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ABSTRACT: The crystal structure of syndiotactic 1,2-poly(E-3-methyl-1,3-pentadiene) has been determined by
the combination of X-ray diffraction and molecular mechanics. Energy minimizations performed by various potential
functions yielded models of crystal structure with calculated X-ray powder profiles similar to the experimental
profiles. The best model has been refined in order to fit all the experimental data. The space group isPcam,and
the parameters of the unit cell area ) 15.4 Å,b ) 7.45 Å, andc ) 5.15 Å. Similarities and differences with the
crystal structures of syndiotactic 1,2-poly(1,3-butadiene), syndiotactic 3,4-poly(2-methyl-1,3-butadiene), and
syndiotactic 1,2-poly(E-1,3-pentadiene) are discussed.

Introduction

Regular polymers with 1,2-enchainment of the three mono-
methyl substituted 1,3-pentadienes can have different configura-
tions. In fact, the lateral groups can be arranged in such a way
to give isotactic or syndiotactic polymers. Moreover, both the
isotactic and syndiotactic polymers of 2-methyl- and of 3-me-
thylpentadiene can have double bonds of the lateral groups in
either thecisor transconfiguration. In spite of the high number
of possible polymers, only isotactic and syndiotactic 1,2-poly-
(4-methyl-1,3-pentadiene) have been synthesized up to now,1-5

and only the crystal structure of the latter has been reported.6-7

A previous paper8 reports the polymerization of a mixture of
E andZ isomers of 3-methyl-1,3-pentadiene and the character-
ization of the resulting polymer. The synthesis was performed
using a catalyst system based on FeCl2(bipy)2 and methylalu-
minoxane. Characterization by nuclear magnetic resonance
(solution1H and13C NMR and solid-state13C NMR), infrared
spectroscopy, X-ray diffraction, differential scanning calorimetry
(DSC) and gel permeation chromatography has assigned the
obtained polymer a 1,2-syndiotactic structure with the methyl
groups of the lateral groups incisconfiguration, i.e., the obtained
polymer is syndiotactic 1,2-poly(E-3-methyl-1,3-pentadiene)
[sEP3MPD12].

This paper reports the crystal structure of sEP3MPD12 as
determined by the combination of a detailed X-ray characteriza-
tion of powder and fiber samples and of molecular mechanics.
A critical comparative analysis is also conducted of this crystal
structure with those of syndiotactic 1,2-poly(1,3-butadiene)9

[sPBD12], syndiotactic 3,4-poly(3-methyl-1,3-butadiene)10 [sP-
MBD34], and syndiotactic 1,2-poly(E-1,3-pentadiene)11 [sEP-
PD12]. The comparison is justified because sPMBD34, sEP-
PD12, and sEP3MPD12 can be considered to be derived from
sPBD12 by the substitution of one or two hydrogen atoms of
the side groups with methyl groups.

Experimental Part

The polymer samples were synthesized as described in a previous
paper.8 DSC measurements were performed by a Mettler calorimeter
at a scanning rate of 10°C/min. The density of the polymer sample
was determined by flotation. The as prepared sample was subjected
to various thermal and mechanical treatments: (i) melting under
pressure followed by slow cooling under pressure; (ii) cooling
without pressure; (iii) quenching in a mixture of ice and water.
X-ray measurements were carried out using Ni-filtered Cu KR
radiation (λ ) 1.5418 Å). Powder spectra were collected by a
Philips PW3710 automated diffractometer operating in the con-
ventionalθ/2θ Bragg-Brentano geometry. An Anton-Paar TTK
450 low-temperature camera was used for the X-ray measurements
at various temperatures. A Pt100 thermocouple inserted into the
sample holder was used for high-precision measurements and for
the control of the working temperature. Fibers of the polymer
sample were obtained by the following procedure: samples of the
as-prepared polymer were extruded by a syringe, stretched by 200%
and annealed at various temperatures and for different times.
Annealing temperatures greater than 140°C were not reached
because the fiber samples broke in few minutes. Fiber spectra were
collected by a cylindrical camera (r ) 57.3 cm); for these spectra
the Cu KR radiation was monochromatized with a graphite crystal.
The Fuji film MS 2025 imaging plate and the Fuji Bioimaging
analyzer System, mod. BAS-1800, were used for digitizing the
diffraction patterns.

All the calculations of the internal energy and of the diffraction
spectra were performed using the Cerius2 program (Accelrys). The
crystals were generated by theCrystal Builder module and the
Analytical module was used to calculate the X-ray diffraction
spectra. The isotropic thermal factorB ) 12 Å2 was adopted for
all the spectra. The crystal sizesa ) 150 Å,b ) 150 Å,c ) 60 Å
anda ) 300 Å, b ) 300 Å, c ) 80 Å were used in the calculated
powder and fiber spectra, respectively. The energy was minimized
using theOpen Force Fieldmodule by thesmart minimizermethod
with standard conVergence. The following force fields were used:
Universal1.02,12 UFF_Valbond,13 Dreiding,14 and Compass.15 The
electrostatic term was calculated for the Dreiding and Compass force
fields. Gasteiger16 estimates for charges were taken into account
for the Dreiding field, while the Compass force field has its own
method of calculating the electrostatic charges.
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Sample Characterization

Figure 1 shows the DSC traces obtained by heating the as-
prepared sample up to∼30 °C above the melting temperature
(a), cooling the melt down to room temperature (b) and heating
the bulk crystallized sample up to∼30 °C above the melting
temperature (c). Both the as-prepared and the bulk crystallized
samples exhibit only one endothermic peak, practically at the
same temperature. An exothermic peak is observed at a lower
temperature during the cooling of the melt sample. Figure 2
shows the X-ray powder spectra of the as-prepared sample (a),
of the melted and pressurized slow cooled sample (b), and of
the melted and quenched sample (c). The profile of the melt
sample, assumed as the profile of the amorphous phase, is
also reported in each spectrum. The crystallinity calculated
from the ratio between the crystalline and total area is also
indicated for each sample. The sample crystallized from the bulk
without pressure is not reported because it exhibits the same
profile as the spectrum of Figure 2b. This profile appears
significantly different with respect to the profile of the as-
prepared sample. In fact, it exhibits more resolved reflections
and shows larger crystal sizes. At variance, the melted and
quenched sample exhibits a profile similar to that of the as-
prepared sample despite the lower crystallinity value. The results
of the DSC and X-ray analyses indicate that the polymer
crystallizes rapidly, independently of the mechanical and thermal
treatments.

In order to determine the crystal structure of sEP3MPD12
and to observe structural changes as a function of temperature,
the X-ray powder spectra of the melted and slowly cooled
sample were also collected at various temperatures up to the
melting point. Detailed collections were performed with a
step size of 0.04° and a step time of 44 s in order to obtain
accurate values of the axes of the unit cell. Figure 3 shows the
X-ray powder profiles at the various temperatures. Neither the
X-ray profiles or the DSC traces show evidence of polymor-
phism in samples of sEP3MPBD12 crystallized from the
bulk.

Figure 4 shows the spectrum of a fiber sample annealed at
140 °C for 1 h, obtained by the cylindrical camera. The fiber
sample appears well oriented and its spectrum exhibits several
equatorial reflections but a low number of layer reflections.
However, the analysis of the fiber spectrum has allowed for
the determination of the value of thec axis, which is 5.15(
0.05 Å. Figure 5 shows the equatorial profile of the fiber
spectrum. The resolution and the positions of the maxima of

the two most intense reflections are more similar to those of
the as-prepared sample rather than to those of the samples
crystallized from the bulk.

Figure 1. DSC traces of sEP3MPD12 obtained by heating the as-
prepared sample up to∼30 °C above the melting temperature (a),
cooling the melt down to room temperature (b), and heating the
bulk crystallized sample up to∼30 °C above the melting temperature
(c).

Figure 2. X-ray powder spectra of samples of sEP3MPD12: (a) as-
prepared sample; (b) sample melted and slowly cooled under pressure;
(c) sample melted and quenched in a mixture of ice and water. The
curve of the amorphous phase and the value of the crystallinity,øc, are
also reported for each sample.

Figure 3. X-ray powder spectra of sEP3MPD12 collected at the
indicated temperatures.
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Crystal Structure

The determination of the crystal structure was first undertaken
by molecular mechanics calculations in order to obtain structural
models which compare calculated X-ray spectra with the
experimental spectrum of the melted and slowly cooled sample.
The most promising model has been successively refined in
order to obtain the best agreement with all the experimental
data.

Previously reported molecular mechanics calculations per-
formed on an isolated chain of sEP3MPD12 indicated that the
minimum energy chain conformation is highly extended.17

Moreover, the experimental value of thec axis (5.15 Å)
determined here is compatible with thetcm symmetry of the
chain. This chain symmetry is characterized by a glide plane
containing the chain axis and by mirror planes perpendicular
to it which contain the atoms of the lateral groups. The
independent parameters of the backbone of a chain havingtcm
symmetry are one bond length, two bond angles, and one torsion
angle.18 Figure 6 shows a portion of the chain of sEP3MPD12
made up of two monomeric units, with the independent bond
and torsion angles and the numbering of the carbon atoms of
the asymmetric unit indicated. The present calculations take all
the orthorhombic space groups in which the symmetry elements

of the chain are also crystallographic symmetry elements.
Moreover, according to the experimental density, the unit cell
must contain two chains. The space groups which satisfy these
requirements arePmc21, Pnc2, Pccm, andPcam.19 The crystal
structure of sPMBD3410 has been used as the starting point of
the minimizations in thePcam space group, modifying its
polymer chain by the substitution of suitable hydrogen atoms
with methyl groups. The starting points for the other space
groups have been obtained modifying the crystal structure of
the Pcamspace group by suitable changes of the positions of
the chains in the unit cell. The internal energy of the crystal
has been minimized as a function both of the fractional
coordinates of the atoms and of thea and b axes of the unit
cell, with thec axis fixed at the experimental value. Table 1
shows the values of the optimized energy of the models of
crystal structure of sEP3MPD12 in the quoted space groups,
obtained by the various force fields. The results of Table 1
clearly indicate that the best mode of packing is realized in the
Pcamspace group. Moreover, the calculated powder spectra
for this space group are in better accordance with the experi-
mental powder spectrum.20 ThePcamspace group was already
found in the crystal structures of sPBD12,9 sPMBD34,10 and
sEPPD12,11 polymers having constitutional, configurational and
conformational similarities with sEP3MPD12.21 The optimized
values of the bond and torsion angles of the backbone and of
the parametersa andb of the unit cell obtained by the various
force fields for thePcamspace group are shown in Table 2.
There is good agreement between the optimized values obtained
by the various force fields. In fact, the values of the confor-
mational parameters are very similar and the highest deviations
from the mean values for the axes of the unit cell are 0.90 Å
and 0.33 Å fora andb, respectively.

Figure 7 shows the calculated powder spectra of sEP3MPD12
corresponding to the models of minimum energy crystal

Figure 4. X-ray fiber spectrum of sEP3MPD12 collected by the
cylindrical camera.

Figure 5. Equatorial profile of the fiber spectrum of sEP3MPD12.

Figure 6. Portion of the chain of sEP3MPD12 made up of two
monomeric units, with the independent bond and torsion angles
indicated and with the carbon atoms of the asymmetric unit numbered.

Table 1. Values of the Optimized Energy (kcal/mol of Unit Cell)
Obtained by the Minimization of the Internal Energy of the Models
of Crystal Structure of sEP3MPD12 in the Indicated Space Groups,

Performed by Various Force Fields

force field Pmc21 Pnc2 Pccm Pcam

Universal 1.02 18.06 11.82 19.78 4.23
UFF_Valbond 7.88 2.98 8.14 -8.22
Dreiding 71.55 67.44 70.11 60.19
Compass -51.65 -55.90 -45.16 -55.64

Table 2. Values of the Bond and Torsion Angles of the Backbone
and of the a and b Axes of the Unit Cell Obtained by the

Minimization of the Internal Energy of the Models of Crystal
Structure of sEP3MPD12 in thePcamSpace Group, Performed by

Various Force Fields

force field τCH/deg τCH2/deg θ/deg a/Å b/Å

Universal 1.02 112.0 112.1° -176.4 13.76 7.90
UFF_Valbond 113.2 113.5 -173.9° 13.74 7.93
Dreiding 111.4 112.4 -168.6° 15.05 7.41
Compass 113.1 113.2 -176.0° 14.05 7.31
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structure in thePcam space group obtained by the various
potential functions, in comparison with the spectrum of the
crystal phase obtained by subtraction of the contribution of the
amorphous phase from the experimental spectrum of the melted
and slowly cooled sample. All the calculated spectra are similar
to the experimental spectrum of the crystal phase as whole, even
if spectrum c of Figure 7 is in better agreement with both the
positions and the intensities of the reflections. Therefore, the
model corresponding to spectrum c has been chosen as the
starting point for the refinement of the crystal structure of
sEP3MPD12. The refinement has been carried out giving trial
values toa andb in order to obtain the best accordance between
the 2θ values of the calculated and observed reflections. For
each pair ofa andb the energy of the model of crystal structure
has been optimized, by using the Dreiding force field, under

the constraint of thePcamspace group, and the powder spectrum
corresponding to the minimum energy has been calculated and
compared with the experimental spectrum. The discrepancy
factor has been calculated asR ) (Σ|Io - Ic|/ΣIo) × 100, where
Io and Ic are the intensities of the observed and calculated
reflections, respectively.Io andIc have been obtained evaluating
(by weight determinations) the areas of the reflections, corrected
by a scale factor estimated as the ratio between the total areas
of the experimental and calculated powder profiles.

Figure 8 shows the calculated powder spectrum of the refined
model in comparison with the experimental spectrum, with the
indices of the most intense reflections indicated. Figure 9 shows
the calculated fiber spectrum which also is in quite good
agreement with the experimental fiber spectrum. Table 3 shows
the indices and the corresponding values of 2θ and of the
intensity for the calculated and observed reflections in the
powder spectra. The observed values of 2θ of the most intense
reflections of the fiber spectrum are also reported in Table 3.
The agreement between the calculated and observed reflections
of the powder spectra is good both for the positions and for the
intensities of most reflections. Discrepancies appears for the

Figure 7. Calculated powder spectra of sEP3MPD12 using the models
of minimum energy crystal structure in thePcamspace group obtained
by the various sets of potential functions [(a) Universal 1.02; (b)
UFF_Valbond; (c) Dreiding; (d) Compass], in comparison with the
spectrum of the crystal phase (e) obtained by subtraction of the
contribution of the amorphous phase from the experimental spectrum
of the melted and slowly cooled sample.

Figure 8. (a) Calculated powder spectrum of the refined model of the
crystal structure of sEP3MPD12, with the indices of the most intense
reflections indicated; (b) spectrum of the crystal phase.

Figure 9. Calculated fiber spectrum of the refined model of the crystal
structure of sEP3MPD12.

Table 3. Indices and Corresponding Values of 2θ (deg) and of the
Intensity for the Calculated and Observed Reflections in the Powder
Spectra. The Observed Values of 2θ of the Most Intense Reflections

of the Fiber Spectrum Are Also Reported

hkl 2θc 2θo Ic Io 2θo(fiber)

6.8 0 24 6.6
10.5 0 23 10.1

200 11.49
11.4 306 307 11.9

010 11.88
110 13.20 13.2 437 416 12.9
210 16.57 a 13 b 15.7

18.4 0 23
201 20.75

20.8 357 427
20.8

310 21.02 19.9
211 23.97 c 139 218 d
410 26.05 26.6 44 42 26.1
510 31.43 31.3 26 32 30.5

a Comprised between 15 and 17°, but not well-defined.b Very weak,
evaluated as 0 in the calculation of R.c Comprised between 22.5 and 24.5°,
but not well-defined.d Comprised between 23 and 24°, but not well-defined.
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very low intense reflections at 2θ ) 6.8, 10.5, and 18.4°, which
are observed but not calculated.22 In any case these reflections
have been taken into account in the evaluation of R. The
resulting value of R is 17%, and the final values of the
parameters of the unit cell area ) (15.4( 0.2) Å, b ) (7.45
( 0.10) Å, andc ) (5.15( 0.05) Å. The calculated density is
0.92 g‚cm-3, in good agreement with the experimental value
of the density of the semicrystalline polymer, 0.91 g‚cm-3. Table
4 shows the fractional coordinates of the carbon atoms of the
asymmetric unit. Figure 10 shows the projection along thec
axis of the content of two unit cells of the refined crystal
structure of sEP3MPD12, with the shortest intermolecular
distances between carbon atoms indicated.

The values of thea and b axes of the unit cell have been
determined at various temperatures by analyzing the X-ray
powder profiles shown in Figure 3. The 200 and 110 reflections
were chosen because they are the only equatorial intense
reflections. At each temperature the value of thea axis has been
directly determined from the 2θ value of the 200 reflection,
while the value of theb axis has been obtained from the 2θ
value of the 110 reflection using the value of thea axis at the
same temperature. The values of thea andb axes as a function
of temperature are shown in Figure 11. The trends are linear,
so constant values of the thermal expansion coefficients of the
a andb axes have been obtained, and they areλa ) 1.6× 10-4

K-1 andλb ) 3.1 × 10-5 K-1, respectively. The value of the
thermal expansion coefficient of thec axis is not easily
obtainable because the X-ray powder profile does not have
isolated nonequatorial reflections. On the other hand, the value
of the c axis depends only on chain conformation and is
generally invariant with temperature. The invariance ofc with
temperature was verified for other polymers, as reported in

previous papers.23-26 The values ofλa andλb allow to calculate
the lengths ofa andb at 0 K. They area ) 14.7 Å andb )
7.38 Å in quite good agreement with those calculated by the
Dreiding and Compass force fields.

Discussion

The powder spectra of the as-prepared sample (Figure 2a)
and of the melted and quenched sample (Figure 2c) are very
similar, but they are rather different from the spectrum of the
non-quenched samples crystallized from the bulk at different
rates (Figure 2b). In particular, the two most intense reflections,
having indices 200 and 110, are more resolved in the spectrum
of Figure 2b. The resolution of these reflections is due to a
decrease of the 2θ value of the maximum of the 200 reflection
and to an increase of the 2θ value of the maximum of the 110
reflection. The resolution of reflections in the X-ray spectra of
polymer samples generally increases with the decrease of the
crystallization rate and can be ascribed to the larger crystal size
of the slowly crystallized samples. In this case, the width of
the resolution is higher than expected. Therefore, we think that
for sEP3MPD12 during slow crystallization, together with the
increase of crystal size, a more efficient packing is realized along
the b direction which leads to a lowering of theb value and
consequently an increase of thea value, i.e., a lowering of the
2θ value of the 200 reflection. However, the packing of the
chains along theb direction is still rather large as shown by the
high values of the shortest distances between carbon atoms along
this direction (see Figure 10) and confirmed by the value ofλb,
which is lower with respect to both the value ofλa and to the
thermal expansion coefficients of other polymers.23-26 Also the
two most intense reflections of the equatorial profile of the fiber
spectrum (Figure 5) are less resolved than the corresponding
reflections of the powder spectra of the samples crystallized
from the bulk. This could be due to the very high cooling rate

Figure 10. Projection along thec direction of the content of two unit
cells of the refined crystal structure of sEP3MPD12. The shortest
intermolecular distances between carbon atoms and the main symmetry
elements of thePcamspace group are also indicated. Circles enclose
the methyl groups of an asymmetric unit.

Table 4. Values of the Fractional Coordinates of Carbon Atoms of
the Asymmetric Unit in the Crystal Structure of sEP3MPD12

x y z

C(1) 0.250 0.906 0.500
C(2) 0.260 0.791 0.250
C(3) 0.340 0.681 0.250
C(4) 0.334 0.501 0.250
C(5) 0.423 0.770 0.250
C(6) 0.403 0.372 0.250

Figure 11. Values of thea andb axes of the unit cell of sEP3MPD12
as a function of temperature.
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during extrusion from the syringe, which was more similar to
that of the quenched sample than to those of the samples
crystallized from the bulk. Therefore, the ideal crystal structure,
rather different from the structure of rapid crystallized samples,
exhibits 2θ values of the reflections in less satisfactory agree-
ment with those of the experimental fiber spectrum.

The not efficient packing of this crystal structure, especially
along theb direction, could derive by the inclusion in the crystal
phase of configurational defects which cause conformational
changes in the chains in such a way that they become locally
less extended. As reported in a previous paper,8 the most
probable configurational defects in this polymer sample are the
meso diads. Therefore, models of crystal structure of sEP3MPD12
with various amounts of meso diads have been taken into
account. They have built up and minimized by the Dreiding
force field following the procedure described in a previous
paper.27 For each model the powder spectrum has been
calculated and compared with the experimental powder spec-
trum. The calculated powder spectrum for chains containing
one meso diad every 20 monomeric units is reported in Figure
12. The R factor calculated for the powder spectrum of this
model of crystal structure is slightly higher with respect to that
calculated for the ideal crystal structure. However, this powder
spectrum exhibits very low intense reflections at 2θ ∼ 7°,
∼ 9°, and ∼ 18°, near the 2θ values of the three observed
reflections not calculated for the ideal crystal structure (see Table
3). Hence, we think that these three reflections are due to a
spurious crystal phase containing meso diads in some amount.

The crystal structures of sEP3MPD12, sPBD12, sPMBD34,
and sEPPD12 can be compared. All these polymers crystallize
with an orthorhombic unit cell in thePcamspace group with
chains havingtcm symmetry. As already underlined, these
polymers are analogous in their constitution. In fact, the two
methyl groups of an asymmetric unit of sEP3MPD12, circled
and indicated by 1 and 2 in Figure 10, correspond to hydrogen
atoms in sPBD12, while only the methyl group 2 in sPMBD34
and only the methyl group 1 in sEPPD12 correspond to
hydrogen atoms. The value of the axes of the unit cell of these
polymers are reported in Table 5. The values of thec axes are

very similar because in the highly extended chains of these
polymers, the adjacent lateral groups are so far apart that the
presence of methyl groups instead of hydrogen atoms does not
imply repulsive interactions. On the contrary, the value of the
b axis of sEP3MPD12 is significantly higher with respect to
that of the other three polymers. This can be explained
considering that repulsive intermolecular interactions along the
b direction only arise if both the hydrogen atoms of the lateral
group of sPBD12 are substituted by methyl groups. The
differences between the values of thea axes of the four polymers
can be also explained by the different number of methyl groups
in the lateral group. In fact, the value ofa increases from
sPBD12 (no methyl group) to sPMBD34 and sEPPD12 (one
methyl group) and further to sEP3MPD12 (two methyl groups).
The substitution of each hydrogen atom by a methyl group
causes in each case repulsive intermolecular interactions along
thea direction. The higher value ofa of sEPPD12 with respect
to that of sPMBD34 can be attributed to the different position
of the only methyl group in the side chain, which in the case of
sPMBD34 (corresponding to the methyl group 1 in Figure 10)
better lodges with the two chains of the adjacentb layer.

Conclusions

The crystal structure of sEP3MPD12 was determined by the
combination of X-ray diffraction and molecular mechanics. It
is characterized by highly extended chains that maintain their
symmetry elements in the crystal. Structural analogies with
sPBD12, sPMBD34 and sEPPD12 have been found both in the
chain conformation and in the mode of packing of the chains,
which are in layers along theb direction. On the other hand,
the values of thea andb axis of the unit cell of sEP3MPD12
are larger with respect to those of the other three polymers.
This is due to the presence of two methyl groups in the lateral
group of the polymer chain instead of one or two hydrogen
atoms, which requires larger distances between chains within
the same layer and between layers. X-ray measurements
performed over a large range of temperatures shows that the
only changes in the crystal structure of sEP3MPD12 are the
expansions of thea andb axes of the unit cell with temperature.
The rather low value of the thermal expansion coefficient of
the b axis has been related to the high values of the shortest
distances between the atoms of adjacent chains inside the same
layer in the crystal structure of sEP3MPD12.
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