a) Chain 1 during the 200 K simulation, (b) Chain 3 during the 273 K
simulation.

temperatures makes the assignment of a majority handed+estricting intra- or intermolecular degrees of freedom to
ness to a given chain difficult. The concept of small bands of conform to values characteristic of PTFE in a given
reversed hand in a chain of well defined helical sense givesphase. The results of the simulations strongly support the
way to one of alternating right- and left-handed segments suggestion that helix reversals form and migrate in PTFE
(approximately of equal size), each of which is likely to be crystals, and play important roles in the behavior of fluor-
independently rotatable at higher temperatures. This versionopolymers. The most important defect structure is a helix
of IRS has been hinted at previously in the literature [15] reversal band: two helix reversals which bracket a small
(coherent twin reversal defect). Whether the rotation of a chain segment having the opposite helical sense from the
given segment is due to IRS or to the fact that it is part of a parent molecule. The size of this reversal band defect may
reversal band, the results of these simulations are in agreebe dependent upon the helical conformation (approximately
ment with experimental studies from which it was estimated half of the helical repeat unit) in the low and intermediate
that the length of segment responsible for relaxation in temperature phases. In the high temperature phase where
fluoropolymers was between five and thirteen —C§roups intermolecular effects are diminished, a wider distribution
[14]. of reversal band sizes was observed during the simulations.
The IRS mechanism was found to contribute significantly to
rotational disorder by allowing significant reorientation of a
5. Conclusion chain segment about the molecular axis when it is bracketed
by two helix reversal bands.
Molecular dynamics simulations at several temperatures Recent advances in experimental techniques such as
have shown that it is possible to predict the known atomic force microscopy (AFM) and X-ray diffraction will
temperature dependent behavior of fluoropolymers without likely provide data for comparison with the molecular
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modeling results of this work. X-ray diffraction studies with
femtosecond (10%) resolution using bench-top (instead of
synchrotron) radiation sources have been reported [18].
Such techniques hold great promise for studies of the kinetic
aspects of disordering in PTFE and other materials.
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