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ABSTRACT: An X-ray analysis has been performed according to the Rietveld whole-fitting method on a
bulk-crystallized, annealed sample of isotactic trans-1,4-poly(1,3-pentadiene). Calculated spectra have been
obtained for different conformers in which the side methyl groups are in a cis or skew arrangement with respect
to the adjacent double bonds. Comparison with the observed profile indicates that the skew conformation
only gives a good agreement. This conclusion agrees with results already obtained by Neto et al. after a vibrational
analysis of the same polymer. A comparison with intensities observed by Bassi et al. on an oriented fiber
X-ray diagram shows however several major discrepancies. We deduce therefore the existence of two different
crystalline phases that can be respectively observed in the bulk-crystallized polymer and in the sample stretched

at a high temperature.

Introduction

Bassi, Allergra, and Scordamaglia investigated the
crystal structure of isotactic trans-1,4-poly(1,3-pentadiene)
(hereafter referred to as ITPP) on the basis of the analysis
of X-ray oriented fiber patterns. Their results, reported
in ref 1 (hereafter paper I), clearly indicate that the con-
formation of the polymer chain is such that the side methyl
groups are in a cis arrangement with respect to adjacent
double bonds (cis model). The alternative skew arrange-
ment (skew model), at least as stable as the former,? on
the basis of conformational energy calculations, was re-
jected after many unfruitful trials to obtain an acceptable
agreemernt with the observed intensities.

The conclusions of paper I rely indeed on a semiquan-
titative evaluation of observed intensities, which might
induce some caution about the accuracy of the structural
parameters, although the overall validity of the structural
model appears to be well established. Later on Neto et
al. published three papers®® concerning the vibrational
analysis of ITPP both in the single-chain approximation
and taking into account packing effects. The results of
this investigation indicate a better agreement when the
skew model is adopted.

These contradictory indications prompted us to un-
dertake a new approach to the problem, and we decided
to analyze X-ray powder diffraction data of ITPP ac-
cording to the Rietveld whole-fitting method.® Of course
these experimental data would be less detailed than those
of an oriented-fiber X-ray diffraction spectrum and would
span a smaller 26 range, but, on the other hand, they would
allow a rigorously quantitative comparison between ob-
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served and calculated intensities. Moreover with this ex-

perimental technique we had the possibility of low-tem-

perature data recording with a consequent better signal-
to-background ratio, particularly at larger 26 values.

Experimental Section

Sample Preparation and Characterization. trans-1,4-
Poly(1,3-pentadiene) was prepared by inclusion polymerization
of trans-1,3-pentadiene in perhydrotriphenylene (PHTP) as
described elsewhere.” The PHTP-polymer adduct was decom-
posed by hot extraction in boiling penthane. Inclusion polym-
erization of diene monomers in PHTP gives rise to a rigorously
1,4-trans enchainment as indicated by NMR data. The 3C NMR
(50.9 MHz) spectrum of the polymer shows only five peaks® (5(C;)
40.29, 6(Cy) 126.42, 6(Cy) 137.23, 6(C,) 36.81, and 6(Cs) 19.94), which
were assigned to the 1,4-trans isotactic structure. The *C NMR
spectrum of the polymer after diimine reduction® shows a higher
steric purity if compared with polymers synthesized in solution.!
Low-angle X-ray scattering and superheating phenomena revealed
the presence of extended chains in the paracrystalline native
polymer; in particular the melting point (105 °C) and the heat
of melting (116.8 J g™!) are higher than those of the polynier
annealed at 82 °C! (95 °C and 70.3 J g}, respectively). A very
peculiar feature of this polymer is the extraordinary tendency
toward the formation of the paracrystalline modification. In fact
not only is a very slow cooling from the melt necessary in order
to obtain the crystalline state,!? but it has also been observed that
if a crystalline sample is stretched at room temperature, the
orientation process takes place with a simultaneous loss of
crystalline order, so that the final state shows an X-ray spectrum
that is typical of an oriented paracrystalline phase.!®

X-ray Diffraction Measurements. For the X-ray diffraction
data collection the sample holder was gradually filled by repeated
evaporation from a CHC); solution. The residual solvent was then
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Table 1
Experimental Details of the X-ray Diffraction Profile
Measurements of Isotactic trans-1,4-Poly(1,3-pentadiene)

Siemens D-500 goniometer equipped with
step—scan attachment, proportional
counter and Soller slits, controlled with a
Hewlett-Packard computer

radiation (power) Cu Ka, Ni-filtered (40 kV X 30 mA)

divergence aperture 0.3° from 5° to 18° (24) and 1° above

(rescaling through an overlap margin of

instrument

18°-20°)
receiving aperture  0.05° (29)
count time 100 s per step
29 range from 5° to 60°
temperature +25 and -120.0 (5) °C (under vacuum ca.

1072 mmHg)

completely removed by keeping the sample under vacuum (0.5
mmHg) at 80 °C for ca. 2 h. The following thermal program was
adopted in the annealing process: (i) 1 h at 110 °C; (ii) from 95
to 60 °C at a cooling rate of —0.002 K min?; (iii) from 60 °C to
room temperature at a cooling rate of 0.2 K min™!. The ex-
perimental details of intensity collection are summarized in Table
1. All peaks were well interpreted, adopting the same cell di-
mensions (a = 19.80, b = 4.86, ¢ = chain axis = 4.85 A, space group
P2,2,2,) of paper . Low-temperature data (-120.0 (5) °C) were
collected in order to minimize the contribution of the atomic
thermal vibration parameters to the structure factors, therefore
enhancing the signal-to-background ratio. Moreover the different
thermal contraction along the b and ¢ axes led to a significant
reduction of overlapping between pairs of hk! peaks related to
one another by an interchange of k with /; hence an improved
experimental resolution is achieved. We refer to this resulting
detailed spectrum in all comparisons with experimental data.

Structural Analysis

A refinement routine written by Immirzi*4 was used in
order to optimize nonpositional parameters (background,
shape of the peaks, etc.), while the refinement of the
structural models was carried out with the same routine
modified by one of the authors by adding geometrical
constraints in the form of Lagrange multipliers according
to a computational procedure that is illustrated, e.g., in
ref 15. This algorithm appears to be particularly useful
in the case of polymeric models, where covalent bonding
involves atoms belong to different unit cells and therefore
boundary conditions must be strictly satisfied throughout
the optimization process. In our analysis the 15 positional
parameters of the 5 independent carbon atoms were re-
fined under 11 constraints (5 bond lengths and 6 bond
angles), thus leaving 4 effective structural degrees of
freedom corresponding to the 4 torsion angles; hydrogen
atoms were located at calculated positions.

The least-squares refinement is based on the mini-
mization of 3_,w,(I; oed — Incalea)’ and with w (the weight
factor) taken as proportional to (count intensity)™! and on
the optimization of the following quantities: (i) lattice
parameters; (i) U, V, W, and m peak width controlling
parameters; (iii) scale factor; (iv) background parameters
corresponding to three bell-shaped curves plus a line
connecting five points on the 26 scale (from the observed
spectrum of a quenched polymer sample; see below); (v)
zero correction parameter. A convenient measure of the
disagreement between observed and calculated intensities
is the function Ry = 2|1 | = |/ > Iset» Wwhere I = I, —
Dheckgroma- For the sake of clarity of the following discussion
it is expedient to subdivide the overall 26 range (Cu Ka)
into two regions: A (5° <20 <25°0r 17.7 <d < 3.6 A)
and B (25° < 20 < 60° or 3.6 < d < 1.5 A); in fact, it turns
out not only that region B is much more effective in dis-
criminating between different models but also that the
agreement between the observed and calculated profiles
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Figure 1. The observed X-ray diffraction profile collected at —-120
°C (curve b) is compared with the profile calculated by adopting
the structural cis model of paper I (curve a) and the profile that
results from the same model when structural parameters are also
allowed to vary in the optimization procedure (curve c¢). Curves
a’, b/, and ¢’ are the same as a, b, and ¢ but on an expanded
intensity scale. The shifts of the three curves along the intensity
axis are arbitrary.

Table 11
Comparison among the Agreements with Observed X-ray
Powder Profile of the Various Structural Models
Considered in the Present Work

Ry = Z'Io ~ Icl/zlnet

region A region B x?/
177<d<36A 36=<d=<15A total (N-P)
cis model 0.60 0.33 0.51 61.2
(paper I)?
refined cis 0.12 0.30 0.17 5.7
model
(present
work)®
skew model 0.11 0.13 0.12 2.6
(present
work)?

ax?=w{, - (1/c)l)% N = number of profile points; P = total
number of refined parameters; 1/c¢ = scale factor; w = weight fac-
tor. °®Refinement performed on structural parameters only.
¢Curve ¢ in Figure 1. ¢Curve d in Figure 1.

in this region is almost independent from the actual choice
of the background parameters used to describe the three
bumps of the base line.

The results of paper I were first used, without any
modification of the structural model, to obtain a diffraction
profile to compare with experimental data obtained both
at room temperature and at —120 °C. This comparison is
shown in Figure 1, where curve a is the calculated profile
and curve b is the observed one at —120 °C. The two curves
show several points in disagreement; in particular the peak
corresponding to reflection 210 (and 201) at 20 = 20.8° is
calculated as more than twice as strong as the observed
one. A summary of the disagreement factors for this and
other models is reported in Table II. A few cycles of
structural refinement however were sufficient to eliminate
this striking feature without involving dramatic changes
among the positional parameters, so that the resulting
model (refined cis model) was still acceptable from the
point of view of packing distances. However, as summa-
rized in Table II, the agreement in region B did not im-
prove significantly, as may also be seen in Figure 1, where
curve c refers to this refined cis model. The refinement
of the cis model led also to some major discrepancies with
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Table III
Summary of the Major Discrepancies Detected by
Comparing Intensities Calculated with Models Refined on
the Powder X-ray Spectrum with Intensities Observed on
the Oriented Fiber Spectrum (Reported in Paper I)

intensities
refined skew
cis model model
obsd cis model® (present (present
hkl 29,deg (paperl) (paper]) work) work)

310 23.2 ms 398 1274 1227
610 33.3 vww 3 68 3
220 39.0 vVw 5 26 68
520 44.6 vw 41 187 71
11,1,0 55.1 1 40 24
101 18.8 mw 185 40 299
201 20.4 m 156 439 10
301 22.8 m 128 53 506
221 434 mw 128 79 11
621 51.1 1 32 30
821 57.3 W
11,1,1 58.5 vw 27 24 117
512 48.0 5 50 106
802 53.0 1 3 46
222 54.8 1 34 32
522 59.3 14 25 64

¢ Calculated intensities from paper I are also reported in order to
give a numerical basis for comparison.

the observed data on the oriented-fiber X-ray spectrum;
as an example, reflection 201 is calculated as about 10
times as strong as 101 and 301, while in paper I these three
reflections are observed (and calculated) with approxi-
mately the same intensity. A brief summary of the largest
disagreements with the observed fiber diagram for this and
for the skew model is reported in Table III.

Further trials in testing the cis model were attempted,
among which one of the most acceptable for packing was
performed on a structure derived from that of paper I
through a reflection of the macromolecule by a noncrys-
tallographic mirror plane parallel to the ¢ axis and ap-
proximately containing the main-chain axis and the side
methyl group. All these attempts resulted in a worse
agreement between observed and calculated profiles. It
was clear that the cis model, though valid in explaining
the oriented-fiber X-ray pattern, was unable to account
for the diffraction from the bulk-crystallized sample as
well. The skew model was then taken into account and
its orientation within the unit cell adjusted in order to
locate the side methyl group at the same position occupied
in the case of the cis model. In fact the overall shape of
the polymer chain in both conformational models may be
roughly described in terms of a rod with periodic side
bumps, and it can be assumed that packing is substantially
determined by the relative positions of these bumps.
Refinement of the skew model led to a satisfactory
agreement both in region A and in region B as can be seen
in Table II and in Figure 2, where observed and calculated
profiles are compared through the whole 20 range. A
comparison between intensities calculated with the skew
model and observed on the oriented fiber diagram revealed
again many disagreements, some of which are reported in
Table ITI. As an example, in this case, reflection 201 is
calculated as very weak while, as previously stated, it is
observed in the fiber diagram as a well-resolved medium-
intensity peak. Concerning the particularly complex
background curve (see Figure 2), we tested its reliability
by quenching the melted sample and recording the X-ray
diffraction profile at —-120 °C. We obtained a curve very
similar to the background curve of Figure 2 with the bumps
clearly visible at the same 26 values.
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Figure 2. The observed X-ray diffraction profile collected at ~120
°C (curve a) is compared with the profile calculated by adopting
the structural skew model (curve b). The dotted curve indicates
the calculated background profile while curve c represents the
difference profile.

Table IV
Structural Parameters of the Conformational Model with
the Side Methyl Group in Skew Arrangement with Respect
to the Nearest Double Bond (Skew Model)

B (A% at
x y z -120 °C)
C(1) 0.1143 (2) 0.1842 (9) -0.1907 (10) 0.1
C(2) 0.1104 (2) 0.0198 (10) 0.0718 (10) 0.1
C(3) 0.0881 (2) 0.1507 (9) 0.2994 (9) 0.1
C(4) 00875 (2) —0.0028 (10) -0.4268 (9) 0.1
C(5) 0.1893(2) 0.2661(9)  -0.2416 (9) 0.1
H(Q1) 0.0831 0.3736 -0.1743 1
H(2) 0.1257 -0.2059 0.0779 1
H@3) 0.0704 0.3669 0.2876 1
H(4) 0.0353 -0.0662 -0.3800 1
H() 0.1197 -0.1892 ~0.4427 1
H() 0.2186 0.2366 -0.0534 1
H({7) 0.1921 0.4861 -0.3043 1
H(8) 0.2105 0.1335 -0.4032 1
Bond Lengths, A
C(1)-C(2) 1.50 (1) C(1)-C(5) 1.54 (1)
C(2)-C(3) 1.34 (1) C(1)-C(4) 1.54 (1)
C(3)-C(4) 1.52 (1)

Bond Angles, deg

C(1)-C(2)~C(38) 1186 (5) C(1)-C(4)-C@3y 112.0 (5)
C(2)-C(3)-C(4y 1203 (5) C(2)-C(1)-C(5) 108.6 (5)
C(2)-C(1)-C(4) 1086 (5) C(4)-C(1)-C(5) 110.5 (5)

Torsion Angles, deg
C(1y-C(4)'C(3)-C(2) 136 (1) C(3)-C(2)-C(1)-C(5) 102 (1)
C4)y-C(3)-C(2)-C(1) -176 (1) C(2)-C(1)-C(4)-C(3y 178 (1)
C@B)-C(2)-C(1)-C(4) -138(1)

During the last steps of the refinement procedure the
geometrical constraints on the model were slightly relaxed
in order to improve agreement with the observed data.
The deviations of internal coordinates were all within an
acceptable range, as can be seen in Table IV, where the
geometry of the skew model is summarized. A last ad-
justment was performed, by trials, on the torsion angle of
the bond connecting the side methyl group to the main
chain, setting the best value at =50 °C (close to the stag-
gered conformation). The overall isotropic thermal pa-
rameter was not refined since a strong correlation exists
with the scale factor, which, in turn, is strongly affected
by background parameters, particularly by the bell-shaped
curves; its low value, 0.1 A? for all carbon atoms at —120
°C (and 1 A? for all hydrogen atoms), is therefore to be
considered only indicative and unworthy of a detailed
discussion. A summary of the final values of nonstructural



238 Brickner et al.

Table V
Refined Nonstructural Parameters for the Skew Model
zero correction 29, deg -0.037 (7)
profile function parameters®
U 5.68 (85)
1% 1.00 (24)
w -0.038 {(28)
m 1
background intensities (K counts)
29 = 5.0° 0.200 (8)
29 = 20.5° 0.905 (16)
29 = 30.0° 0.875 (15)
29 = 42.0° 0.502 (5)
26 = 60.0° 0.118 (3)
Bell-Shaped Curves®
no. int/1000 width, deg 29, deg
1 0.349 (9) 2.04 (6) 19.6 (7)
2 0.068 (5) 1.50 (5) 22.0 (5)
3 0.202 (7) 3.50 (8) 26.1 (8)
Direct Lattice Constants,® A
+25 °C 120 °C
a 19.802 (13) 19.587 (9)
b 4.801 (8) 4.749 (5)
¢ 4.850 (8) 4.860 (5)

@ According to the relation 2H, = Utan? 9, + Vtan 8, + W, m
is the exponent in the Pearson profile function f(z) = (C/H,)[1 +
4(2Ym - 1)22)™™ with z = (20; - 20,)/H,. ®The bell-shaped curves
have again the form of a Pearson peak with m = 1. °Space group
P2,2,2,. Calculated from the squared reciprocal constants.
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Figure 3. A comparison between the cis model of paper I (A)
and the skew model of the present work (B). Both models are
represented in their actual position within the unit cell.

parameters resulting from the refinement of the skew
model is reported in Table V.

The conformation of the polymer chain may be de-
scribed as a sequence of S*TS™T rotations, where the
symbols T and S* refer respectively to the trans and the
two enantiomorphous skew conformations. Their values,
+136 (1)° and —138 (1)°, deviate significantly from the
theoretical value of £120°, but this is not surprising since
such strong deviations have been already observed in low
molecular weight models, as is summarized in Table 7 of
ref 16. A visual comparison between the cis model of paper
I and the skew model of the present work is shown in
Figure 3, where it is also possible to see the position oc-
cupied by the two models within the unit cell. It may be
seen that while the carbon atoms of the side methyl groups
are almost superimposable, the main-chain axes undergo
a small shift along b. The most significant packing dis-
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Figure 4. Packing of the macromolecules of isotactic trans-
1,4-poly(1,3-pentadiene) in the crystalline state.

tances are shown in Figure 4, and it may be seen that also
for the presently proposed model none of them is shorter
than 4 A, in agreement with the previous assumption that
the location of the side methyl group is the most critical
feature affecting the packing of these macromolecules.

Concluding Remarks

It seems quite clear that experimental data obtained by
X-ray diffraction from an oriented fiber and from a
bulk-crystallized sample cannot be explained by the same
structural model. We can conclude therefore that
stretching a sample of crystalline IPTT at a temperature
just below the melting point (95 °C) gives rise to an or-
iented crystalline phase that is different from that obtained
by simply annealing the sample in the absence of any
perturbing mechanical stress. This conclusion also explains
the disagreement between the results of Neto et al., obtaied
by analyzing an unstretched sample, and the X-ray
structure proposed from the oriented fiber diagram in
paper I. The cell parameters of the two crystalline forms
are the same within experimental error; in particular, no
significant difference is detected along the chain axis. This
observation prevents any simple hypothesis about the
mechanism by which stretching induces the conformational
change. It is worth pointing out, however, that the coex-
istence of different conformers within the same cell, at
increasing temperature, cannot be rejected “a priori”; in
fact intramolecular energy, conformational analysis,? and
experimental findings'®!® indicate that the two confor-
mations involve a small energy difference, while packing
contacts are dominated by interactions of the side methyl
groups, whose distance from the main-chain axis is only
slightly longer (0.25 A) in the skew model. If this is the
case, we must deduce that stretching at higher temperature
has the effect of favoring the prevailing presence of the
cis conformer within the crystal lattice. Further investi-
gation is required on this subject, which is also likely to
be related to the extraordinary stability of the paracrys-
talline phase of ITPP.
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