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ABSTRACT: A vibrationally accurate potential energy function, our spectroscopically determined force
field (SDFF), is used to calculate the relative zero-point-corrected energies of various forms 1-1V
syndiotactic polypropylene (sPP) crystal structures, both in their unconstrained and room-temperature
unit cells. The results confirm the instability of the pure Ibca structure and support suggestions that
form | sPP may be a statistical mixture of structures. Form IV is shown to have an energy close to form
| structures, making its participation in kink bands possible. The relatively high energy of the form 111
unit cell makes it understandable that this structure is found only under external tension.

Introduction

Syndiotactic polypropylene (sPP) has been known to
exhibit an extensive polymorphism in its crystal chain
conformation and unit cell packing arrangements. These
variations have been elucidated primarily through
experimental probes such as X-ray diffraction, electron
diffraction and microscopy, and NMR spectroscopy,
which have yielded compelling conclusions about the
above structural features. Evidence for certain kinds of
structural disorder has also been inferred from such
data, although the specific nature of the disorder is
probably less uniquely defined. Energetics calculations
can be helpful in evaluating structural states, but so
far those that have been done have depended on
simplified potential energy functions and constraining
boundary conditions. A more dependable analysis is
desirable, and we have reexamined this issue using a
spectroscopically accurate energy function that we have
developed.

Structural studies have identified four presently
recognized crystalline forms of sSPP. Form I is the stable
form obtained from melt, solution, and single-crystal
crystallizations, and the chain structure was found to
be based on a (t2g), conformation (corresponding to an
s(2/1)2 helix).12 However, the chain packing arrange-
ment in the unit cell was not initially clear. The first
detailed crystal structure analysis® proposed a C-cen-
tered orthorhombic cell with two isochiral chains (space
group C222;, now known as form 11). Subsequent
diffraction and microscopy studies*~® have shown that
the unit cell is in fact doubled along the b-axis and
consists of alternating right-handed (R) and left-handed
(L) helices along this direction. This unit cell (space
group Ibca) is orthorhombic, contains four chiral chains,
and has unit cell parameters a = 14.50 A, b = 11.20 A,
and c(chain axis) = 7.40 A. Despite this advance in
understanding, it was clear that the diffraction patterns
could not be explained on the basis of the Ibca unit cell
alone, and various types of packing disorder have been
invoked to explain the discrepancies,>”~1 including the
proposal of a monoclinic unit cell with chains rotated
slightly about their axes.® Solid-state NMR studies!?12
also provide evidence of departures from strict Ibca
symmetry, although there may be a problem in distin-
guishing between a given chain conformation in differ-
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ent packing environments.1213 Possible specific struc-
tural variations were indicated by energetics calculations
of c-axis shifts'4 as well as a full mapping of b-axis plus
c-axis shifts®® of bc sheets in the unit cell. These
calculations?®® indicated that three structures (Ab = 0.5b,
Ac = 0; Ab = 0.196b, Ac = 0.5¢c; Ab = 0, Ac = 0.222c)
had slightly lower energies than the Ibca structure (Ab
= 0, Ac = 0). However, neither of these alone, nor a
proposed monoclinic variant with molecules rotated
slightly about their axes,® provided an unambiguous
explanation of small anomalies in the diffraction pat-
tern.’® It seems that some statistical mixing of struc-
tures!®1415 may be necessary to account for all of the
features.

Form 11, as noted above, is a C-centered orthorhombic
unit cell of two isochiral (t2g,). chains. It has the same
a- and c-axis dimensions as the Ibca unit cell but half
the b-axis dimension, viz., 5.60 A. This form can be
obtained by quench precipitation from solution217 but
is more generally produced in stretched samples,?
particularly on release of the tension.1® In fact, form 11
seems to develop from a crystal—crystal transformation
in which a planar zigzag chain conformation (form Il1,
see below) relaxes into form 11.1°

The presence of form Ill, based on a (tz). chain
conformation, was first noted in samples that were cold-
stretched after quenching from the melt.2921 Its crystal
structure was subsequently determined?? and consists
of an orthorhombic unit cell with dimensions a = 5.22
A, b =11.17 A, c(chain axis) = 5.06 A, two chains per
unit cell, and space group P2icn. It has been claimed
that this form is obtained spontaneously by only quench-
ing at 0 °C without stretching,23=26 pbut others believe
that a disorded lateral packing of all-trans chains,
rather than the known crystalline form 111,22 is a better
description of this state.?’

Form IV was obtained by exposing samples prepared
in the crystalline form 111 state to vapors of benzene,
toluene, or p-xylene below 50° for several days.?® Its
crystal structure determination?® established the chain
conformation as based on (tsg2t2g2), subsequently found
to be consistent with NMR spectra,?® and of three
possible triclinic cells the preferred one had a = 5.72
A, b =7.64 A, c(chain axis) = 11.60 A, o = 73.1°, p =
88.8°, y = 112.0° (the two others were a =5.94 A, b =
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793 A, c=1160 A, o = 67.1°, B = 104.3°, y = 116.8°
anda=597A b=749A, ¢c=1160A, o =1025° 3
= 106.5°, y = 108.2°). A recent reexamination of the
crystal structure, incorporating packing energy as well
as structure factor calculations,® indicates that a C-
centered monoclinic cell, a = 14.17 A, b =572 A, c =
11.60 A, p = 108.8°, may be a better description of the
packing arrangement.

The value of energetics calculations in gaining ad-
ditional insights into sPP structure was recognized in
the earliest investigations,23! which indicated that
periodic helical (tg2). and planar zigzag (tz). chain
conformations had about the same energy. Subsequent
calculations on such single chains,3 based on explicit
atoms, fixed bonds but variable bond angles and torsion
angles, and later (although still simplified) energy
functions,33 showed that the planar zigzag is of slightly
higher energy (0.65 kcal/mol/monomer unit) than the
helical conformation. These calculations were extended
to include packing energies of the chains in the crystal
unit cells,34736 using the same energy functions.®® A
partial calculation of a distorted Ibca structure!* was
based on modifications of two empirical force fields, but
the full mapping of the Ab and Ac shifts!® was done with
a spectroscopically determined force field (SDFF),%" viz.,
a force field that in addition to structures and energies
reproduces scaled ab initio vibrational frequencies to
spectroscopic accuracy. (The two important additional
components in the energy function that accomplish this,
which are absent in the previously used function,3 are
bonded cross-terms and electrostatic interactions.)

The use of an SDFF is especially important in the case
of the analysis of crystalline sPP structures. Because
of the extensive polymorphism in this system, the
energies per monomer unit (m.u.) are likely to be close
in the various chain and crystal structures. It is
therefore desirable to compare zero-point-corrected
energies rather than just potential energies at the
minima. Having an energy function that is designed for
a self-consistent description of frequencies as well as
structures and energies is therefore an advantage in
achieving this goal.

In the following we describe the nature of our calcula-
tions and then discuss the results for the various single-
chain conformations and then for the different crystal
forms.

Calculations

The potential energy function for these calculations
was our SDFF for the branched hydrocarbon chain.38
(These parameters differ slightly from those used in the
earlier sPP analysis?!® as a result of basing the potential
on a redundant rather than a nonredundant set of
internal coordinates.) This potential reproduces 21 ab
initio hydrocarbon structures within rms deviations of
<0.003 A in bond lengths, <0.5° in bond angles, and
<2.5° in torsion angles; 17 relative energies of conform-
ers are reproduced with an average deviation of 0.2 kcal/
mol; and the rms deviation for 791 non-CH stretching
frequencies is 6.2 cm™1, with 90% of the frequencies
being within £10 cm™1 of the (scaled) ab initio values.
The sPP calculations are for structures that are ef-
fectively infinite in extent along the chain axes (for
single chains) as well as in the lateral directions (for
the crystals), with nonbonded interactions being summed
over a number of repeat units from a central one such
that a minimum nonbonded cutoff distance is ~30 A.
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Increasing this distance has no significant effect on the
results.

For calculations on single chains, a starting confor-
mation close to the studied structure was chosen, but
other than the requirement of chain axis periodicity no
structural constraints were imposed on the system.
(Thus, for the (t2g2), structure the asymmetric unit was
the four-monomer group.) The energy was minimized
with respect to all coordinates (using our SPEAR
program3?), this value per monomer unit being desig-
nated as E(0) (corresponding to a O K structure, i.e.,
one that excludes thermal vibrations), the frequencies
at the minimum were calculated, and zero-point ener-
gies per m.u. were computed (as the sum of */,hv divided
by the number of m.u.) to correct the AEy(0) to give AE,-
(0).

For the crystal lattices, two types of calculations were
done: essentially unconstrained unit cells (correspond-
ing to 0 K structures, which will generally give unit cell
parameters smaller than those observed at room tem-
perature) and ones in which the unit cell parameters
were fixed at the experimental (room temperature, RT)
values. (In the latter case, in contrast to an earlier
calculation,3¢ we do not increase the van der Waals radii
of atoms to represent the anharmonic effects of in-
creased thermal motion, since this destroys the internal
self-consistency of the potential energy function. Al-
though a proper treatment requires a statistical me-
chanical calculation,*® we believe that the present
approach at least gives a significant indication of how
the structure adjusts to the altered intermolecular
interactions in the enlarged unit cell.) In the case of the
0 K structures, imposed constraints were as follows. For
the form 1 (t2g2)2 structure, the Ibca symmetry element
between adjacent (R and L) chains in a bc sheet was
maintained as well as the symmetry element between
adjacent sheets. In the four-monomer asymmetric unit,
all Cartesian coordinates were allowed to vary, which,
of course, allows for relative translations and rotations
between adjacent chains in a bc sheet. The energy
always minimizes at the chain arrangement in the Ibca
sheet, and we thus agree with the observation!® that
any displacements “must involve entire bc sheets rather
than individual molecules”. Such a restriction of course
does not apply to the form Il unit cell. For the form 111
(t2)2 crystal structure, the only imposed constraint is the
2-fold axis relating the two chains in the observed unit
cell.22 For the form IV (tsg2t2gy) triclinic crystal struc-
ture,® of course no constraints are imposed on the
energy minimization, whereas for the monoclinic ver-
sion3C the C-centered structure with a = y = 90°, but
no intrachain symmetry, was imposed. In the case of
the RT form | structure, the symmetry within a bc sheet
was maintained, the experimental b and ¢ unit cell
values were imposed, and a, a, 3, and y were allowed
to vary under the constraint that the intersheet separa-
tion correspond to the experimental value of 7.25 A. In
all cases, frequencies were calculated for the entire unit
cell and the zero-point energy per m.u. was used to
correct AEo(RT) to AE,(RT).

Results and Discussion

1. Single-Chain Structures. Before considering the
crystal structures, it is useful to determine the equilib-
rium conformations of the isolated chains. This helps
to understand changes in chain conformation that result
from interchain interactions in the crystal.
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Table 1. Structures? and EnergiesP of Isolated Chains of Syndiotactic Polypropylene

structure
parameter (t292)2 (t2)2 (ts92t202)
chain repeat  7.54 5.11 11.40
CC bonds® 1.542, 1.542, 1.545, 1.545, 1.542, 1.550, 1.550, 1.550, 1.550 1.543, 1.544, 1.545, 1.545, 1.544, 1.543,

1.542, 1.545, 1.545
111.7,116.4,111.7, 117.4, 111.7,
116.4,111.7,117.4
—176.2, —176.2,59.4, 59.4, —176.2,
—176.2,59.4, 59.4

CCC angles®

CC torsions®

energies

Eo(0)[cov]d 0.75 1.23
Eq(0)[vdW]e 1.68 231
Eo(0)[elec]’ —11.86 -11.87
Eo(0) —9.43 —8.33
AEp(0) 0 1.10
AE,(0)9 0 0.94

110.9, 113.5, 110.9, 113.5

162.4,162.4, —162.4, —162.4

1.544, 1.545, 1.543, 1.543, 1.545, 1.544
112.0, 116.6, 108.4, 117.2, 108.4, 116.6,

112.0,117.6, 111.8, 116.5, 111.8, 117.6
—176.8, —173.8,177.1, 177.1, —173.8, —176.8,

57.5,54.4,179.0, 179.0, 54.4, 57.5

0.72
1.76
—11.81
—9.33
0.10
0.10

aBond lengths in angstroms; bond angles and torsions in degrees. ? Energies in kcal/mol/m.u. ¢ Main chain: first bond (corresponding
to central bond of the first torsion) starts at CH—CHj, first angle starts at same CH;—CH—CHj, first torsion starts at CH—CH, bond.
d Energy of distortion of bonds, angles, and torsions (including cross-terms), from intrinsic values.3® ¢ Intrachain van der Waals energy.
fIntrachain electrostatic energy. 9 Total relative zero-point-corrected energy.

Figure 1. Minimized energy (t.0.). single-chain structure.

(a) (t202)2 Chain. The total potential energy, Eo(0),
and its covalent, van der Waals, and electrostatic
components of the equilibrium right-handed (t>g.). chain
are given in Table 1. The structural parameters are also
given in Table 1, and the chain conformation is il-
lustrated in Figure 1. Several features of this SDFF-
calculated 0 K structure are noteworthy. The confor-
mation clearly exhibits the expected s(2/1)2 symmetry
without this condition being imposed as a prior con-
straint.323536 The CC bonds obviously cannot be ex-
pected to have a constant length, as has been
assumed.%32-36 (Although the bond length differences
are very small, these can lead to larger differences in
bond angles and bond torsions, which mainly determine
the chain axis repeat.) All CCC main chain bond angles
are not equal: although we find, as others,3>3¢ that the
CH,—CH(CH3)—CHy, angle is smaller than the C—CH,—C
angles, our calculations show that the C—g-CH,—g-C
angle (117.4°) is larger than the C—t-CH»-t—C angle
(116.4°) whereas a recent calculation?® gives the opposite
result (114.7° vs 115.0°). The torsion angles (—176.2°
and 59.4°) are significantly different from those recently
proposed: 175.2° and 66.7° in one case,® 180.3° and
62.0° in another.3® The chain axis repeat (7.54 A) is
significantly closer to the RT crystal value (7.40 A) than
a previously calculated unconstrained value (7.80 A),35

although a later calculation gives about the same value
(7.52 A).36 (The comparison of our unconstrained struc-
tural parameters with those in ref 36 should be evalu-
ated in the light of the constraints in the latter case,
viz., methyl groups treated as “single units” and a “fixed
chain configuration”.)

We have emphasized that the SDFF energy function
is designed to give spectroscopically acceptable vibra-
tional frequencies as well as predicting accurate struc-
tures and energies. It is therefore of interest to examine
the quality of this agreement for (t.g2). sSPP. Excellent
infrared (IR)* and Raman (R)*? spectra have been
obtained for this material, and a careful normal-mode
analysis based on an empirical spectroscopic force field
has been done.*® In the range ~290—1340 cm™1, where
reasonable comparable assignments can be made, this
analysis yields an rms error of 13.3 cm~! while our
SDFF gives frequencies that have an rms error of 8.4
cm~1 compared to the observed. (Although the observed
spectra correspond to crystal rather than single-chain
frequencies, our calculated frequencies for the crystal
are within a few cm~1 of the single-chain values.) Some
of this improvement may be due to the fact that a
canonical (t2g2), structure (i.e., t = 180°, g = 60°) was
used in the earlier analysis,*® whereas the actual
conformation departs slightly from this (see Table 1).
Bands characteristic of this conformation®-=2 are very well
reproduced, the observed (and calculated) values being
810 (811), 868 (857), 977 (983), and 1005 (1005) cm~1.
In the lower frequency region, the spectroscopic analy-
sis*® seems to give very poor agreement whereas our
SDFF does very well: calculated (observed IR, R) values
(in the region where there is no interference from lattice
modes) are 148 (147, —); 186 (166, 172); 197 (—, 200);
199 (206, —); 238, 245 (240, —); 251, 263, 267 (262, 260)
cm~1. Such overall good agreement ensures the reli-
ability of our zero-point energy corrections.

(b) (t2)2 Chain. The energies and structural param-
eters of the (ty); chain are given in Table 1, and the
conformation is illustrated in Figure 2. The potential
energy per m.u. is 1.10 kcal/mol higher than that of the
(t2g2)2 chain, with the zero-point energy correction
reducing this to 0.94 kcal/mol. No assumption is made
about the chain symmetry (i.e., the asymmetric unit is
the two-monomer group), yet the expected tcm sym-
metry is the result.3> The chain geometry differs slightly
from that previously calculated,®® and there is no
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Figure 3. Minimized energy (tsg2t2g.) single-chain structure.

evidence of the “tilted” CH3 groups suggested by the
crystal structure analysis.?? The frequency agreement
with observed IR bands*! is better than that given by a
spectroscopic normal-mode analysis*® (rms error of 13.6
vs 20.1 cm™1), perhaps because a strictly planar zigzag
chain was assumed in the latter case.

(c) (teg2t2g2) Chain. The energies and structural
parameters of the (tsg»>t202) chain are given in Table 1,
and its conformation is illustrated in Figure 3. The
potential energy per m.u. is 0.10 kcal/mol higher than
that of the (tzg2), chain, and the zero-point energy
difference is the same. The bond lengths are in the range
of those found from the initially proposed (RT) struc-
ture,?8 but the ranges for the bond angles and torsions
differ slightly. The values of the trans torsion angles
vary significantly along the chain. The structure does,
however, exhibit the expected t2 symmetry,¥ i.e., 2-fold
axes perpendicular to the chain axis through CH;
carbons in the center of the ts and t, sequences, without
this having been imposed on the optimization.
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Figure 4. Energy surface for an orthorhombic cell as a
function of fractional b and ¢ unit cell displacements of bc
sheets from the Ibca structure (at Ab = Ac = 0 and of zero
energy). Contours are at 0.5 kcal/mol/unit cell; negative
energies are shown by solid lines, zero energy by a broken line,
and positive energies by dotted lines. From ref 15.

2. Crystal Structures. (a) Form I. We have already
shown?® that, in the context of an otherwise uncon-
strained orthorhombic cell of the Ibca type, there are
three minima in the Ab, Ac arrangement of the bc
sheets. This energy map is shown in Figure 4, with the
minima now labeled in arabic numerals (to avoid
confusion with the roman designations of the forms).
The lbca structure, i.e., Ab = Ac = 0, is, as has been
noted,’15 at an energy maximum, and this is further
confirmed by our finding that the unit cell has one
imaginary frequency (12.3i cm™1). Thus, this unit cell
is unstable and, as evident from Figure 4, will tend to
rearrange in the directions of minima 1, 2, and 3.

This rearrangement can take place in at least two
ways: the initial shift between the first and second bc
sheets could be reversed between the second and third
sheets, giving rise to an essentially orthorhombic cell
(designed as an A cell), or the shift could be continued
from sheet to sheet, which would lead to a reduced unit
cell symmetry (designated as a B cell). We represent
these situations in Figure 5 for shifts corresponding to
each of the minima of Figure 4, and in Table 2 we give
the results of energy optimizations for these structures.

The different unconstrained structures show some
interesting variations. The A unit cells, as expected, are
orthorhombic or nearly so, whereas the B unit cells are
monoclinic. In all cases, the intersheet spacing is nearly
the same, 6.92 + 0.06 A. The different intersheet
arrangements, however, result in slightly different (even
though internally regular) chain conformations. Only
one of these (1A) has a chain torsion angle sequence
(tat1010:t1t19101) the same as that of the single chain (see
Table 1), and it is not one of lowest potential energy
(by 0.03 kcal/mol/m.u., or ~0.5 kcal/mol per unit cell),
although it is the lowest after the zero-point energy
correction. Thus, a comparison of the energetics of
different packing arrangements,3® or of the resulting
X-ray diffraction patterns,6 cannot strictly be based on
a common chain conformation. (Whether such differ-
ences can account for the appearance of reflections
forbidden by the exact Ibca structure,® particularly if a
mixing of sheet packings occurs,*® remains to be deter-
mined.) The 4+ kcal/mol/m.u. difference between Eg(0)
for the crystal structures and that for the single chain
highlights the significant impact of intermolecular
interactions in stabilizing the structure despite the
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3A 3B

Figure 5. Form | crystal structures derived from energy minima 1, 2, and 3 of Figure 4. Ibca structure: R, right-handed chain;
L, left-handed chain, ©, initial c-axis relation of chains; ', symmetry-related c-axis shift of chains in second bc sheet compared to
first (similar shift between second and third sheet results in equivalence of third and first sheets). A structures: b and c translations
of alternate bc sheets are identical (i.e., translation between first and second sheets from lIbca structure is reversed between
second and third). B structures: b and c translations of adjacent bc sheets are identical (i.e., translation from second to third
sheet is the same as from first to second). *: c-axis shift from Ibca structure corresponding to energy minimum (2 or 3).

slight increase in intramolecular chain energy in the
crystal (—9.41 vs —9.43 kcal/mol/m.u.). The relative E,-
(0) indicate that structures 1A and 2B would be highly
competitive (although at room temperature structure 2B
is unstable; see below), with structure 2A being only
0.03 kcal/mol/m.u. behind. Structures 3A and 3B are
0.10 and 0.12 kcal/mol/m.u. higher in energy, and
structure 1B, which equilibrates from the unstable Ibca
(which has an energy of 0.37 kcal/mol/m.u.) by forming
a monoclinic cell, is 0.21 kcal/mol/m.u. higher in energy
(or ~3.4 kcal/mol/unit cell).

The RT structures form unit cells very similar in
symmetry to the unconstrained, although only three
(1A, 2A, and 3A) retain the same chain torsion angle
sequence as in the unconstrained cells. Structure 2B
has two imaginary frequencies, 9.3i and 5.1i cm~1, and
is therefore unstable under these conditions. Structure
1A is still the lowest in energy, with structure 2A being
0.05 kcal/mol/m.u. higher in relative energy. Structure
1B is now even more unfavorable, with a relative energy
of 0.36 kcal/mol/m.u. (The Ibca structure still has an
imaginary frequency, making it unstable, and its energy
of 0.35 kcal/mol/m.u is 0.23 kcal/mol/m.u. higher than
that of structure 1A.)

It is of interest to compare these results with depar-
tures from an exact Ibca structure that are inferred from
diffraction studies. We note first that our RT results,
in indicating that structures 1A, 2A, and 3A would
dominate energetically, support the observation that the
form I unit cell is found to be orthorhombic. We do not
find any evidence, in either the unconstrained or the
RT structures, that chains are rotated around their
axes® or that there is a c-axis shift of consecutive chains
in a bc sheet.® A c-axis shift of adjacent bc sheets5? is,
however, consistent with minima 2 and 3 (see Figure
4), with the proposed b-axis shift invoked to account for
defects® particularly favored by minimum 2. The situ-
ation is, of course, more complex if in fact the true
structure embodies a statistical mixing of structures
such as 1A, 2A, and 3A.%5 (In such a case, the 0.25b
shift indicated by the diffraction data® may prevail over
the 0.2b shift, i.e., minimum 2, indicated for the pure
structure 2A unit cell.)

(b) Form 11. As noted above, the form Il crystal
structure is based on the (t2g»)» sSPP chain, with the unit
cell consisting of two isochiral chains in C-centered
orthorhombic symmetry. The structural parameters and



Macromolecules, Vol. 35, No. 2, 2002 Syndiotactic Polypropylene Crystal Structures 399

Table 2. Structures®and EnergiesPof Form | Crystalline Syndiotactic Polypropylene

structure®
parameter 1A 1B 2A 2B 3A 3B

unconstrained

structures

a 13.85 14.11 [13.97] 13.76 [13.75] 14.41 [13.62] 13.90 14.38 [13.98]

b 10.62 10.62 10.58 10.63 10.58 10.57

c 7.65 7.62 7.63 7.66 7.59 7.59

o 90.0 90.0 90.0 90.0 90.0 90.0

B 90.0 90.0 92.4 90.0 90.0 76.5

y 90.0 81.8 90.0 71.0 89.2 90.0

Abd 0.50 0.09 0.21 0.22 0 0

Acd 0 0 0.50 0.50 0.22 0.22

CC bonds® 1.541, 1.541 1.541,1.541 1.541,1.541 1.541,1.541 1.542,1.542 1.542,1.542
1.542, 1.542 1.543,1.543 1.543,1.543 1.543, 1.543 1.543, 1.543 1.544,1.543
1.541, 1.541 1.541,1.541 1.541,1.541 1.541,1.541 1.542,1.542 1.541,1.541
1.542, 1.542 1.543, 1.543 1.543, 1.543 1.543, 1.543 1.543, 1.543 1.543, 1.544

CCC angles® 111.7,116.1 111.7,116.1 112.0,115.9 111.7,116.1 111.9,115.9 111.9, 116.0
111.7,117.6 111.8,117.0 112.0,117.2 111.6,117.3 111.8,117.1 111.9,117.1
111.7,116.1 111.7,116.1 111.3,116.5 111.7,116.1 111.9,115.9 111.7,115.9
111.7,117.6 111.8,117.0 111.3,117.2 111.6,117.3 111.8,117.1 111.7,117.1

CC torsions® —177.6, —177.6 —178.4, —177.1 —178.4, —178.4 —177.4, —179.0 —174.8, —179.0 —176.6, —176.6
61.1,61.1 61.7,60.3 60.9, 61.3 61.0,61.8 60.5, 60.2 59.9, 60.7
—177.6, —177.6 —178.4, —-177.1 —-177.5, —177.5 —177.3, —179.0 —174.8, —179.0 —=177.2, —177.2
61.1,61.1 61.7, 60.3 61.3,60.9 61.0,61.8 60.5, 60.2 60.7,59.9

energies

Eo(0)[cov]f 0.65 0.65 0.65 0.65 0.65 0.64

Eo(0)[vdW]9 1.82 1.83 1.83 1.83 1.84 1.83

Eo(0)[elec]” —11.88 —-11.87 —11.86 —-11.87 —11.87 —11.87

Eo(0)[lat]’ —4.35 —4.18 —4.38 —4.40 —4.31 —-4.27

Eo(0) —13.76 —13.57 —13.76 —-13.79 —13.69 —13.67

AE(0) 0.03 0.22 0.03 0 0.10 0.12

AE,(0)9 0 0.21 0.03 0.00k 0.10 0.12

room-temp

structures

a 145 15.0 [14.5] 14.5 16.1[14.5] 14.5 15.1 [14.5]

b 11.2 11.2 11.2 11.2 11.2 11.2

c 7.4 7.4 7.4 7.4 7.4 7.4

o 90.0 90.0 90.0 90.0 90.0 90.0

B 90.0 90.0 90.0 90.0 90.0 74.5

y 90.0 75.2 90.0 64.4 90.0 90.0

Abd 0.50 0.17 0.19 0.28 0 0

Acd 0 0 0.50 0.50 0.21 0.26

CC bonds® 1.541, 1.541 1.541, 1.540 1.541,1.541 1.541, 1.540 1.541, 1.541 1.541,1.541
1.544,1.544 1.545, 1.545 1.545, 1.545 1.544,1.544 1.545, 1.545 1.545, 1.545
1.541, 1.541 1.541, 1.540 1.541,1.541 1.541, 1.540 1.541, 1.541 1.541,1.541
1.544, 1.544 1.545, 1.545 1.545, 1.545 1.544,1.544 1.545, 1.545 1.545, 1.545

CCC angles® 111.3,116.7 111.0, 116.9 111.4,116.6 111.1,116.7 111.3,116.7 111.2,116.7
111.3,117.1 111.0,116.5 111.4,116.9 111.3,116.9 111.3,116.9 111.2,116.8
111.3, 116.7 111.0, 116.9 111.1,116.9 111.1, 116.7 111.3, 116.7 111.2,116.8
111.3,117.1 111.0,116.5 111.1,116.9 111.3,116.9 111.3,116.9 111.2,116.8

CC torsions® —175.7, —175.7 -177.0, —177.3 —-176.1, —176.1 —175.6, —176.5 —174.8, —176.9 —176.2, —176.2
58.0, 58.0 58.7, 58.7 58.0, 58.3 57.9, 58.5 58.0, 58.2 58.2, 58.4
—175.7, —175.7 —-177.0, —177.3 —175.8, —175.8 —175.6, —176.5 —174.8, —176.9 —176.3, —176.3
58.0, 58.0 58.7, 58.7 58.3, 58.0 57.9, 58.5 58.0, 58.2 58.4,58.2

energies

Eo(RT)[cov]f 0.72 0.67 0.70 0.69 0.71 0.68

Eo(RT)[vdW]9 1.73 1.80 1.75 1.77 1.75 1.78

Eo(RT)[elec]” —11.86 —-11.84 —-11.85 —11.86 —11.86 —-11.85

Eo(RT)[lat]’ —4.03 —-3.92 —4.01 —3.90 —3.99 —3.96

Eo(RT) —13.44 —13.29 —13.41 —13.30 —13.39 —13.35

AEo(RT)! 0.35 0.50 0.38 0.49 0.40 0.44

AE,(RT)™ 0.12 0.36 0.17 0.30" 0.19 0.25

a Bond and unit cell lengths in angstroms; bond and unit cell angles, and torsions, in degrees. [ ]: separation between adjacent sheets.
b Energies in kcal/mol/m.u. ¢ See Figure 5. 9 Fractional unit cell shifts of bc sheets from lbca structure. ¢ Main chain: first bond
(corresponding to central bond of the first torsion) starts at CH—CHy, first angle starts at same CH,—CH—CHy, first torsion starts at
CH—CH; bond. f Energy of distortion of bonds, angles, and torsions (including cross-terms) of a single chain from intrinsic values.38
9 Intrachain van der Waals energy. " Intrachain electrostatic energy. ' Interchain van der Waals plus electrostatic energy. | Total relative
zero-point-corrected energy. K Actual value relative to 1A: 0.002. ' Energy relative to Eo(0) of 2B. ™ Energy relative to E,(0) of 1A. " This
structure has two imaginary frequencies, 9.3i and 5.1i cm~1,

energies of the unconstrained and RT structures are (as was also the case for form I, 1A), but the values of
given in Table 3. the trans and gauche angles are significantly different.
The unconstrained chain conformation maintains the The total energy is higher (0.21 kcal/mol/m.u.) than that

t1t1010:t1t19101 torsion angle sequence of the single chain of form 1, 2B, but after the zero-point energy correction
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Table 3. Structures? and EnergiesP of Form I1 Crystalline
Syndiotactic Polypropylene

Macromolecules, Vol. 35, No. 2, 2002

Table 4. Structures? and EnergiesP of Form 111
Crystalline Syndiotactic Polypropylene

structure structure
parameter unconstrained room temp parameter unconstrained room temp
a 14.07 145 a 4.87 5.22
b 5.37 5.6 b 10.74 11.17
c 7.37 7.4 c 5.11 5.06
o 90.0 90.0 o 90.0 90.0
p 90.0 90.0 p 90.0 90.0
y 90.0 90.0 y 90.0 90.0
Ab® 0 0 CC bonds® 1.549, 1.549 1.543, 1.543
Act 0 0 1.549, 1.549 1.543, 1.543
CC bonds¢ 1.540, 1.540 1.542, 1.542 CCC angles® 111.0, 1135 110.2, 113.0
1.543, 1.543 1.546, 1.546 111.0,113.5 110.2,113.0
1.540, 1.540 1.542, 1.542 CC torsions® 162.5, 162.5 161.7, 161.7
1.543, 1.543 1.546, 1.546 —162.5, —162.5 —161.7, —161.7
CCC anglesd 111.8,115.9 111.7,116.4 energies
111.8,117.1 111.7,117.2 Eo[cov]d 1.22 1.14
111.8, 115.9 111.7,116.4 Eo[vdW]e 2.38 2.52
111.8,117.1 111.7,117.2 Eo[elec] -11.91 —-11.91
CC torsionsd —173.7, —173.6 —174.3, —174.3 Eo[lat]? —4.84 —4.43
57.2,57.2 57.5,57.5 Eo —13.15 —12.68
—173.7, —173.6 —174.3, —174.3 AEQ" 0.64 111
57.2,57.2 57.5,57.5 AE; 0.55 0.67
energies a . . . .
Eo[cov]® 0.74 0.79 Bond and unit C(_ell lengths in angstroms; bond and unit ce_II
Eo[vdW]' 1.77 1.66 angles, and torsions, in degrees. b Energies in kcal/mol/m.u. ¢ Main
Eofelec]? 1188 21186 chain: first bond (cor_respondlng to central bond of the first torS|_0n)
Eo[lat]" —421 —3.95 starts at CH—CHjy, first angle starts at same CHz—CH—CHz, first
Eo 1358 _13.36 torsion starts at CH—CH> bond. 4 Energy of distortion of bonds,
AEq 0.21 0.43 _ang!es,_ and torsions (includir_]g cross-terms) of a single chain fro_m
AE, 012 0.15 intrinsic values.3® ¢ Intrachain van der Waals energy. f Intrachain

aBond and unit cell lengths in angstroms; bond and unit cell
angles, and torsions, in degrees. ® Energies in kcal/mol/m.u. ¢ Frac-
tional unit cell shifts of bc sheets from C222; structure. 4 Main
chain: first bond (corresponding to central bond of the first torsion)
starts at CH—CHy, first angle starts at same CH,—CH—CHy, first
torsion starts at CH—CHy, bond. ¢ Energy of distortion of bonds,
angles, and torsions (including cross-terms) of a single chain from
intrinsic values.3 fIntrachain van der Waals energy. 9 Intrachain
electrostatic energy. " Interchain van der Waals plus electrostatic
energy. | Energy relative to Eq(0) of form I, 2B. | Energy relative
to E,(0) of form I, 1A.

this unit cell is only 0.12 kcal/mol/m.u. higher than that
of form I, 1A. The latter value indicates that two form
Il unit cells would have an energy of 1.9 kcal/mol higher
than one form I, 1A, cell.

The RT structure maintains the t;t19:91tit1g:19: chain
conformation, although with slightly altered torsion
angles. A comparison of its relative E,(RT) value of 0.15
kcal/mol/m.u. with those of forms I, 1A, 2A, and 3A, now
shows that it would be favored over structures 2A and
3A, with only a ~0.5 kcal/mol penalty for two unit cells
compared to one form I, 1A, cell. Of course, the situation
is quite different if a defect in a bc sheet converts (say)
an L into an R chain: the resulting sequence of three R
chains might well favor the formation of form Il unit
cells in adjacent sheets. On the other hand, the usual
formation of form Il from form 111 crystals'® presents
no problem, particularly since the energy of the latter
is much higher than that of the former (see below).

(c) Form I11. As we have noted, form 111 crystals are
obtained by cold drawing sPP samples that are quenched
from the melt.22 Their formation may be related to the
unusually high fraction (up to 0.80) of trans segments
in the sample just after quenching.** The latter, how-
ever, seems to be a mesophase, since the crystalline form
111,22 obtained on stretching, reverts to this less ordered
phase when the tension is released.*® Interestingly, in
some samples (removed quickly from the quench) an
oriented form | can be converted to form IIl by ad-

electrostatic energy. 9 Interchain van der Waals plus electrostatic
energy. " Energy relative to Eo(0) of form I, 2B. ' Energy relative
to E;(0) of form I, 1A.

ditional stress, with a reversion to form | when the
tension is released. All of these observations indicate
that form 111 is of higher energy than form | and can
only be stabilized by external constraints.

Our calculations of the structures and energetics of
form 111 crystals are given in Table 4. The chains in both
unconstrained, and RT unit cells retain the tcm sym-
metry of the single-chain calculation (see Table 1),
although the torsion angles differ from those previously
calculated.® The chain axis repeat in the unconstrained
cell is larger than in the RT cell, as expected,*® in
distinction to a previous calculation.3> Nor do we find
the “tilted” CHj3 groups proposed by the crystal structure
analysis.?? The energies of both unit cells are signifi-
cantly higher than those of form I structures, primarily
because the increase in intrachain energy (for the
unconstrained, AEy(O)[tot] = 1.08 and for the RT, AEp-
(RT)[tot] = 1.16 kcal/mol/m.u.) is not compensated by
the decrease in interchain energy (for the unconstrained
AE(O)[lat] = —0.49, and for RT AE(RT)[lat] = —0.40
kcal/mol/m.u.). This higher energy is consistent with the
observation that well-formed form 111 crystals are found
only under the influence of an external stress on the
chain.*®

(d) Form 1V. As noted above, several unit cells have
been considered for the crystal structure of form 1V sPP,
including three triclinic?® and one monoclinic.3® Our
calculations indicate that, for the unconstrained struc-
tures, there is no detectable difference in energy be-
tween the proposed triclinic?® and the essentially iden-
tical monoclinic® structures. In both cases the t2
symmetry of the isolated chain is retained in the crystal.
The only way of distinguishing between these structures
would be through their vibrational spectra: although
the in-phase frequencies of the two-chain monoclinic cell
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Table 5. Structures? and EnergiesP of Form 1V Crystalline Syndiotactic Polypropylene
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parameter unconstrained room temp

a 14.04 14.17

b 5.50 5.72

c 11.41 11.60

Qa 90.0 90.0

B 110.4 108.8

y 90.0 90.0

CC bonds® 1.542, 1.543, 1.544, 1.544 1.544, 1.545, 1.546, 1.546
1.543, 1.542, 1.542, 1.543 1.545, 1.544, 1.544, 1.545
1.541, 1.541, 1.543, 1.542 1.544,1.544, 1.545, 1.544

CCC angles® 112.4, 115.8, 109.2, 116.5 112.5, 115.9, 109.2, 116.7

CC torsions®

109.2, 115.8, 112.4, 117.5
112.5,115.6, 112.5, 117.5

—177.2, —172.5,178.6, 178.6

—172.5, —177.2,56.4, 52.9
—176.7, —176.7,52.9, 56.4

109.2,115.9, 1125, 118.1
112.7,115.6, 112.7, 118.1

—177.6, —172.1, 178.5, 178.5

—172.1, —177.6,57.2, 54.9
—178.7, —178.7,54.9,57.2

energies

Eo[cov]d 0.69 0.76
Eo[vdW]e 1.88 1.77
Eolelec]’ —11.83 —11.81
Eo[lat]? —4.39 —4.14
Eo —13.64 —13.42
AEQh 0.15 0.37
AE; 0.11 0.11

a Bond and unit cell lengths in angstroms; bond and unit cell angles, and torsions, in degrees. ® Energies in kcal/mol/m.u. ¢ Main chain:
first bond (corresponding to central bond of the first torsion) starts at CH—CHy, first angle starts at same CH,—CH—CHy, first torsion
starts at CH—CHy,. 9 Energy of distortion of bonds, angles, and torsions (including cross-terms) of a single chain from intrinsic values.38
¢ Intrachain van der Waals energy. f Intrachain electrostatic energy. 9 Interchain van der Waals plus electrostatic energy. " Energy relative

to Eo(0) of form I, 2B. ' Energy relative to E,(0) of form I, 1A.

Table 6. Relative Zero-Point-Corrected Energies? of
Forms I-1V Syndiotactic Polypropylene Crystal
Structures

relative energies

structures unconstrained room temp
form |
1A 0 0.12
1B 0.21 0.36
2A 0.03 0.17
2B 0.00 0.30°
3A 0.10 0.19
3B 0.12 0.25
form 11 0.12 0.15
form 111 0.55 0.67
form IV 0.11 0.11

a In kcal/mol/m.u. with respect to that of form I, 1A. P Structure
has two imaginary frequencies.

are identical to those of the single-chain triclinic cell,
the out-of-phase modes of the monoclinic cell can be
significantly different. For example, in the region below
250 cm~! the frequencies in the former case are 34.1,
38.7, 69.8, 78.8, 80.0, 105.6, 114.6, 124.5, 143.4, 144.3,
152.7,181.4, 201.7, 220.2, 223.4, and 233.1 cm~* whereas
in the latter case they are 16.0, 30.6, 41.6, 49.7, 60.9,
73.7,83.5,87.9,108.8, 109.4, 132.0, 136.2, 141.2, 160.2,
184.7,198.8, 212.1, 217.3, and 240.8 cm~2. For the RT
structures, the energy of the monoclinic is ~0.01 kcal/
mol/m.u. lower than that of the triclinic, and the chain
retains its t2 symmetry. We therefore believe, as
proposed,3 that the preferred form IV crystal structure
will be monoclinic, and its parameters are given in Table
5.

Comparison of the AE,(0) and AE,(RT) of form IV with
those of forms | and Il (Tables 2 and 3) shows that this
structure is energetically competitive with some of the
latter, a conclusion not evident from the AE, values
alone. This lends support to the idea that (tsg.t2g2)

sequences can form Kink bands between regular (t292)2
regions.’230 |n this context, it is also understandable
why the (t2), form 111 structure, with its significantly
higher AE; (Table 4), is not relatively stable and is
clearly found only in stretched samples,2°=22 in fact
relaxing back to the helical (t»g2), conformation when
the tension is released, a change, as surmised?*® and as
shown by our calculations, that is primarily enthalpic
in origin.

The relative zero-point-corrected energies of the vari-
ous crystal forms are collected in Table 6.

Conclusions

The results of our energetics analysis of sPP crystal
structures leads to a number of conclusions. First,
relative energies need to be compared after potential
energies at minima are corrected for their respective
zero-point energies. This is particularly significant for
sPP, some of whose possible crystal structures are very
close in energy, and emphasizes the importance of a
vibrationally competent energy function such as our
SDFF.2® Second, it is additionally clear, as noted
earlier,1415 that the pure lbca crystal structure of form
I as originally proposed* is unstable (with one imaginary
frequency) and for orthorhombic cells will reorganize in
the directions of minima 1, 2, and 3 of Figure 4 in that
energetic order (see Table 6). Although it has been
suggested that the lowest energy structure (1A, Figure
5) is unlikely because of steric reasons,* the energetics
indicate otherwise.'> We also note that, because of the
bc contact plane in the epitaxially grown sPP crystals,
the atomic force microscopy results® only require alter-
nation of R and L chains in this plane. The close
energies of the various form | structures strengthen the
supposition that the observed structure may involve a
statistical mixture of these possibilities.10.14.15
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Third, with a form Il energy at RT being second to
the lowest form | structure, the formation of form Il
under certain conditions can be justified. Fourth, the
comparable energies of the form IV crystal structure
(which we support as monoclinic®®) and some of the form
I structures make it understandable, as suggested,12:30
that (tsg2t202) sequences could constitute kink bands
between (tzg2). regions. Finally, the significantly higher
energy of the form Il unit cell can account for the
appearance of this structure only under conditions of
external stress.
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