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ABSTRACT: A conformational analysis for poly(methylene-1,3-cyclopentane) (PMCP) for different
microstructures is presented. Independently of the microstructure of PMCP, extended conformations
suitable for the disordered crystalline phase are geometrically and energetically feasible. However, strong
restrictions to the conformational freedom, both of the rings and of the backbone, are required. The
similarity between the experimental diffraction profiles of a PMCP sample and the Fourier transform
calculations for isolated PMCP extended chains confirms that the crystalline phase of PMCP consists of
parallel extended chains (configurationally and conformationally disordered) with a pseudohexagonal
arrangement of the chain axes but with a nearly complete intermolecular rotational and translational
disorder along the chain axes. The large increases of the entropy of melting with all the examined kinds
of configurational order (cis or trans or isotactic) would be due to the related higher conformational order

in the disordered crystalline phase.

Introduction

Cyclopolymerization of 1,5-hexadiene to poly(meth-
ylene-1,3-cyclopentane) (PMCP) was first reported by
Marvel and co-workers!2 and further investigated by
Makowski® and Cheng* by heterogeneous catalysts and
more recently by Resconi and Waymouth®¢ by homo-
geneous catalysts. For PMCP four microstructures of
maximum order are possible (Chart 1).” Depending on
the catalytic system used,® polymers with different
kinds of microstructure have been obtained: random-
atactic,® random-isotactic,? cis-atactic,5® ¢rans-atactic,56
and trans-isotactic.>10

According to a recent X-ray diffraction study by some
of us,!! independently of the polymer microstructure, a
common disordered crystalline form presenting a long-
range positional order (pseudohexagonal) for the axes
of configurationally and conformationally disordered
chains is observed. Chain repetition periods close to 4.8

indicate the presence of extended chain conforma-
tions.

A conformational analysis performed in the early
sixties® suggested that this identity period can be
accounted for only by repeating units presenting a cis
configuration of the cyclopentane ring in a given con-
formation (envelope). This, of course, contradicts the
recent experimental observation of similar crystalline
structures with extended chain conformations indepen-
dently of the microstructure.

In this paper a conformational analysis for PMCP of
different microstructures is presented. The main inter-
est is in the investigation of the energetical and geo-
metrical feasibility of extended chains for the different
microstructures of PMCP. Fourier transform calcula-
tions for isolated chains with suitable geometrical and
energetical requirements are also presented for a com-
pariscl)ln with the previously reported X-ray diffraction
data.

The conformational analysis is first applied to 1,3-
dimethylcyclopentane for the two possible configura-
tions (cis or trans) of the ring. Then the analysis is
extended to a dimeric unit of PMCP for the four
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configurations (cis-diisotactic, cis-disyndiotactic, trans-
diisotactic, trans-disyndiotactic) corresponding to the
polymer microstructures of maximum order. Finally,
the analysis is extended to long PMCP chains both
configurationally ordered and disordered.

A qualitative comparison of the conformational free-
dom of the isolated PMCP chains in the crystalline
phase and in the melt for different microstructures is
also presented. The aim is to find possible insights for
the understanding of the large variations with the
microstructure observed for the melting entropy.!!

Calculation Methods

Conformational Analysis. The conformational
analysis has been performed keeping, for the sake of
simplicity, all the bond distances fixed at 1.54 A. To
simplify the calculations, the hydrogen atoms were not
explicitly considered and the CH, CHjy, and CH; groups
have been treated as identical spherical domains. The
conformational energy, according to our model, is thus
given by the sum of the terms

E= Eben + Etor + Enb

where Epen is the sum of the energy contributions
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associated with the deformation of the bond angles
from the equilibrium value 7o, with terms of the kind

Eben = (Kben/2)(T - ‘L'O)2

with Kpen = 44.0 keal/(mol deg?) and 7o = 109.47%;12 Ey,,
is the sum of the energy contributions associated with
torsion angles 0, evaluated by terms of the kind

Etor = (Kto,/z)(l + cosn 0)

with barrier height K;,, = 2.8 kcal/mol and periodicity
n = 3;12 E,, is the sum of the nonbonded energy
contributions due to interactions between atoms sepa-
rated by more than two bonds, evaluated by terms of
the kind

E,=@Ar"?-Br®—@Ar, 2 =Br,® forr<r,
where r is the interatomic distance for any given couple
of nonbonded atoms. In order to avoid negative contri-
butions to the energy, as discussed in ref 13, Ey, is fixed
equal to zero for r = r¢, where ry is the interatomic
distance corresponding to the minimum of E.;. The
repulsive and attractive constants A (0.2329 x 107 kecal
A®/mol) and B (0.1137 x 10¢ keal A®mol) and ro (4.0
A) are those proposed by Flory in ref 14 for CHj.
Substantially identical results are obtained by choosing
for the methine groups the parameters proposed by
Flory for Ceps (Aca-ca = 0.398 x 108 kcal A'%/mol,
Bcu-cu = 0.366 x 103 keal A/mol, ro = 3.6 A; Acu-ch,
= ACH—CH3 = (0.968 x 106 kcal Alz/mol, B H-CHy; =
Ben-cr, = 0.643 x 108 keal A%mol, ro = 3.8 A).

For the PMCP configurationally ordered and disor-
dered chains the energy minimizations have been
performed on chain stretches of 10 monomeric units,
including all the interactions. The energies per mono-
meric unit are then obtained by dividing by 10. The
BFGS!®> minimization method was used to find the
lowest conformational energy.

Fourier Transform Calculations. Fourier trans-
form calculations have been performed on isolated chain
models obtained by regular or irregular sequences of
monomeric units in different conformations.

The Fourier transform of isolated chains can be
advantageously compared to the diffracted intensity far
from the equator, when there is a low degree of
rotational (around the chain axis) and translational
(along the chain axis) order between adjacent parallel
chains. Near the equator the comparison is, instead,
less significant, since interferences between adjacent
chains should also be taken into account.

The X-ray diffraction intensity by fibers is conve-
niently calculated as a function of the reciprocal space
cylindrical coordinates &, ®, and , as

I(§,®,8) = F(§,D,00F*(§,9,0) ey

where F(&,0,0) is the structure factor and the * denotes
the complex conjugate. For the calculation of the
diffraction intensity by an isolated chain cylindrically
averaged over the reciprocal coordinate ®, we have
applied the treatment reported by Tadokoro in ref 16
for the calculation of the molecular structure factor of
nonhelical molecules.

Let ra (rv), ¢a (¢p), and z, (zp) be the cylindrical
coordinates of the a-th (b-th) atom and n the total
number of atoms in the structural model. I(£,®,0) is
evaluated as
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IE®,0) = Y f.fy exp{—2ilér, cos(¢, — ®) — &n,
cos(¢, — ®) + &z, — 2,)]} (D)

where f, () are the atomic scattering factors for the
a-th (b-th) atoms. The cylindrically averaged diffraction
intensity is evaluated by integration of eq II over @.
Equation IT contains the sum of exponential terms,
which after some algebraic transformation, become

exp{—2miélr, cos(¢, — ®) — r, cos(¢, — )|} =
exp{—2mi[(r, cos ¢, — ry, cos ¢) cos P +
(r,sin ¢, — ry sin ¢,) sin ®1} (II1)

With introduction of auxiliary variables r,,, repre-
senting the distance in the xy plane between the a-th
and b-th atoms, and ¢a.b, the angle between the vector
rap and the x axis, the exponential term on the right
side of eq III can be rewritten as

exp{—2mié[(r, cos ¢, — r, cos ¢,) cos D +
(r,sin ¢, — ry sin ¢, ) sin ¢J} =
expl2miér,, cos(¢,, — @) (IV)

Hence, the integral of eq II over ® becomes the sum of
integrals of the kind

[expl2riér,, cos(g,, — @) dP V)

multiplied by terms which do not depend on ®. Inte-
grals of this kind have as solution 27 multiplied by the
zero-order Bessel function with argument 2néra,
Jo(27Erap).

The resulting formula (dividing the integral by 2x) is

IE,®,0) = Y. fifid o 2nkr,,) expl—2mil(z, — 2,)]
(VD

For the sake of simplicity no thermal factor was
included.

The reported Fourier transform calculations refer to
models including 10 monomeric units. This choice
makes the broadness of the meridional peak on the first
layer line (independent of the configurational disorder)
similar to the observed one (half-height width close to
1°).

Results and Discussion

A. Conformational Analysis. Conformational
Analysis of Cyclopentane. We started the confor-
mational analysis studies with the parent compound
cyclopentane. It is well known that the potential energy
surface of cyclopentane is very flat and the ring freely
pseudorotates between the half-chair and envelope
forms (having C; and C; symmetry, respectively (see
Chart 2)).17-23 To describe the pseudorotation phenom-
enon, the following expression for the torsional angles
Or Was proposed!8-2¢

0, = 0, cos(4aBk/5 + P) £E=1,23,4,5
where oy is the maximum value of the torsional angle,
B the conversion factor from radians to degrees, and P
the phase angle of puckering. Deformations described
by P values equal to 0°, 36°, 72°, ..., correspond to half-
chair forms; those described by values of 18°, 54°, 90°,
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Chart 2
t
05~ 0 Os
G, Y 6795 % 63= 0y
Cs C,
envelope half-chair

... correspond to envelope forms. As P varies from 0 to
360°, the structure goes through all possible C; and C;
forms.

The absolute values of the dihedral angles of cyclo-
pentane corresponding to the energy minima are for the
Cs symmetry |o1] = |04 = 29.7°, |g2| = |os] = 45.3°, and
los| = 0° and for the Ce symmetry |0:| = |g4| = 37.2°,
loa| = jos| 15.3°, and |o5| 46.7°. These results compare
well with some literature results.1719.21

The energy difference between the C; and C; struc-
tures is negligible (<50 cal/mol), and the energy profile
along the pseudorotational path connecting the C; and
the C; conformations, obtained by energy minimization
of several conformations of no symmetry, is practically
flat.

Conformational Analysis of 1,3-Dimethylcyclo-
pentane. At variance with the case of the parent
compound, for the disubstituted cyclopentane the energy
barriers to the pseudorotation are high, and large
energy differences are obtained between conformations
which are all substantially isoenergetic for cyclopentane.

For the present analysis we use the terminology
proposed by Fuchs?5 for 1,3-dichlorocyclopentane. The
full pseudorotational circuit (sketched in Figures 1 and
2 of ref 25) presents 5 half-chair conformations (enan-
tiomeric pairs) and 6 envelope conformations (including
4 enantiomeric pairs) for the cis isomer and 6 half-chair
conformations and 5 envelope conformations for the
trans isomer. All the conformations are labeled by
roman numerals, and an attached star indicates the
enantiomeric conformation.

In the geometrical and energetical calculations the
absolute values of the dihedral angles, relative to the
cycles, are maintained fixed to those corresponding to
the energy minimization for cyclopentane (reported in
the previous section).

The calculated energy, optimized with respect to the
bending of the two methyl groups, and the distance d
between the carbon atoms of the two methyl substitu-
ents for the cis and trans isomers are reported versus
the phase angle (P) in parts A and B of Figure 1,
respectively. In the figure the ring conformations are
also indicated following the nomenclature of Fuchs.

It is apparent that broad energy minima are present
for both isomers, in particular centered around confor-
mation XI for the cis isomer and around conformation
I for the trans isomer.

The conformations included in these broad energy
minima are also those for which the distance d is in the
range 4.8—5.0 A, It is hence reasonable to expect that
sequences of monomer units in these conformations, if
nearly perfectly aligned, can produce the chains with
periodicity along ¢ of nearly 4.8 A, which are present in
the crystalline phase of PMCP.1! The conformations
corresponding to the structures IX, X, XI, X*, and IX*
for the cis isomer and I, II, and III for the trans isomer
are sketched in parts A and B of Figure 2, respectively.
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Figure 1. Energy profile (solid line) and distance (d) between
the carbon atoms of the two methyl substituents (dotted line)
for the pseudorotation circuit of (A) cis-1,3-dimethylcyclopen-
tane and (B) trans-1,3-dimethylcyclopentane. The pseudoro-
tation circuit is indicated by the phase angle P (top scale) and
by the nomenclature of Fuchs (bottom scale).

I
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| b
Figure 2. Sketches of some conformations of the two stere-
oisomers of 1,3-dimethylcyclopentane: (A) conformations IX,
X, XI, X*, and IX* of the cis isomer; (B) conformations I, II,

and III of the ¢rans isomer. These conformations are included
in the broad energy minima of Figures 1A and 1B, respectively.

Conformational Analysis of a Dimeric Unit of
PMCP. A conformational analysis has been performed
also for the four microstructures of maximum order for
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Figure 3. Conformational energy maps E(8,,6;) for the models presenting the four maximum order microstructures: (A) cis-
diisotactic; (B) cis-disyndiotactic; (C) trans-diisotactic; (D) trans-disyndiotactic. In all cases contour lines with constant
conformational energy are at regular intervals of 2 kcal/mol, starting from the absolute minimum; the energy values for the
secondary minima are also indicated. The dashed ellipsoids in the maps include the loci of points (61,82) for which the average
distance between two consecutive methylene groups (d") is higher than 4.8 A.

the models shown in Figure 3, corresponding to dimeric
units of PMCP. For the sake of simplicity, for the
reported energy maps, the bond angle centered on the
methylene C atom which connects two rings has been
maintained fixed at 112°. For the two cycles conforma-
tions XI and I have been always assumed for the cis
and trans rings, respectively. They correspond to
conformations geometrically and energetically suitable
for the achievement of extended chains, according to the
calculations of the previous section. Also in this case
the ¢ values were fixed to the energy minima values
for cyclopentane.

For the following discussion, we will attribute a
configurational sign?® to the C—C bonds which connect
different rings (see Chart 1). The sequence of the
configurational signs is, indicating by a slash the
position along the backbone of a cyclopentane ring,
(=)(+)(=X+) for the cis-diisotactic, {—)(—)/(+)(+) for the
cis-disyndiotactic, (+)(+)/(+)(+) (or the enantiomoprhic
(=)X=Y(=)=)) for the trans-diisotactic, and (+)—)(—}+)
for the trans-disyndiotactic microstructure. Without
loss of generality in this paper, we consider for the trans-

diisotactic microstructure only the (+)(+Y(+)+) se-
quence.

The conformational energy maps (per mole of mono-
meric unit) as a function of the dihedral angles 6; and
02, scanned every 10°, for the cis-diisotactic, cis-disyn-
diotactic, trans-diisotactic, and trans-disyndiotactic mi-
crostructures are shown in parts A—D of Figure 3,
respectively. Dashed curves in the maps indicate the
loci of points for which the average distance between
two consecutive methylene groups d’ is equal to 4.8 A.

It is reasonable to assume that only sequences of
dimeric units presenting conformations included in
these curves, if nearly perfectly aligned, are geometri-
cally suitable for the formation of the extended chains,
which are present in the crystalline phase.

The maps of Figure 3 indicate that geometrically
suitable conformations are also energetically suitable
for all the microstructures. In particular, for the cis-
disyndiotactic and ¢rans-diisotactic microstructures the
dashed curves contain the absolute minimum of energy,
while for the cis-diisotactic and trans-disyndiotactic
microstructures the curves contain a secondary mini-
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Table 1. Dihedral Angles 8,, 63, 6,’, and 8;’, Bond Angles
t, and Energy E= Values for the Four Maximum Order
Microstructures As Obtained after Energy Minimization
under the Geometrical Constraint of a Unit Height of
4.83 A (Extended Conformations)®

microstructures 61 03 6y 62’ T Eext
cis-diisotactic -162 162 1114 1.5
cis-disyndiotactic 175 175 -175 -175 1119 0.1
trans-diisotactic ~179 -179 110.6 0.3

trans-disyndiotactic = 158 -158 -158 158 1119 1.5

@ Angles in degrees and energies in keal/mol.

mum of energy with an energy content of nearly 1.5
kcal/(mol of monomeric unit) higher.

It is worth noting that the general rule for vinyl
polymers?® that (+) bonds tend to assume G+ or T
conformations while (—) bonds tend to assume G- or T
conformations is confirmed by the energy maps of
Figure 3.

Conformational Analysis of PMCP. Energy mini-
mizations for the four microstructures of maximum
order of PMCP have been performed under the geo-
metrical constraint that the unit height is 4.83 A. As
energy zero for each calculation, the minimum energy
calculated for the same model structures in the absence
of this constraint has been assumed.

For the sake of simplicity, only the ring conformations
XTI and I have been considered for cis and trans rings,
respectively, and also the dihedral angles in the rings
(o) have been maintained fixed to the values listed in
the preceding sections.

For the isotactic polymers the conformational repeat-
ing unit (CRU) is assumed equal to one monomeric unit;
in particular, it is assumed 6; = —68; for the cis polymer
and 6, = 6y for the trans polymer (see Chart 1). For
the syndiotactic polymers the CRU is assumed equal
to two monomeric units. Indicating with 64, 62, and 6/,
63" the dihedral angles of two consecutive monomeric
units, for symmetry reasons it is assumed 8; = 6; = —6,’
= —@y for the cis polymer and 6; = —0; = —8," = 8’ for
the trans polymer (see Chart 1).

As starting situations for the minimization proce-
dures, the minimum energy conformations, included in
the dashed curves in the maps of Figure 3, have been
assumed. The dihedral and bond angle values which
minimize the energy for the extended conformation of
the four microstructures are reported in Table 1,
together with the corresponding energy per monomeric
unit E¢%, These minima correspond to values of #; and
62 which are positive or negative according to the
configurational sign of the bonds (see Chart 1).

Analogous calculations for the stereoirregular poly-
mers under the constraint that the average length of
the projection of the monomeric units along the chain
axis is 4.83 A give E°* values intermediate between the
minimum and maximum E** values of Table 1.

In summary, independently of the microstructure of
PMCP, extended conformations suitable for the disor-
dered crystalline structure are easily achieved.

However, it is worth noting that in order to obtain
low-energy extended conformations, restrictions to the
conformational freedom, both of the rings and of the
backbone, are required. In particular, the configuration
of the cyclopentane rings (cis or trans) imposes their
conformation (close to XI or to I, respectively) while the
local configuration (cis-diisotactic, cis-disyndiotactic,
trans-diisotactic, or trans-disyndiotactic) imposes locally
the values of the dihedral angles along the main chain
(not far from those of Table 1).
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Figure 4. Side views of extended model chains of minimum
energy for the microstructures: (A) cis-diisotactic; (B) cis-
disyndiotactic; (C) trans-diisotactic; (D) trans-disyndiotactic.

Side views of models of extended chains for the four
microstructures of maximum order of PMCP are sketched
in Figure 4A—D (including three monomeric units). Side
views for two random-isotactic extended and energeti-
cally feasible chains of PMCP, including 10 monomeric
units, are sketched in Figure 5. For the chain of Figure
5A, only one kind of ring conformation (XI for the cis
and I for the trans) is present, while for the chain of
Figure 5B further ring conformations (IX, X, X*, and
IX* for the cis and II and III for the ¢rans) are included.

B. Fourier Transform Calculations on Isolated
PMCP Chains. The Fourier transform on nonequato-
rial layer lines for the four microstructures of maximum
order of PMCP in the conformations of Table 1 (models
shown in Figure 4A—-D) is reported in Figure 6A—D.
The Fourier transform calculated along the meridian
(for £ = 0) for the same models is reported in Figure
7A-D.

For comparison, the experimental diffraction intensi-
ties on the layer lines and along the meridian for a
random-isotactic PMCP sample after subtraction of
background and correction for the LP factor (redrawn
from Figure 3B and 4B of ref 11) are shown in Figures
8 and 9, respectively.

The number of monomeric units in the models for the
Fourier transform calculations has been fixed equal to
10 in order to reproduce the broadness of the first peak
along the meridian.

It is apparent that the Fourier transform of PMCP is
scarcely dependent on the microstructure. In fact, the
only relevant difference between the plots of Figure 6
is the higher intensity along the meridian on the second
layer line for the disyndiotactic structure (cis or trans)
as clearly shown by a comparison of the peaks at { =
0.42 A-1in Figure 7.

A qualitative similarity exists between all the calcu-
lated patterns (of Figures 6 and 7) and the experimental
diffraction profiles (of Figures 8 and 9). However,
significant quantitative differences can be noted for the
meridional scans. In particular, the observed peaks for
the third and fourth layer lines are much broader (half-
height widths 8 = 2.3° and 5.2°, respectively) than the
peak of the first layer line (8 = 1.9°), whereas all these
peaks present similar broadness in the calculated pat-
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Figure 5. Side views of extended model chains of minimum energy with random-isotactic microstructure including (A) only one
kind of ring conformation (XI for the cis and I for the ¢trans), and (B) several kinds of ring conformations (IX, X, XI, X*, and IX*

for the cis and I, II, and III for the trans.)
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Figure 6. Fourier transform on nonequatorial layer lines (/
=1, 2, 8, 4) for the four microstructures of maximum order in
the conformations of Table 1 (models shown in Figures 4A—
D): (A) cis-diisotactic; (B) cis-disyndiotactic; (C) trans-diiso-
tactic; (D) trans-disyndiotactic.

o E
©

terns (B close to 1.8°). Correspondingly, the observed
meridional peaks on the third and fourth layer lines
present a height roughly equal to one-half of the height
of the peak on the first layer line, while in all the
calculated patterns these peaks present nearly the same
heights.

The height of the peak along the meridian on the
second layer line is not considered for quantitative
evaluations since, as also discussed in ref 11, it is only
a broad tail of the maximum located at & = 0.22 A-!

(a.u.)
b

INTENSITY
o

0.84

0.4

) LM
|TR

0.84

0.4

&

Figure 7. Fourier transform calculated along the meridian
(& = 0) for the four microstructures of maximum order (same
models of Figure 6): (A) cis-diisotactic; (B) cis-disyndiotactic;
(C) trans-diisotactic; (D) ¢rans-disyndiotactic.

(Figure 8) and hence dependent on the degree of
orientation (in particular, the lack of complete orienta-
tion of the sample tends to increase the intensity of the
experimental peak of the second layer line for £ = 0,
located at ¢ = 0.42 A-! in Figure 9).

The Fourier transform along the layer lines calculated
by averaging the results for 10 random-isotactic models
analogous to the one shown in Figure 5A, which present
only one kind of conformation for the cis (XI) and the
trans (I) rings, is shown in Figure 10. The Fourier
transform along the meridian (§ = 0) for the same
models is reported in Figure 11A.

The introduction of stereoirregular sequences in the
model chains broadens only slightly the peaks on the
third and fourth layer lines (8 = 2.0 and 2.3°, respec-
tively).

The Fourier transform along the meridian calculated
by averaging the results for 10 random-isotactic models
which include also other geometrically and energetically
feasible ring conformations is shown in Figure 11B-D.

In particular, a further two (IX and X, with the
enantiomers IX* and X*, for the cis rings; IIl and II for
the trans rings) or three (plus VIII, with the enantiomer
VIIT#*, for the cis rings; plus IV for the trans rings) or
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Figure 8. Experimental X-ray diffraction intensity of an
oriented random-isotactic PMCP sample for the indicated layer
lines ! (corresponding to a periodicity of ¢ = 4.83 A) after
subtraction for the background and correction by the Lorentz
and polarization factor.
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Figure 9. Experimental X-ray diffraction intensity of an
oriented random-isotactic PMCP sample along the meridian
(& = 0) after subtraction for the background and correction by
the Lorentz and polarization factor.
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Figure 10. Fourier transform on nonequatorial layer lines
calculated by averaging the results for 10 random-isotactic
models analogous to the one shown in Figure 5A.

four (plus VII, with the enantiomer VII*, for the cis
rings; plus V for the ¢trans rings) ring conformations are
statistically accessible for the calculations of Figure 11B,
11C, and 11D, respectively.

It is apparent that this conformational disorder
relative to the rings leaves essentially unaltered the
broadness of the meridional peak on the first layer line
while, in qualitative agreement with the experimental
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Figure 11. Fourier transform along the meridian calculated
by averaging the results of 10 models analogous to those shown
in Figure 5. The ring conformations randomly assumed in the
models by the cis and trans rings (with reference to the Fuchs
nomenclature used in Figures 1 and 2), also including the
possible enantiomeric situations, are (A) XI and I, (B) IX, X,
XTI and I, II, and III, (C) VIII, IX, X, and XI and I, II, III, and
IV, and (D) VII, VIII, IX, X, and XI and I, II, III, IV, and V,
respectively.

profile of Figure 8, it makes broader the meridional
peaks on the third and fourth layer lines and reduces
their heights. In fact, with increasing conformational
disorder, the values of 8 of the third and fourth peaks
increase from 2.3 and 2.9° (Figure 11B) to 2.8 and 5.6°
(Figure 11D), respectively.

Of course, any disorder along the chain that makesg
the distribution of the length of the projection of the
monomeric units along the chain axis (centered around
4.83 A) broader makes the layer lines (and hence the
meridional peaks) broader, and the broadening is more
pronounced for higher layer lines.

It is worth noting that the introduction of the thermal
factor along ¢ (exp(—1/2B{?)) rather than the considered
conformational disorder could adjust the intensity ratios
among the peaks of different layer lines but would leave
equal the broadness along the meridian of all the layer
lines.

In summary, the similarity between the experimental
diffraction profiles of a PMCP sample and the Fourier
transform calculations for isolated PMCP extended
chains (with different ordered and disordered micro-
structures) confirms that the crystalline phase of PMCP
consists of parallel extended chains (configurationally
and conformationally disordered), with a pseudohex-
agonal arrangement of the chain axes but with a nearly
complete intermolecular rotational and translational
disorder between the chains.

The calculations of Figure 11 suggest for the crystal-
line phase the statistical occurrence of few ring confor-
mations, always included in the broad energy minima
calculated for the cis and trans configurations of 1,3-
dimethylcyclopentane (Figure 1).

C. Comments on the Variations of the Melting
Entropy of PMCP with the Microstructure. Large
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variations of the melting entropy (ASn) with the mi-
crostructure have been observed for PMCP.1! At vari-
ance with the melting temperature behavior, which
mainly increases with the cis stereoregularity of the ring
configurations, the entropy of melting tends to increase
both with the stereoregularity of the ring configurations
and with the tacticity of the polymer. In particular, for
the substantially atactic samples, the highest ASp
values are reached by the high-cis sample, while in-
creases are also observed going from the trans to the
high-trans sample. On the other hand, a comparison
of the thermal properties of the two samples having a
cis content close to 35% shows a much higher AS;, (46.02
vs 22.59 kcal/(K mol)) for the polymer with an isotactic
stereoregularity between the rings.!!

It is reasonable to expect that the contribution to the
entropy of fusion due to the change of volume that
occurs on melting, AS;, (which is generally smaller than
the entropy change of melting at constant volume
(ASw)?7), should be similar for all the PMCP samples,
due to similarity of the disordered crystalline structures.

As a consequence, since ASy, = AS, + (ASn)y, the
large variation in the AS,, values for different PMCP
microstructures should be related to the term (ASm)y.
This term, for polymer crystals, includes essentially the
change in the intramolecular conformational entropy of
a polymer chain when passing from the crystalline to
the molten amorphous state.

The conformational entropy of the polymer chains in
the molten state is expected to be similar for all the
PMCP samples having different microstructures. In
fact, as shown, for instance, by the energy maps of
Figure 3, the conformational freedom of the polymer
chain is substantially independent of the chain config-
uration.

The conformational entropy in the crystalline state
is, instead, expected to be dependent on the configura-
tional order. In particular, as specified in a previous
section, the configuration of the cyclopentane rings (cis
or trans) imposes their conformation (close to the XI or
to the I, respectively) while the relative stereochemistry
between the rings (cis-diisotactic, cis-disyndiotactic,
trans-diisotactic, or trans-disyndiotactic) imposes locally
the values of the dihedral angles along the main chain
(close to that of Table 1).

Higher configurational order (both inside the rings
and between successive rings) generates higher confor-
mational order in the disordered crystalline phase and
hence larger changes in the intramolecular conforma-
tional entropy in the melting.

Since the other contributions should be essentially
independent of the PMCP microstructure, this qualita-
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tively accounts for the observed increases of AS,, with
all the examined kinds of configurational order (cis,
trans, and isotactic).
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