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Abstract: We report here the main results of a successful attempt to predict some macroscopic properties
of representative polymers of technological relevance both in regular and disordered forms by using first
principle quantum mechanical approaches at microscopic level. Until now, the prediction of the structural
and thermal properties of those polymers has been mostly a domain of molecular mechanics methods. To
overcome the limits of those classical computational tools whenever physical properties are significantly
influenced by stereoelectronic effects (e.g., electron rich substituents), we employed methods rooted in
the Density Functional Theory (DFT). A general computational strategy including the proper choice of periodic
boundary conditions (PBC), functional, basis set, and model system size, has been tested and validated
for saturated polymers such as polyethylene and isotactic/syndiotactic polypropylenes. On the basis of
these results, a comprehensive study of poly(tetrafluoroethylene) (PTFE) chains in both regular periodic
and disordered conformations has been performed. A statistical approach has been next applied to obtain
the thermal concentration of defects and to reproduce the thermal behavior of the investigated polymer. At
the end, a very good agreement with experimental X-ray diffraction and IR results has been achieved,
definitely reaching a good understanding of the widely studied disorder phenomenon determining the main
technological properties of poly(tetrafluoroethylene) (the trade Teflon) and, at the same time, identifying
the proper computational tools to investigate perfluoro-compounds and other complex polymeric systems.

Introduction physicochemical phenomena involving polymers. This is the

Predicting the macroscopic properties of large complex ca?e [l)aglcular!y gvr:el?evgr prys:cal'pr(;fpertnes arr]e |nfllu e?ced
systems using first principle quantum mechanical approachesno only by steric but aiso by electronic etiects such as electron-

at microscopic level can be considered in a sense the Holy Grail rich substituents, conjugated systems, the presence of aromatic

of theoretical and/or computational methods. The general path groups, or in all cases where molecular mechanics and semiem-

toward this objective starts from precise evaluation of structural pirical methods fail. 'H.o.wever, dug to the Sizé of the considered
and energetic parameters of big size systems which, introduced®YStems; use of ab initio calculations requires the development
into statistic thermodynamic equations (or, more often, numer- and tuning of effective and reliable computational strategies.
ical simulations), lead to the macroscopic quantities to be A paradigmatic example is represented by the complex
directly compared with experiments. One of the most remarkable Polymorphic behavior of poly(tetrafluoroethylene) (PTFE), a
successes of computational chemistry is the realization of this Polymer which exhibits peculiar mechanical properties that form
project for the ground electronic state of small closed-shell the basis of its commercial use as Teflon. PTFE at atmospheric
systems not containing too heavy atoms in the gas phase.Pressure shows a peculiar polymorphism involving three crystal-
Unfortunately, the situation is much more involved for more line phases as the temperature incredSée three polymorphs
complex systems. are usually denoted as form Il, stable at temperatures lower than
For this reason, the structural characterization of large 19 °C, form IV stable at temperatures between 19 andG0

complex systems such as polymeric materials has been tradi-2nd form | stable at temperatures higher tharf@Qup to the

tionally a “domain” of molecular mechanics methddsith few melting point of 330CAAt 19 °C form Il transforms into form
recent attempts by semiempirical models, whereas the applica-!V, which in turn transforms into form I at 36C, resulting in
tion of ab initio methods in this field is just beginniRg. a steplike increase of disorder in the crystals.

Thanks to recent computational developments, nowadays ab Form Il has been described in terms of a close packing of
initio approaches might be of big help in elucidating many helical chains containing 13 GRinits in 6 turns, the dihedral
angles being only slightly distorted from the trans stdte<(

(1) Leading reference: (a) Corradini, P.; Guerra,A8lv. Polym. Sci.1992
100 182. (b) De Rosa, CTop. Stereochen2003 24, 71 and references

therein. (4) Sperati, C. A.; Starkweather, H. W., Bortschr. Hochpolym. Forscii.961,

(2) Kudin, K.; Scuseria, G. BPhys. Re. B 200Q 61, 5141. 2, 465.

(3) Improta, R.; Kudin, K.; Scuseria, G. E.; Barone, ¥.Am. Chem. Soc (5) Pierce, R. H. H., Jr.; Clark, E. S.; Whitney, J. F.; Bryant, W. M. D. 130th
2002 124, 113. Meeting of American Chemical Society, 1954, Atlantic City, NJ, p 9.

10.1021/ja0527929 CCC: $33.50 © 2006 American Chemical Society J. AM. CHEM. SOC. 2006, 128, 1099—1108 = 1099



ARTICLES D’Amore et al.

180°).5 Chains in a 13/6 conformation are packed in a nearly the dimensions of the models used in ab initio studies are too
hexagonal lattice witte = b' = 559 A,c = 16.9 A, y' = small to be really representative of poly(tetrafluoroethylene)
119.3.7 The 19 °C transition from form 1l to form IV chains!3~15 At any rate, all these approaches did not reproduce
corresponds to slight untwisting of helical chains, from 13/6 correctly the conformational behavior of long chains of poly-
helix into 15/7 helix (15 CEunits in 7 turnsy. At the onset of (tetrafluoroethylene) as the temperature increases. In fact, for
phase transition, the molecular packing changes from an orderedhe modeling of helix reversals in poly(tetrafluoroethylene)
triclinic structure into a disordered hexagonal structure with specific force fields have been develogédometimes exploit-
larger interchain distances. The chain repetition of PTFE in form ing!® quantum mechanical studies of perfluorobutane to tune
IV corresponds t@ = 19.5 A, and at 20C, the chain axes are  some parameters.

placed at the nodes of a hexagonal lattice vaith= b" = 5.66 Molecular dynamics simulations (employing the latter force
A. Extensive structural studies have indicated the presence infield)!8 performed on realistic models of PTFE have been also

form IV of PTFE of a large amount of structural disorder, mainly exploited for the investigations of disorder in this complex
related to the occurrence of small angular displacements of system.

chains around their axes and of a slight translational disorder |, hone of the previous studié18 minimum energy con-
of chains parallel to their axésit 30 °C form IV transforms formers have the right number of €groups per 180turn

into form | which is 'character_ized by the presence of larger (requiar helix), or is the predicted temperature for the occurrence
amounts of disorder; the chain conformation becomes more ¢ the disordering transition in the range of experimental

iregular, and long-range order is maintained only in the yeterminations. All the computed melting points are significantly
parallelism of chain axes and in their pseudohexagonal arrange+,, from the observed one, and the computed energies for a

ment? single helix reversal (defect) are not in agreertfentith the

The microscopic explanation of many properties of poly- experimental oné.

(tetrafluoroethylene) (in particular its high melting point) was
found in the tendency of polymeric chains in form | to

conformational disorder well below the above-reported melting
point. The presence of this high entropic contribution already
before melting, reducing the entropy difference in melting
phenomenon, makes the melting point very high.

In these disordered conformations, ordered portions of chains
in right- and left-handed 15/7 helical conformations succeed
each other statistically along the chain. Evidences for the
occurrence of helix r.evers.al defects. come from I.R spe(:.troscopicIoreviouS model&01617The presence of helix reversal defects
studie$ and X-ray diffraction experiments'? which indicate  j,q,,ces 4 gradual coalescence of the diffuse scattering located
that the concentration of helix reversal defects increases steeplyOn the seventh and eighth layer line (see next section), into a
with temperature in the intermediate form, between 19 and 30 single diffraction halo centered between, as their concentration

°C, and levels off é'g the high temperature form as the j,creases. According to PM3 computations, coalescence occurs
temperature increases. _ . when the helix reversal concentration reaches the critical value
Several studies based on molecular mechanics and ab initiogt 1 jnversion/16CE units, which can be related, through a
conformational analyses (although employing the quite small gyatistical model, to a critical value of the temperature. Thus,
perfluorobutane model) have been performed to reproduce theyho pp3 approach has given some improvements in the
complex conformational behavior of poly(tetrafluoroethylene) nqerstanding of disorder phenomena in PTFE: the way the
i 0,13-18 i . . . .
with temperaturé In some cases reasonable assumptions eyersals occur, the geometrical details of the junction between
of a sequence of stems of different chirality connected by systems of different chirality, and so on. However, also this
portions in transplanar_ conformation have been mao_le to avoid approach is not adequate from a quantitative point of view
the bowing of the chains. Unfortunately, from one side, these |eading to an overestimation of the reversal cost and, conse-
assumptions, inserting rigidity along the chaif$? are in quently, of the critical temperature. In addition, the PM3 model
contrast with the results of ab initio calculations for small §5es not predict fully reliable geometrical parameters.
perfluoron-alkanes (GFio, CsFi), which predict minimum Definitely, all the previous models reported in the literatute
energy conformations W'.th backboneltsmhedral angles _sh|fted do not reproduce the correct geometrical parameters and
away from the trans position at 188% on the other side, energetic defect contributions, the right helical structure for
(6) Bunn, C. W.: Howells, E. RNature 1954 174,549, regular helices, and the disorder phenomena in poly(tetrafluo-
gg glark, EI.QS(.‘; ‘I;/lu(L:JrS] L. szh gganggr.zlg%%z 117, 119. roethylene), suggesting to us that the theoretical prediction of
rown, R. G.J. Chem. ) . : . . “
(9) Corradini, P.; De Rosa, g Guerra, G.; PetracconeMscromolecules PTFE properties can be considered until now an “unsuccessful
1987, 20, 3043. story”.

(10) Corradini, P.; Guerra, GMacromoleculesl977, 10, 1410. . . . L. .
(11) De Rosa, C.; Guerra, G.; Petraccone, V.; Centore, R.; Corradini, P. Once identified precisely the limits of the previous compu-
Macromolecules 988 21, 1174. i R R ;

(12) Kimmig, M.; Strobl, G.; Sthn, B. Macromolecules1994 27, 2481. tational approaches, to obtain an improved accurapy, which
(13) Dixon, D. A.; Van Catledge, F. Ant. J. Supercomput. Appl988§ 2, 52. seems to be necessary to foresee the thermal behavior of PTFE
(14) Dixon, D. A.J. Phys. Cheml1992 96, 3698.

(15) Rothlisberger, U.; Laasonen, K.; Klein, M. L.; Sprik, M. Chem. Phys

In a previous papé? we tried to study the disordered
conformation of PTFE in the form | modeling defective
conformations of PTFE chains containing helix reversals by the
semiempirical PM3 approac®2! Our results indicate that
straight and slim model chains of PTFE containing helix reversal
defects may be obtained at a low cost of internal energy and
with small lateral encumbrance without introducing at the
junction between consecutive enantiomorphic portions of chains
any dihedral angle in a trans conformation, as assumed in

1996 104, 3692. (19) D’Amore, M.; Auriemma, F.; De Rosa, C.; Barone, Macromolecules
(16) Holt, D. B.; Farmer, B. LPolymer1999 40, 4667. 2004 37, 9473.
(17) Holt, D. B.; Farmer, B. LPolymer1999 40, 4673. (20) Stewart, J. 1J. Comput. Chenl989 10, 209.
(18) Sprik, M.; Rothlisberger, U.; Klein, Ml. Phys. Chem. B997, 101, 2745. (21) stewart, J. 1J. Comput. Chenl989 10, 221.
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and of its disordered form I, we resorted to methods rooted into 6-311-G(d,p)6d28-29similarly, to obtain well converged ener-
the Density Functional Theory (DF5:2324 gies and geometries faPE, an increasing number of k points
It is worth noting that the most direct way of examining equal to 8, 16, 32, 64, 128, 200, and 400 has been considered.
electronic effects in an isolated chain of PTFE is to compute The repeating unit always consists of the QH,—CH;—)
structures and energies of infinite chain models including all moiety.
long-range interactions. For these reasons we decided to use, For iPP the repeating unit consists of three monomeric
for the first time in this field, DFT methods based on localized (—CH,CHCHs;—) units; the same basis sets and number of k
functions and employing periodic boundary conditions (F8C)  points discussed above ftPE have been selected.
to regular forms of poly(tetrafluoroethylene), thus taking into For sPP, a cell containing two monomeric units has been
the proper account long-range effects, which can often tune adopted; the starting point was a perfectly fully extended (trans)
structural and energetic quantities. structure. Since the study of the previous two polymers has
First of all, the building blocks of a comprehensive compu- shown that diffuse functions do not influence the geometrical
tational approach consisting of a functional, basis set, numberparameters, only calculations with 6-31G(d) and 6-311G(d,p)
of k points, etc. have been validated on simpler polymer chains basis sets have been carried out.
with special reference to the size of the model. As a starting point in the analysis of poly(tetrafluoroethylene),
Since polyethylene (PE) and polypropylene (PP) are polymersthe GFes, CaFio, CsFia, CioFzo, and GeFss oligomers  of
whose crystal structures have been widely investigated andn-perfluoroalkanes have been considered. Geometry optimiza-
whose repetitive units have a relatively simple structure, we tions for these oligomers of increasing length have been carried
applied first the DFT/PBC methods to polyethylene with chains Out employing the conventional PBE and the hybrid PBEO
in a zigzag planar conformatiotE), isotactic polypropylene  functionals, with 6-31G(d) and 6-31G(d,p) basis sets.
in the helical conformatioriPP), and syndiotactic polypropylene ~ Since DFT methods employing PBE, and especially the PBEO
with chains intrans-planar conformationsPP} by means of functional, with the 6-31G(d) basis set reproduce the behavior
the conventional PBE functionat. of perfluoro-oligomers with remarkable accuracy, we applied
The results prompted us to use the same computational tools© regular forms of poly(tetrafluoroethylene) the DFT methods
to study the PTFE, whose conformational behavior and physical With periodic boundary conditions (DFT/PBC). Starting from
properties seem to be determined not only by steric effects butStructures with 13 or 15 monomeric units per unit cell, the
also by electronic ones. We started the analysis employing thestrgctures obtained from unconstrained optimizations of tr_le
same basis set and functional used fepolyalkanes on helices and the stress tensor have been analyzed. Calculations
perfluoro-oligomers of increasing length; then the study has beenh@ve been carried out at PBE/6-31G(d) and PBEO0/6-31G(d)

brought forward by extending the basis set and employing also eVels. _ _ _
a hybrid functional (PBE03? It is worth recalling that PM3 calculations previously

performed?® on oligomers with increasing numbers of mono-
meric units have shown that, starting from oligomers containing
16 CF units, the geometry of the chain does not change
significantly. Thus we performed ab initio calculations on
oligomers of increasing size until 16 €Hnits with reversals
and without any reversal. Using the optimized structures with
16 monomeric units, larger oligomers of 60 £its have been
built with different numbers of reversals.

As mentioned in the Introduction, the transition from form
IV into form | has been characterized as a transition between a
disordered state controlled by intra- and intermolecular forces

into one which is only determined by intramolecular poten-

To investigate disorder in high temperature form | of PTFE
and to obtain relevant microscopic details, calculations have
been performed on model chains of perfluoro-oligomers-CF
(CR,)n—CFs of increasing length with different concentrations
of defects.

Finally, once the most effective functional and basis set for
perfluoro-compounds were identified, a refinement of the
structure and energetics of conformational disorder in the high
temperature form of poly(tetrafluoroethylene) has also been
obtained by means of DFT calculations and the results elabo-
rated with a statistical thermodynamic approach to predict the

macroscopic properties of PTFE. 710 ) .
Quantum Mechanical Calculations. All calculations re- tials."** Most of the _authors agree that in form |, at h'gh.
temperature, any residual translational order parallel to chain

BZ:E:QZSOW have been performed by means of the GaUSSIanaxes and orientational order around chain axes arée fg3t°

. . For these reasons the Fourier transform of isolated chains ma
We performed geometry optimizations t#E,iPP, andsPP Y

. ) . . be advantageously compared to the diffracted intensity far from
by means of the conventional PBE functioftesting different v geously b I : Y

basis sets and numbers of k points in order to reach an effectivethe equator, when there is a low degree of rotational (around
o P the chain axis) and translational (along the chain axis) order
and accurate description of these systems.

. . N between adjacent parallel chains.
In more detail, concerninPE, geometry optimizations were

. . . ) As a consequence, calculations of Fourier transform on chain
performed using the conventional PBE functional and basis sets

. models obtained by means of ab initio computations have been
ranging from 6-31G(d) to 6-32G(d,p), 6-311G(d,p)éd, and performed to be compared with experimental X-ray diffraction

(22) Hohenberg, P.; Kohn, WPhys. Re. 1964 136, B864. patterns. . . . . . .

(23) Parr, R. G.; Yang, WDensity Functional Theory of atoms and molecules; The X-ray diffraction profiles discussed in the following have
Oxford University Press: New York, 1989. H i H H

(24) Density Functional: theory and applicatior00,Lecture Notes in Physics; been calculated as a function of the cylindrical coordingtes
Spiegel Verlag: Berlin, 1998.

(25) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3685. (28) Foresman, J. B.; Frisch, M.Bxploring Chemistry with Electronic Structure

(26) Adamo, C.; Barone VJ. Chem. Phys1999 110, 6158. Methods 2nd ed.; Gaussian Inc.: Pittsburgh, PA, 1996.

(27) Frisch, M. J. et alGaussianO3release C.02; Gaussian Inc.: Pittsburgh, (29) Hariraran, P. C.; Pople, J. Aheor. Chim. Actdl973 23, 213.
PA. (30) Yamamoto, T.; Hara, TRolymer1986 27, 986.
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Table 1. Geometrical Parameters for Minimum Energy Structures of tPE

(a), IPP and sPP (b), Respectively?

(@) de—c (A) de—n (R) CCC (deg) 01 (deg) c(®)
tPE (k points= 64)

PBE/6-31G(d) 1.535 1.109 113.6 180.0 2.570

PBE/6-31G(d,p) 1.536 1.108 113.7 180.0 2.573

PBE/6-311G(d,p)6d 1.534 1.106 113.7 180.0 2.568

PBE/6-31H1-G(d,p)6d 1.534 1.106 113.7 180.0 2.568

(b) de—c (A) de-w (A) decrs (A) C1C:Cs (deg) CoC:C4 (deg) CCCH; (deg) 6: (deg) 6, (deg) c(®)
iPP
PBE/6-31G(d) 1.546 1.109 1.538 1175 111.3 109.4 —60.2 —179.3 6.558
(k points= 8)
PBE/631G(d,p) 1.546 1.108 1.539 117.6 1114 109.4 —60.2 —179.3 6.566
(k points= 8)
PBE/6-3H1-G(d,p) 1.545 1.108 1.539 117.6 1114 109.4 —60.2 —179.3 6.566
(k points= 16)
PBE/6-311G(d,p)6d 1.544 1.106 1.536 117.5 1114 109.4 —60.1 —179.6 6.547
(k points= 8)
PBE/6-311G(d,p)6d 1.542 1.106 1.536 117.5 1114 109.4 —60.1 —179.6 6.547
(k points= 16)
SPP (k points= 8)

PBE/6-31G(d) 1.548 1.109 1.540 114.6 112.1 110.9 —162.6 162.6 5.137
PBE/6-311G(d,p)6d 1.546 1.106 1.538 114.6 1121 1109 —162.7 162.7 5.130

a|n particular, the torsion angles and6, (see Scheme 1p( = 0, for tPE) and the valence angles (CCC tBe, GC,Cz and GC3C4 for PP) along the
chain are listed, and the period along the chain aisalso reported. The structures have been obtained using a PBE functional with different basis sets;
in the case ofPP, also results relative to a different numbers of k points have been reported.

and ¢, paying particular attention to the regions of reciprocal
space corresponding H=0A"1, 04 A1 <t <1A (e,
along the meridian) and faf = 0.18 A%, 0.15 A1 < ¢ <
0.55 A1, because in these regions the experimental X-ray
diffraction patterns of form | of PTFE show the most important
information regarding the possible conformational disorder.

The square modulus of the structure factdg),(to be
compared with the experimental X-ray fiber diffraction intensity
(1), has been calculated using the following formula:

l.= zCij 9
0

The factorsC;j in eq 1 account for the interference between
coupled atoms andj

C; = fi f; Jo(27éry) exp(278z)

1)

@)

and the second terngy) accounts for the finite length of the
chains?!

g; = (1 — 2p)/a"™ (3)

In eq 1, the interference of atoms in 30 consecutive mono-
meric units in a chain (atomic coordinate&s y;, z, atomic
scattering factor§) with the remaining atoms along the chain
(atomic coordinates;, V;, z; atomic scattering factor§) is
considered. In eq B = [(x — x)? — (v — y)2“?andz; (= z
— z) are the distances in they plane and along, respectively,
between atomsandj, andJy is the O-th order Bessel functida.

In eq 3 Al is the average axial advance per monongr,
represents a Bernoulli type probability that the chain ends up
growing along the chain axis on each addition of a new CF
unit, andAl/p, is the average correlation length of the chin.

In the calculations the value dfl/p. has been fixed equal to

(31) Auriemma, F.; Petraccone, V.; Parravicini, L.; CorradinpBcromolecules
1997, 30, 7554.

(32) Tadokoro, HStructure of Crystalline Polymersphn Wiley & Sons: New
York, 1979.
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20 A, to reproduce the width at half-height of experimental
diffraction peaks.

The average value of the diffraction intensity was calculated
by choosing, for each reciprocal point, (§), the reference
sequence of 30 consecutive monomeric units at random, in the
central region of the oligomer with = 60, discarding the 3
terminal Ck units at both ends. This allows averaging the
calculated intensity on conformers having different distributions
of the length of the individual helical stems making the result
of Fourier transform independent of the particular model of the
conformation adopted in the calculations. We checked that, in
the reciprocal space region of interest for our calculation, this
method gave the same results when a classical averaging is
instead performed, iterating the calculations of the Fourier
transforms a number of times, each time choosing a different
oligomer with a different distribution of length of individual
helical portions and then averaging the so calculated intensities.
This approach implies a short computation time and avoids the
appearance in the calculated X-ray diffraction profiles of
spurious maxima due to termination effects.

Results and Discussions

Modeling n-Polyalkane Chains. The structure predicted
through DFT/PBC methods faPE seems to be quite indepen-
dent of the number of k points adoptel k points providing
essentially converged structures. The main geometrical param-
eters listed in Table 1a (Scheme 1) show that extension of the
basis set to 6-3tG(d,p), 6-311G(d,p)6d, and 6-31G(d,p)-
6d has a negligible effect on the predicted geometrical param-
eters, which are, in turn, in good agreement with experiménts.
The bond lengths and valence angles along the chain are well
reproduced already at the 6-31G(d) level; in particular a very
good agreement with experiment for the periodicity along the
chain axis €) has been foundc(= 2.5 A according to X-ray
diffraction).

(33) (a) Allegra, G.; Bassi, IGazz. Chim. 1tal198Q 110, 437. (b) Allegra, G.;
Bassi, |.; Meille, V.Acta Crystallogr 1978 A34, 653.
(34) Bunn, W.Trans. Faraday Sacl939 35, 482.



Conformations of Polytetrafluoroethylene Chains ARTICLES

6.558 A
(exp. 6.54 A)

5.137A

2570 A (exp. 5.06 A)

(exp. 2.56 A)

() (®) ©
Figure 1. Regular helices predicted at the PBE/6-31G(d)/PBC leveltHar(a),iPP (b), andsPP (c), respectively; their periods along the chain axis (in A)
are also reported.

Scheme 1 results and with available experimental data. The bond lengths
and the valence angles given in Tables 2 (except fgf.4f

and 3 are the average values on all angles and bonds in the
oligomers.

Results on perfluoroethane have been compared to the
corresponding values found by Bauer et3falby electron
diffraction. Taking into account the uncertainty of the deter-
mined parameters, Table 2 seems to suggest that the PBEO
functional works better in the prediction of the structure gffC
(b) It has to be pointed out that Dixon et8@* calculated the

full torsion potential energy surface for the centratC bond

For iPP the number of k points does not significantly affect in CaFio; they inferred that the global minimum is the twist-
the geometry of the chain as one can see from the resultsant! structure. _ o
reported (for some basis sets) in Table 1b in the case=oB The results reported for the twist-anti minimum show that
andk = 16. Data reported in Table 1b are in good agreement DFT computations are in good agreement with their Hartree
with crystallographic resul:*For example, the valence angles Fock counterparts; in particular the hybrid PBEO functional gives
C1C;C3 and GC3C, along the chain are correctly predicted to  C—F bond lengths shorter than PBE ones, and in better
be different, the former lower than 112nd the latter larger ~ agreement with the computations of ref 14 and with experiments.
than 112 as it has to be in all vinyl polymers (except Since itis difficult to obtain single-crystal electron diffraction
polyethylene), due to substituent group encumbrance. In the data from poly(tetrafluoroethylene) and its shorter chain oligo-
optimized structure the dihedral angles along the chain signifi- mers because of the difficulty of finding suitable solvents for
cantly differ from the exact value of 180in fact, contrary to growing thin microcrystal§?#°most of the available structural
the case of polyethylene, now there is the lateral encumbranceinformation come from fiber X-ray diffraction date.

of a methyl group. Similarly the helical structure angeriod Thus to validate our results concerning perfluoro-oligomers,
(6.55-6.56 A) calculated foiPP are in good agreement with We resorted to crystallographic data available in the literature
the corresponding experimental data< 6.54 A)353¢ Also for relative to different perfluoro-compounds containing perfluo-
sPP, the main structural parameters well reproduce the structuraloalkanes chains of different lengths (until (4 see Table
experimental dat& in particular, the computed periadalong 2). Experimental data relative to perfluoro-compounds are listed
the chain axis is in close agreement with its experimental in Table 3.

counterpart ¢ = 5.06 A). The optimized structures of all It is noteworthy that the average values of C and C-F
polymers are shown in Figure 1. bond lengths in the PBE minimum energy structures are

In summary, also considering the accuracy of crystallographic overestimated with respect to crystallographic results. On the
data for polymers, the structure of these saturated systemscontrary, values issuing from computations performed by the
containing only light atoms (C and H) is well described by a hybrid PBEO functional are in good agreement with their
conventional DFT functional with a relatively small basis set €xperimental counterparts. However, both functionals give an
(6-31G(d)) and number of k points. average value for. the CCC _backbope v.alence angles that is

Modeling Poly(tetrafluoroethylene) Chains.Selected geo- smaller than experimental estimates (in this case the PBE seems

metrical parameters of different minima obtained at the PBE (0 Predict values which are closer to diffraction data). Similarly,
and PBEO levels for perfluoroalkane oligomers of increasing the values of FCF angles are larger than measured ones.

lengths are compared in Tables 2 and 3, with semiempirical Concerning the choice of the basis sets, the larger-6c31
(d,p) basis set does not seem to significantly improve results;

(35) Natta, G.; Corradini, ANuoavo Cimento Suppl196Q 15, 40.

(36) Hikosaka, M.; Seto, TPolym. J 1973 5, 111. (38) Gallaher, K. L.; Yokozeki, A.; Bauer, S. H. Chem. Physl974 78, 2389.
(37) Chatani, Y.; Maruyama, H.; Noguchi, K.; Asanuma, T.; Shiomura].T. (39) Smith, P.; Gardner, K. HMacromolecules1985 18, 1222.
Polym. Sci.: Part C199Q 28, 393. (40) Zang, W. P.; Dorset, D. LMacromoleculesl99Q 23, 4322.
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Table 2. Calculated Geometrical Parameters of C,Fs, CaF10, CsF12, C10F22, and Ci6F34 Optimized at Different Computational Levels?

computational de—c de—r
oligomers level A A FCF (deg) FCC (deg) CCC (deg) 6 (deg)
CoFs PBE/6-31G(d) 1.552 1.348 109.1 109.9
PBE/6-31-G(d,p) 1.564 1.351 109.0 109.9
PBE0/6-31G(d) 1.538 1.330 109.2 109.8
PBE0/6-31-G(d,p) 1.549 1.332 109.1 109.8
expt® 1.545 1.326 109.5 109.7
C4F10 PBE/6-31G(d) 1.558 1.361 109.2 108.4 114.4 166.4
(1.365) (109.0)
PBE/6-3H1-G(d,p) 1.570 1.366 108.9 109.2 115.2 167.9
(1.363) (108.4)
PBEO0/6-31G(d) 1.544 1.346 109.3 109.2 114.3 166.5
(1.343) (108.4)
PBEO0/6-31-G(d,p) 1.555 1.346 109.0 109.3 114.8 167.2
(1.344) (108.5)
PM3 1.598 1.346 105.1 110.9 109.4 161.1
(1.347) (110.5)
HF/DZP (ref 14) 1.556 1.329 108.6 109.5 114.4 164.6
(1.327) (108.6)
CsF1z PBE/6-31G(d) 1.561 1.355 108.9 109.0 114.0 163.9
PBE/6-3H1-G(d,p) 1.573 1.358 108.8 108.9 114.6 163.8
PBE0/6-31G(d) 1.547 1.338 109.1 108.9 113.8 163.7
PBE0/6-31-G(d,p) 1.557 1.338 108.9 108.7 114.2 163.5
PM3 1.602 1.345 106.4 1109 109.7 162.4
CioF22 PBE/6-31G(d) 1.565 1.358 109.2 108.7 113.51 163.0
PBEO0/6-31G(d) 1.551 1.341 109.4 108.6 113.31 162.8
PM3 1.602 1.347 105.6 110.6 109.96 162.3
Ci6Faa PBE/6-31G(d) 1.566 1.360 109.3 108.6 113.4 162.9
PBE0/6-31G(d) 1.552 1.343 109.5 108.6 113.2 162.7
PM3 1.602 1.347 105.6 110.6 110.0 162.3

aThe parameters relative tayEo are compared to those found in ref 14; bond lengths and torsion and valence angles refer to the e€htrah@ and
to both fluorine atoms (F and' fh Scheme 1b) linked to each carbon atom (data relative to fluorine ata@rekn brackets).

Table 3. Selected Geometrical Parameters of Different
Perfluoro-Compounds Derived from Crystallographic Analysis
(When Available, the Error on Last Significant Digit Is Reported in
Brackets)?

e
de—c (A) A CCC (deg) FCF (deg) FCC (deg) N 1
ref4l  1.538(5) 1.335(5) 1155(3) 108.2(3) 108.9(3)
ref42  1.555 1335 115.6 107.7 108.2
ref43 1531 1.337 115.9 107.7 108.2
ref44  1543(4) 1.334(4) 1162(2) 107.2(3)  108.3(2) = 19.609 A
ref45  1.533 1.329 115.4 108.0 109.1 c=16.968 A

aref 41: [2,2,3,3,4,4,5,5-octafluorohexanedioic acid dihydrate]. ref 42:
[perfluoro-1,6-bis(morpholino)hexane]. ref 43: [3-(2-(perfluorooctyl)etox-
y)nitrobenzene]. ref 44: tfans-2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecaf-
luorodecane-1,10-ditosylate]. ref 45: [1,4-dibromo-2,5-difluoro-3,6-perflu-
orooctylbenzene].

thus, the 6-31G(d) basis set seems adequate in describing the
behavior ofn-perfluoroalkanes.

Our ab initio calculations on long perfluoro-oligomers show
that the twist in PTFE is caused by inherent electronic properties
of the chain, thus confirming results found by others for the
simple perfluoroa-butanet3-15

Next, periodic chains of the ordered helices of poly-
(tetrafluoroethylene) have been considered, and the structuresrigure 2. Regular 13/6 (a) and 15/7 (b) helices predicted at the PBE/6-

obtained minimizing the helices have been then analyzed. 31G(d)/PBC level; their projection and periods along the chain axis are
also reported.

Calculations carried out at the PBE/6-31G(d) level, predict

two minima which can be classified as a 13/6 and a 15/7 helix . . )
(see Figure 2), respectively: similar results have been obtainedCOnvergence was reached in calculations carried out at the PBE/

at the PBE0/6-31G(d) level, but as we have noted in the short 6-31G(d) and PBE0/6-31G(d) level employing 64 k points.

chain cases, the PBEO foresees better geometries. In Figure 2 The main geometrical parameters (see Table 4) characterizing
projections along the chain axis reveal a 13-pointed star (helix the two regular right-handed structures obtained by means of a
13/6) and a 15-pointed star for the other helix (helix 15/7). PBE (PBEO) functional show an average value of 1634.4°
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Table 4. Geometrical Parameters and Relative Stability of Let us consider the experimental X-ray diffraction profiles
Predicted Periodic Right-Handed Helices of uniaxially oriented PTFE fibers at different temperatures (see
dc de-r cce Figure 3) as a function of the reciprocal coordingte

* (A) (deg) 6 (deg) c(d) h®) s : o :
In the profiles of Figure 3 it is apparent that while below 30
PBE

1306 1568 1362 1132 . 16968 1305 f’C the _seventh and eighth layer Imes_ are well defl_ned, YVIth
15/7 1569 1362 1133 1657  19.609 1307 increasing temperature the two layer lines become ill-defined
PBEO and approach each other, merging into a single broad layer line
13/6 1.554 1.345 113.0 163.2 16.954 1304 centered in between. With a further increase in temperature (up
15/7 1555 1345 1130 1655 19595 1306 to 160 °C), the profile of the single layer line becomes

2 Ontimizations have b ied out at PBE/6-31G(d) and PBEO/S progressively narrower. This behavior can be explained in terms
pumizations have been carried out al - an - . . .

31G(d) employing 64 k points on unit cells containing, respectively, 13 of a therma”y aCt'_Vated process Ieadlng to an _'ncrease of
CR, and 15 CF units. ® It is noteworthy that, from an energetic point of ~ concentration of helix reversals as the temperature incrédkes.

view, DFT computations employing both PBE and PBEO functionals indicate ; .
that the first minimum is more stable than the latter one by less than 0.1 In our previous PM3 StUdyg’ we found that, for the minimum

kcal/mol of CR. This is in agreement with the fact that the 13/6 helix is €nergy conformers, the defect is always localized into a small
the structure adopted by the macromolecules in the low temperature form region involving only four—CF,— units. The internal variables
'S't'a"t‘)’lge;fisigw:r tlésrqure;'tﬁr': the structure adopted in form IV which is  op o o cterizing the junction between the two enantiomorphic
portions of the chain deviate only slightly from their average
T=21°C T=40°C T=60°C values in the defect-free regions. According to this analysis,
these junctions may be described, on average, by sequences of
the kind .. TTHTT (T"T') T-T-T... (.T T T (T"T7)
TITTH.)with Tt = -T- =+ 162+ 2°and Tt = -T'~ =
+169.8+ 0.3°. Two consecutive helix reversals do not interact
with each other if they are separated by more than three dihedral
angles and their contributions to internal energy can be
T T considered as additive. The energy cost amournts2@2 kcal/
0.3 04 05 03 04 05 03 04 O'SC(A'I) mol for each reversal and corresponds to an enthalpy13
kcal/mol. This value is 0.6 kcal/mol higher than the correspond-
ing value calculated by Farm#éf” and also higher than the
r=100°C r=160°C experimental estimate for the formation energy of a single helix
reversal, deduced from infrared absorption intensitisg &
1.25 kcal/mol)
In the study of disordered chains of perfluoro-oligomers,
according to DFT, the predicted geometries for the new minima
03 04 05 03 04 05 are slightly different from those obtained through PM3 calcula-
(;(A") tions. In fact comparing the geometrical parameters of the
Fioure 3. Experimental X-rav diffracti files of iaxially oriented models obtained in the ab initio PBE/6-31G(d) and PBEOQ/6-
gure perimenta ray dirfraction protiles or an uniaxially oriente . .
PTFE sample at different temperatures redrawn from ref 11. (The value of 31G(d) cases with the values obtained by means of the
the reciprocal coordinaté is fixed close to the position of intensity ~ semiempirical approach, we see that, according to the PBE
maximum on the seventh and eighth layer lines.) functional, in nondefective right- and left-handed sequences the
average values of backbone dihedral anglestdrg2.6 + 0.9
and —162.6 + 0.9°, respectively, and the backbone valence
angles are all nearly equal to 1138 0.5°. The corresponding
values for the PBEO functional arel62.£ 4+ 0.9°, —162.4
+ 0.9°, and 113.1 + 0.5° respectively.
According to PBE, the junction (see Figure 4) between two
consecutive enantiomorphous helical segments is characterized
by a C-C—C valence angle of 114%7slightly wider than the

. . i e average angles (113)3along the isochiral stems; at the same
¢ =19.609 A (19.595 A), respectively; thus unit heights re time the two dihedral angles at the reversal interface have

= 1.305 A (1.305 A) an_(h = 1.307 A (1.306 A). average values of T= —T'~ = 172.3, i.e.,~10°| wider than
The good results obtained so far prompted us to use the samehose in nondefective chain segments. Similar values for valence
tools to study the phenomenon of disorder in poly(tetrafluoro- and dihedral angles characterizing junctions are obtained by the

Intensity

Intensity

(163.2 £ 0.3) for the 6 dihedral angles in the first minimum.
This result is in good agreement with a value of 188timated

by Clark'é for the 13/6 helix, whereas in the latter minimum
those dihedrals have an average value of 16%.0.6° (165.5

+ 0.5°) to be compared with a value of 16fredicted for the
15/7 helix by the same author. The computed values for the
period along the chain axis ace= 16.968 A (16.954 A) and

ethylene). PBEO functional, namely 1145%nd 172.2.
Despite the fact that the geometries optimized at semiem-
(41) Centore, R.; Tuzi, AZ. Kristallogr. New Cryst. Structl999 214, 526. iri i i
(42) Meinert, H.; Mader, J.; Rohlke, W.; Thewalt, U.; Debaerdemaeked, T. p!rlcal and .DFT levels a.we only S“ghtly different, Iarger
Fluorine Chem1994 67, 235. differences in the energetics of the reversal phenomena have
) o 01 aee g1y enake, Sol. Cryst. Lia. Cryst. Sci. Technol - peen obtained. In fact, DFT calculations, with both the PBE
ect. . . . . .
(44) De, S.; Lokanath, N. K.; Sridhar, M. A.; Shashidhara Prasad, J.; Venkatesan, and PBEO functionals, estimate an energy cost for a single helix
K.; Bhattacharya, SJ. Mol. Struct.1999 479, 75. — ; ~
(45) Krebs, F. C.. Spanggaard, BL.Org. Chem2002 67, 7185. reversal ofAE,_ = 1.14 kcal/mol against a value ofE, =_2.32
(46) Clark, E. SPolymer1999 40, 4659. kcal/mol predicted at the PM3 level. The DFT result is not far
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Figure 4. Detail of helix reversal along a model chain of poly-

(tetrafluoroethylene).

By introducing into eq 4 the critical value @ for which
the two diffraction maxima on the seventh and eighth layer line
merge into a single peak estimated in the calculations and the
AH; values reported above & exp(—AH,/RT)), the critical
temperature of coalescence has been foreseen.

We carried out the Fourier transform calculations on the
model chains with different reversal frequencies obtained at the
PBEO0/6-31G(d) level, to compare the computed intensity to the
experimental diffraction profile. These calculations suggest a
coalescence of the two diffraction peaks on the seventh and
eighth layer line into a single diffraction peak for models with,
on average, one helix reversal every 9,@foups. Thus we
have a single layer line for a critical value of helix reversal
defects concentratioDb ~ 1/9 = 0.117/CF, units (see Figure
5).

By introducing this value oD and the estimated value of

from the corresponding energy cost estimated by Farmer (1.7 AH, into eq 4, we predict that this coalescence is reached at a

kcal/mol)}617 and very close to the experimental value of
reversal formation energ\E, = 1.25 kcal/mol§ derived from

critical temperature of about 416 K that falls in the experimental
range of temperatures 373 K T <433 K where the disorder

infrared absorption intensities. The slightly higher experimental phenomena occur.
value can be understood considering that we are modeling a As a matter of fact, the good agreement between the
single chain, whereas the experiment refers to the three-conformational models resulting from our calculations and

dimensional system.
The partition function of a chain constituted by N skeletal

experimental values shows that a high level of calculation is
necessary for the complete comprehension of the studied

bonds susceptible to include helix reversal defects with restraintsphenomena and that the DFT employing the PBEO functional
found for our models has been obtained on the basis of theand the 6-31G(d) basis set is already a powerful tool to treat
analysis concerning the reciprocal interaction of consecutive this kind of macromolecular system and its conformational
reversals along the chain. Consequently, the equilibrium con- disorder.

centration of defects at a given temperature and the critical

temperature of coalescence of the seventh and eighth peaks havgonclusions

been calculated.

The macroscopic properties of representative polymers of

Also in the DFT case the defect is localized into a region technological relevance in both regular and disordered forms

involving four —CF,— units, and the interaction between two

are predicted by using first principle quantum mechanical

consecutive reversals is quite similar to that found in PM3 approaches at a microscopic level.
modeling. Thus we assume that sequences of dihedral angles aAs a first step, to validate our computational tools on

not containing any reversal, of the kind ZT*=T+T= ..., have

polymers, polyethylene, and isotactic/syndiotactic polypropylene

energy zero; sequences containing a single helix reversal, ofchains have been modeled by methods rooted in the Density

the kind ... FTH(T'=T'T)TTTT ..., have energy equal to 1.14

Functional Theory with periodic boundary conditions (PBC).

kcal/mol; sequences containing two helix reversals separatedcalculations on saturated polyalkanes at the PBE/6-31G(d) level

by at least three bonds, of the kind *TH(T'*T'F)(TT);-
(T'FT'HTET* ... ( = 1) have energy equal to 2(1.14) kcal/
mol. We neglect a small extra energy amount, whes 1;

predict geometries in agreement with experimental data showing
that this functional and basis set can be successfully applied to
those polymers and suggesting that DFT methods employing a

those haVing three nonconsecutive helix reVersaIS, of the kind proper functional and basis set can be app“ed to more Complex

LTETE (TETH)(TH(TFTE)(TH(TETH T L G = 1),

polymers such as poly(tetrafluoroethylene).

have energy equal to 3(1.14) kcal/mol and so on, whereas ag a second step, calculations have been performed on shorter

sequences having consecutive helix reversals, of the kifdi:T
(THTFTHTETE . or ETHTETF)(TFTHTETE., are
forbidden.

The partition function of a chain constituted by N skeletal

perfluoro-oligomers of different chain lengths employing con-

ventional PBE and hybrid PBEO functionals and basis sets. The
results have shown that the hybrid PBEO functional and the
6-31G(d) basis set, predicting structures in good agreement with

in ref 19, if we associate to each couple of consecutive triplet fjyorinated systems.

of bonds in the chain a matrixy whose elements are the

As a third step, regular forms of poly(tetrafluoroethylene)

statistical weights of all possible states of the triplets of bonds p5ye peen investigated by means of DFT/PBC methods and with
in question with respect to all possible states of preceding triplets 5ty conventional and hybrid functionals at the 6-31G(d) basis

of bonds in the chai#® Therefore, at a given temperature, the
equilibrium concentration of helix reversal defedd fnay be
calculated using the equatidh:

_dInZ 3Ini
dlnp dlnp

(4)
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set level.
The optimizations result in two nearly isoenergetic minima
which can be classified as 13/6 and 15/7 helices typical of forms

(47) Flory, P. J.Statistical Mechanics of Chain Moleculednterscience
Publishers: New York, 1969.
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Figure 5. Calculated X-ray diffraction profiles dt = 0.18 A1 for 0.15 A1 < £ < 0.55 A1 (i.e., the same region of reciprocal space as the experimental
patterns of Figure 3) for model chains containing different concentrations of helix reversals. (A) No reversals; (B) 1 reversal everyrii3;E) 1
reversal every 9 GFunits; (D) 1 reversal every 7 GRinits.

Il and IV and |, respectively. According to the PBE functional —CF,— units. The internal variables placed at the junction
results, the model chain identifiable as the 13/6 helix presents between the two enantiomorphic portions of chain deviate only
dihedrals with an average value of 163# 0.4° and a unit slightly from their average values in the defect-free portions of
height of 1.305 A with a periodicity along the chain agis= chains. According to this analysis, these junctions may be

16.968 A; the minimum energy structure corresponding to 15/7 described, on average, by sequences of the kindT T
helix is characterized by dihedrals with an average value of (T+T') T-T-T-... (.TT T (T"T'F) THT*T+...) with T*

165.7 + 0.6° and a unit height of 1.307 A with a periodicity = —T- = +162.4+ 0.9 and T+ = —T'~- = 172.% at the
along the chain axis = 19.609 A. These values are in very  pBE level, whereas the PBEO model predicts valuesi62.2
good agreement with experimental diffraction data. + 0.9 and 172.2, respectively. Two consecutive helix reversals

The 13/6 helix is also predicted to be more stable than the 4o not interact with each other if they are separated by more
15/7 helix, in agreement with the fact that the first is presentin an three dihedral angles and their contributions to internal
form Il which is stable at lower temperature than the other forms energy can be considered additive. The energy cost for both
(IV, 1) presenting chains in 15/7 helical conformations. functionals amounts te-1.14 kcal/mol for each reversal.

Analogous results are predicted by the PBEO functional; . . . . . .
g P y Exploiting results obtained in our previous studies on the high

however as it has been found for chains of perfluoro-oligomers, ‘ £ ol f hvi ina f h
this functional predicts structures whose geometrical parameterstemperature orm of poly(tetrafluoroethylene), starting from the

(i.e., C—C and G-F bond lengths, CCC, FCF, and FCC valence optimized _structure of perfluorooligomers With 16 Chnits,
angles) are in better agreement with diffraction results reported M0d€l chains of poly(tetrafluoroethylene) with 60 Ofono-
in the literature for fluorocompounds. meric units, and a different number of reversals along the chain
Definitely, the DFT/PBC approach predicts correctly the two have been considered. Calculations of Fourier transform of
helical conformations of poly(tetrafluoroethylene) and their Minimum energy chains indicate that these models account for
relative stabilities too, so showing that this recent computational the experimental X-ray fiber diffraction patterns of form | of
tool is reliable in the description of polymeric systems of great PTFE at different temperatures. Interestingly, calculations
technological relevance. indicate that irregular conformations, not containing helix
As a final step, disordered chains of PTFE have also beenreversals, account for the presence in the diffraction patterns of
studied at the same PBE/6-31G(d) and PBE0/6-31G(d) level broad halos on the seventh and eighth layer line and for a strong
of calculations. peak on the fifteenth layer line, along the meridian. By
In the minima obtained for the different oligomers the defect increasing the frequency of helix reversal defects, a gradual
is always localized into a small region involving only four coalescence of seventh and eighth layer lines into a single
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diffraction halo centered between occurs. This phenomenon, is In summary, the present paper has shown how a computa-
predicted to occur for a helix reversal concentratiomdf/9 tional strategy based on ab initio methods rooted into DFT may
CF; units. be successfully applied to model polymers in both their regular

Through a statistical model, the critical concentration of and disordered forms paving the route to investigation of other

defects has been related to the temperature value. The SQomplex polymers and of their disorder phenomena.
estimated critical temperature for coalescence is of about 416

K that falls in the experimental range of temperatures 373 K

T < 433 K where the coalescence of diffuse scattering is . the ad d ter faciliti f the “C c
observed in the experimental diffraction pattern. using the advanced computer faciities of the “.ampus &.om-

All these results indicate that the ab initio computational putational Gr.id"- Universitali NaPO" ng_erico . Th.e aut_hors
strategy introduced in the present paper provides a quantitativethank Gaussian Inc. and the Italian Ministry for University and
description of the thermal behavior of disordered form | of Research for financial support. A special thanks is due to Prof.
PTFE, of the structure obtained by means of diffraction data, C. De Rosa and F. Auriemma (UniversiaNapoli “Federico
and of the relative stabilities of regular forms of PTFE when [I”) for illuminating discussions and for providing us their
applied to periodic chains. software code which allowed us to calculate the X-ray diffraction

From a computational point of view, it is noteworthy that, profiles of Figure 5.
whereas the conventional PBE functional can correctly describe
saturated polyalkanes when the 6-31G(d) basis set is adopted, sypporting Information Available: Complete ref 27. Car-
this functional cannot reproduce properly the behavior of (ogian coordinates of the structures reported in Figure 2 and
QIectron-nch fluorocompounds. In this latter case hybrid func-. Figure 4. This material is available free of charge via the Internet
tionals (here PBEO) are the methods of choice, whereas bas|sat http://pubs.acs.org
sets more extended than the polarized split valence (here 6-31G- ‘ T
(d)) do not significantly modify the computational results. JA0527929
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