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ABSTRACT: A series of ethylene~vinyl chloride copolymers with a sequence distribution toward the alternating
side of random and a wide range of comonomer content (up to 37.3 mol % vinyl chloride) have been examined
in the solid state by diffraction and microscopic techniques and high-resolution *C NMR spectroscopy.
Significant expansion of the unit cell in the @ dimension, observed as the amount of chlorine in the copolymer
increases, indicates a significant incorporation of the Cl substituents inside the crystal. X-ray diffraction
also shows progressive intermolecular disorder with increasing vinyl chloride content, resulting in a change
in the packing of chains from orthorhombic to pseudohexagonal. Differences in the chemical shifts of crystalline
and amorphous CH(CI) resonances, together with differences in their mobilities (7’,’s) as observed by solid-state
13C NMR spectroscopy, cooroborate the incorporation of Cl inside the crystal. Comparison of quantitative
13C NMR spectra at temperatures above and below the melting point indicates that at least 20% of the Cl’s
reside inside the crystal. The irregular distribution of chlorine in our copolymers also affects their morphology.
Electron microscopy showed the lamellar characteristics to progressively depart from those of polyethylene,
although the preferred growth direction and the molecular chain axis tilt within the crystals are preserved
for the copolymers with up to 2.4 mol % Cl content. For higher Cl contents, the crystals become increasingly
more disordered and defective but retain an essentially lamellar character for copolymers with up to 21.2

mol % Cl.

Introduction

One of the most important and controversial aspects in
the study of copolymer crystallization is the incorporation
of branches or sidechains into the crystal. A large body
of work has been devoted to this topic, especially for
ethylene copolymers.1”1® While some theories!!! consider
the side chains and branches to be totally excluded from
the crystals during the crystallization process, experimental
results seem to indicate that they are at least partially
incorporated in some cases.? In their kinetic theory of
copolymer crystallization, Helfand and Lauritzen” have
removed the assumption that only one of the two como-
nomer units constituting a copolymer is permitted to enter
the crystal. They found that the composition of como-
nomer units in the crystal increasingly departs from their
equilibrium composition as the rate of crystallization is
increased by lowering the crystallization temperature. We
will discuss their result in relation to the observations made
here on crystalline ethylene—vinyl chloride copolymers.

In the case of ethylene copolymers, it seems to be gen-
erally accepted that methyl groups are easily incorporated
into the crystal, 281213 but there are different points of view
in relation to other longer and bulkier branches.?512 Ex-
perimentally, the expansion of the unit cell as determined
by X-ray diffraction has been considered as proof of the
incorporation of the branches, although it has been pointed
out that other factors can also account for this expan-
sion.'>!* The extent to which the branches are accom-
modated has been reported to depend upon the side-chain
length and crystallization conditions. Baker and Man-
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delkern® studied several ethylene copolymers and found
that methy! groups expand the crystal lattice while larger
branches do not. However, other workers®>!® concluded
that longer branches, up to ten carbons in length, could
be incorporated in the crystal lattice as evidenced by X-ray
diffraction.

Supporting experimental evidence comes from the de-
pendence of the melting behavior of copolymers on their
comonomer composition. It has been concluded that
methyl groups not only enter the crystal lattice in a sig-
nificant proportion, but they do so as part of an equilib-
rium process,'?'? resulting in significantly higher melting
temperatures than ethylene copolymers with longer al-
kyl-type side chains. Branches larger than methyl groups
were found!? to be excluded from the crystal and their
melting behavior to be very dependent on overall como-
nomer concentration and distribution but independent of
the chemical nature of the side chain.!?

Apparently many factors affect the incorporation of
these branches into the crystalline lattice. However, even
more important is the establishment of their distribution
between amorphous, interfacial, and crystalline phases and
the characterization of the degree of disorder introduced
into the crystal by their incorporation. Several studies
have dealt with this topic employing mainly small-angle
X-ray and neutron scattering®®!” and recently solid-state
13C NMR. 182!

In previous work,?22* we have studied and characterized
by different techniques a series of ethylene—vinyl chloride
(E-V) copolymers. These copolymers were obtained by
reductive dechlorination of poly(vinyl chloride), and they
have a “random”-like comonomer sequence distribution.
Because they are all obtained from the same parent com-
pound, each copolymer is of the same average chain length
and polydispersity; the major distinguishing characteristic
among them is their chlorine content. Moreover, the van
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Table I
Characteristics of the E-V Copolymer Samples
polymer Cl/100 C T,, °C Ty, °C
PE 128
EV-24 1.2 112
EV-13.6 6.8 78
EV-21.2 10.6 -43 54
EV-37.3 18.6 -26.5 20

der Waals radius of Cl is similar to the effective radius of
the methyl group. Consequently, these copolymers are
ideal materials for studying the incorporation of methyl-
type side chains into the crystal without complications
arising from other structural differences.

Solid-state 13C NMR is a very useful technique for
discriminating between solid phases and not only provides
conformational information about each phase but also
detects differences in molecular mobility between the
phases.® The NMR motional parameters are expected to
be very sensitive, for example, to the presence of defects
inside the crystal.

Here we describe a study of the effect of increasing
chlorine content on the structure and morphology of a
series of ethylene—vinyl chloride (E-V) copolymers and on
some of their related properties such as crystallinity and
effective crystallite size. X-ray, electron diffraction, and
electron microscopic techniques have been combined with
solid-state *C NMR to characterize the structural aspects
of these E-V copolymers. The degree of incorporation of
chlorine inside the copolymer crystals has been examined
together with the effects of different crystallization con-
ditions.

Experimental Section

The E-V copolymers studied here were prepared by the re-
ductive dechlorination of poly(vinyl chloride) (PVC) (Aldrich no.
18958-8) with tri-n-butyltin hydride [(n-Bu)sSnH], as described
elsewhere.?22® The complete range of comonomer composition
was obtained from PVC to polyethylene (PE). The present study
only deals with those E-V copolymers that are semicrystalline,
as previously determined by DSC? (less than 40 mol % V units).
Table I summarizes the most important characteristics of the E-V
copolymers, their compositions, and abbreviations. For example,
E-V-13.6 refers to an E-V copolymer with 13.6 mol % of V (viny!
chloride) units. Analysis of the 13C NMR spectra recorded for
the copolymer solutions was used to determine their comonomer
composition and sequence distributions, and it was established
that each E-V copolymer has a nearly “random” comonomer
sequence.?

Actually, the comonomer sequences in E-V copolymers pro-
duced by (n-Bu);SnH reduction of PVC were found to be on the
alternating side of truly random rather than blocky. This is a
consequence of the preference by (n-Bu)sSnH to remove Cl atoms
from V* units surrounded by other V units (-VV*V...) compared
with the removal of Cl from an isolated V* unit (-EV*E...).
Study?? of the (n-Bu);SnH reduction of the PVC model com-
pounds 2,4-dichloropentane and 2,4,6-trichloroheptane led to
quantitative estimates for this preference and permitted the
complete reduction of PVC by (n-Bu);SnH to be simulated by
computer. This simulation enabled us to determine comonomer
sequences of any length in the E-V copolymers, not just to the
comonomer triad level as permitted by analysis® of their 3C NMR
solution spectra.

In addition, the PVC from which all the copolymers were
obtained is known to have 1-3 branches®® per 1000 backbone
carbon atoms and a measured molecular weight,? M, = 58 000.

The principal advantage of these E-V copolymers is that the
only variable across their range of composition is the chlorine
content and sequence. Each copolymer has the same degree of
polymerization (ca. 1000) and the same long-chain branching
structure. Thus, we can observe the effects of chlorine content
in the absence of other structural variations. In addition, all
copolymer results are compared with the observations made for
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the PE obtained by the complete reductive dechlorination of the
same PVC.

Two different crystallization conditions were employed in all
of the experiments. Each E-V sample was (a) quenched rapidly
from the melt to room temperature and (b) isothermally crys-
tallized over night from the melt at temperatures 10-25 °C below
the melting point and then quenched to room temperature.

X-ray diffractograms were recorded in the reflection geometry
on a Rigaku diffractometer at 1° (26)/min under Ni-filtered Cu
Ko radiation. Fiber patterns of oriented specimens were recorded
on flat film in a vacuum camera.

The fusion and crystallization of the E-V samples under dif-
ferent conditions were monitored by calorimetry. A Perkin-Elmer
DSC-4 instrument was used with a heating rate of 10 °C/min.
Melting points were identified with the maximum in the endo-
thermic peak.?® The enthalpies of fusion determined from the
DSC thermograms were converted to degrees of crystallinity by
comparison to the enthalpy of fusion AH,, of a perfect PE crystal
at the melting point of the copolymer.? AH, at T, was taken®
to be 69 cal/g and AC|, = 0.0713 cal/(°C-g).

13C NMR measurements in the solid state were carried out on
a Varian XL-200 spectrometer operating at a static field of 4.7
T. Variable-temperature, magic angle sample spinning (MAS)
was achieved with a Doty Scientific probe that utilizes a double
air bearing design. All the samples were spun at speeds of ca.
3 kHz in aluminum oxide rotors with Kel-F [poly(chlorotri-
fluoroethylene)] end caps. A 45-kHz rf field strength was used
for the dipolar decoupling (DD) of proton spins, with a decoupling
period of 200 ms.

The usual cross-polarization (CP) sequence with optimum
contact time of 1000 us was employed. The spectra without CP
were recorded with different waiting times after the acquisition
of an FID to obtain spectra containing partial or total contri-
butions from the amorphous and crystalline components of our
samples. Spin-lattice relaxation times, T}, longer than a few
seconds were measured by the pulse sequence with CP developed
by Torchia® while the shorter T'’s were obtained by the standard
saturation-recovery pulse sequence® without CP. All spectra were
referenced to the resonance of poly(oxymethylene) (POM) (89.1
ppm from TMS).%

Ultrathin copolymer films cast from solution, as well as polymer
single crystals also grown from dilute solution, were prepared for
electron microscopy and diffraction as follows: For thin-film
preparation, the specimens were deposited on freshly cleaved mica
from boiling 0.1 wt % solutions in toluene. After evaporation
of the solvent, the resulting films were melted and recrystallized
at the desired temperatures, shadowed with Pt/C, coated with
carbon, floated off the substrates ontc water, transferred to Cu
grids, and examined in a JEQOL 100-CX transmission electron
microscope at 100 keV. For single-crystal growth, the copolymers
were dissolved in toluene to a concentration of 0.01 wt %. After
crystallization at the desired temperatures, the crystal suspensions
were deposited on mica. Following evaporation of the solvent,
the procedure was the same as described for the preparation of
the thin film specimens.

Results and Discussion

X-ray Diffraction. The X-ray diffractograms of the
E-V copolymers and PE (fully reduced PVC) are pres-
ented in Figure 1. The room-temperature crystalline
samples were obtained by quenching from the melt to
ambient (only the copolymer E-V-37.3, with the highest
chlorine content, was crystallized and recorded at 0 °C
because it melts near room temperature). Compared with
PE, the spacings of the main reflections, 110 and 200 of
the orthorhombic unit cell, begin to appear at smaller
angles as the chlorine content increases. For E-V-13.6 the
200 reflection appears only as a shoulder, and at higher
chlorine content only the 110 reflection can be observed.
This single peak has been indexed in a pseudohexagonal
unit cell. Table II summarizes the most important
structural features observed for the E-V copolymers. It
is clear from these data that with increasing chlorine
content a significant (~20%) expansion of the unit-cell
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Figure 1. X-ray diffractograms for E-V copolymers and PE. All
dgfracMgrams were recorded at 25 °C except for E-V-37.3 at 0
o

basal plane is observed, mainly in the a direction. This
is consistent with incorporation of the chlorine atoms into
the crystal. As the proportion of V units increases, the unit
cell expands indicating a substantial number of “defects”
(Cl) trapped inside the crystal. This is also manifested by
the increasing intermolecular disorder observed for the
E-V copolymers with higher V contents, whose chains have
an irregular cross-sectional profile and tend to pack like
cylinders in a pseudohexagonal lattice. In light of their
large crystallite thicknesses (see morphology section), these
large effects cannot be explained solely by the structural
strain produced by concentrating the V comonomer units
in amorphous regions adjacent to the crystals. The above
results are consistent with earlier studies demonstrating
unit-cell expansion (primarily in the a direction) for other
polyethylenes, e.g. those containing short® (methyl) or

€«

EV 13.6
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Table II
X-ray Structure of E-V Copolymers

polymer dyg, A dyyp, A a, A b, A system

PE 3.74 4.13 7.48 4.96 orthorhombic
EV-2.4 378 4.16 17.56 4.98 orthorhombic

EV-13.6 4.08 425 8.16 5.0 orthorhombic

EV-21.2 4.33 433 866 50 orthorhombic
(pseudohexagonal)

EV-37.3 4.48 448 895 5.1 orthorhombic
(pseudohexagonal)

long!® (butyl) branches as well as chlorinated'® or bromi-
nated® ones. Moreover, they are in agreement with these
and other!” studies in supporting incorporation of Cl within
the crystal lattice.

Information concerning the conformation of the crys-
talline copolymer chains was obtained from X-ray fiber
patterns of uniaxially oriented specimens. Figure 2
presents photographs for two E-V samples. The measured
fiber period for all the copolymers is the same as that
reported for PE. Therefore, no measurable change occurs
in the c-axis dimension, indicating a retention of the planar
zigzag, all-trans chain conformation.

The influence of V unit content on intermolecular crystal
perfection can be estimated from the integral widths of
the hkO reflections in Figure 1 (after subtraction of in-
strumental broadening) by use of the Scherrer equation.
Crystallite-size estimates are thus meant to incorporate
distortion effects. Separation of size from distortion effects
requires® the presence of multiple orders of reflection
(ideally three or more) and therefore cannot be attempted
for these copolymers. The average crystallite-size estimates
of Figure 3 are seen to decrease with increasing chlorine
content, though an asymptotic value is not necessarily
implied. This indicates the highly defective character of
the crystals formed in E-V copolymers with high V con-
tents (large amount of chlorine incorporation). The values
obtained for our samples are somewhat lower than those
found in a comparable manner for polyethylene containing
ethyl or longer branches® and remain so when plotted as
a function of degree of crystallinity. This is consistent with
enhanced incorporation of Cl into the lattice, leading to
increased extents of defects and distortions.

Estimated crystallinities for the E-V copolymers as
obtained from their X-ray diffractograms are presented
in Figure 4 for specimens that had been quenched from

b
001
i 020
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; 110
200
111
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EV 21.2

Figure 2. X-ray fiber patterns for uniaxially oriented specimens of E-V-13.6 (a) and E-V-21.2 (b).
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Figure 3. Estimated average intermolecular crystallite sizes in
E-V copolymers obtained by X-ray diffraction.
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Figure 4. Comparison of the crystallinities of E-V copolymers
as obtained by X-ray diffraction and DSC.

the melt to room temperature. Crystallinities derived from
the enthalpies of fusion for the same samples are also
shown in this figure. The observed trends are similar to
those found for other ethylene copolymers.!2% We find
no consistent differences in the crystallinities we deter-
mined by thermal or X-ray methods (see Figure 4). This
is in agreement with Clas et al.,? who found such differ-
ences only for crystallinities exceeding 50%. Increasing
chlorine content leads to rapid reductions in the crystal-
linity of E-V copolymers. This is also consistent with the
incorporation of V comonomer units in the crystal. At low
levels of V units, isolated Cl atoms may be easily incor-
porated into the crystal as point defects without causing
further crystallographic damage. As the V unit content
increases, the number of Cl’s incorporated also increases,
thus producing defective crystals with lower enthalpies of
fusion and smaller crystallinities. Because crystallinities
determined by thermal and X-ray methods are compara-
ble, the amounts of heat required to melt a gram of PE
and a gram of E-V crystals must be similar despite the
structural defects observed in the E-V crystals. In ad-
dition, at higher Cl contents, because of the irregular
distribution of a large number of the comonomer units, the
number of uninterrupted, all-E unit sequences that may
crystallize also decreases. For V unit contents above 40
mol %2 : the E-V copolymers can no longer be crystallized
at all.
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Figure 5. Percentage of E units in uninterrupted, all-E unit runs
as a function of run length x and degree of reduction. Solid lines
correspond to computer simulation of PVC reduction with (n-
Bu)3SnH and dotted lines to the simulated results assuming
random CI removal.?’
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In Figure 5 we present the percentages of E units in our
E-V copolymers that are found in uninterrupted, all-E unit
runs as a function of the length of each run and the overall
degree of (n-Bu);SnH reduction, where 70 and 90% re-
ductions correspond to E-V-30 and E-V-10 coplymers,
respectively. These data were obtained in two ways:?’ (i)
computer simulation of the (n-Bu);SnH reduction of PVC
and (ii) assuming the random removal of Cl during the
reduction. These simulated data make clear that both the
numbers and lengths of all-E unit runs in E-V copolymers
obtained from the reduction of PVC with (n-Bu);SnH are
significantly reduced compared to those resulting from
random Cl removal. Although not shown in Figure 5, for
E-V-10 the percentage of E units in all-E unit runs -
VE, V- with x = 29 is 27% for random Cl removal but just
14% for the (n-Bu);SnH-reduced PVC. These observa-
tions help to distinguish our specimens from those exam-
ined previously in the literature and should be considered
when the crystalline morphology of E-V copolymers ob-
tained by the reduction of PVC with (n-Bu);SnH is dis-
cussed.

Finally, other crystallization conditions have been em-
ployed to determine their effects on the structure and
crystallinity of the E-V samples. For high chlorine content
(>13.6 mol % V units), isothermal crystallization from the
melt, or annealing of quenched samples at 5-20 °C below
their melting points, gave the same expansions of the unit
cell and similar degrees of crystallinity as those already
reported for samples quenched from the melt. In the case
of E-V-2.4, samples quenched from the melt and then
annealed at temperatures 5-20 °C below its melting point
showed a ca. 4% increase in crystallinity without signifi-
cant variations in the unit-cell dimensions. This increase
in crystallinity is consistent with other experimental evi-
dence!® and with expectations from the kinetic theory of
Helfand and Lauritzen.” However, for our E-V copolymers
with high V unit content, the amount of Cl trapped inside
the crystal during growth appears to be independent of the
conditions under which the copolymer was crystallized.

The independence of the crystallinity observed in our
high-V copolymers from their thermal treatments is in
contrast to that observed for ethylene copolymers whose
co-units are not incorporated into the crystalline lattice.
For these copolymers, slowly cooled samples show crys-
tallinities significantly greater than those observed for
quenched samples. The difference in the thermal behavior
exhibited by our E-V copolymers is likely a result of their
unique comonomer sequence distribution and may also
explain why their crystalline microstructures are not
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Figure 6. CPMAS/DD *C NMR spectra for two E-V copolymers
and PE all quenched to room temperature from their melts.
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Figure 7. Same as Figure 6, but without cross-polarization.

governed by the Helfand-Lauritzen” theory of copolymer
crystallization. As noted previously, the distribution of
Cl's in our E-V copolymers is more nearly alternating than
random and produces uninterrupted all-E unit runs that
are shorter and fewer in number than from a completely
random Cl distribution. Consequently, this microstructure
is expected to reduce the effectiveness of annealing to
produce larger, more perfectly ordered crystals because the
extensive Cl distribution in the E-V copolymers prevents
the formation of crystals without some incorporation of
Cl atoms.

Solid-State )C NMR. Solid-state *C NMR with
variable temperature control has also been used to study
the structures of E-V copolymers. Figure 6 presents the
cross-polarized (CP) spectra recorded with high power 'H
dipolar decoupling (DD) and rapid magic angle sample
spinning (MAS) for PE and several E-V copolymers. Each
of these samples was quenched from the melt to room
temperature. Figure 7 presents spectra for the same
samples obtained under the same conditions as used in
Figure 6 except without CP. In the copolymers the reso-
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Figure 8. CPMAS/DD 3C NMR spectra of E-V-13.6 recorded
at 62 °C with different contact times: (a) 1.0, (b) 2.0, (¢) 2.5, (d)
3.0, and (e) 3.5 ms.

nance at 33.4 ppm is assigned to the crystalline CH, car-
bons in the trans conformation and the resonance at 31
ppm to the amorphous CH, carbons by analogy with PE.®
We observe only a very small difference (0.3 ppm) in the
chemical shift positions between the crystalline CH, res-
onances for PE and the E-V copolymers. This strongly
suggests that the crystalline CH,’s in the copolymers also
reside in the all-trans conformation as pointed out pre-
viously by the X-ray results.

As the Cl content increases, the amorphous CH, reso-
nance also increases in intensity reflecting the decrease in
copolymer crystallinity. For the copolymers with the
highest Cl contents it is difficult to discriminate between
the amorphous and crystalline resonances. Moreover, their
spectra exhibit a significant upfield resonance. This be-
havior is most apparent in the copolymer spectra recorded
without CP (Figure 7).

The copolymer spectra show several other resonances
that are assigned to the carbons in the a-, 8-, and v-pos-
itions with respect to the chlorine substituent, by analogy
to the spectra recorded in solution.?? The peak centered
at 65 ppm corresponds to the CHCI carbon and is ideal
for monitoring the partitioning of Cl between the amorp-
hous and crystalline phases. As observed in Figures 6 and
7, at room temperature it is difficult to determine the
distribution of Cl between the phases because the CHCI
resonance is broad, although in the spectrum without CP
for E-V-13.6 the CHCI peak seems to narrow on its upfield
side compared with the CP spectrum. However, by re-
cording spectra at higher temperatures we have been able
to resolve different CHCI resonances. We have taken
advantage of differences in the proton, rotating-frame,
spin-lattice relaxation times, T, (*H), to distinguish be-
tween the crystalline and amorphous CHCI resonances.
Short contact times favor the observation of crystalline
resonances while long contact times enhance the more
mobile amorphous phase.?

Figure 8 presents a series of CP spectra obtained at 62
°C for E-V-13.6 by varying the contact times. This co-
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Figure 9. MAS/DD 3C NMR spectra of E-V-13.6 recorded at
(a) 25, (b) 62, and (c) 86 °C.

polymer melts at 78 °C, so at 62 °C it is still largely
crystalline, but its amorphous phase is much more mobile
than at room temperature (although at room temperature
different contact times did indicate two phases for the
CHCI carbon, the results are most apparent at high tem-
perature where the amorphous carbons have the greatest
mobility). In Figure 8b a sharp resonance at 64.8 ppm and
a small shoulder at 66 ppm are observed for the CHCI
carbon. These are assigned to the amorphous and crys-
talline phases of the sample, respectively, by comparison
to the melt spectrum, where only a single CHCI resonance
at 64.7 ppm is observed (see Figure 9). This assignment
is confirmed by spin-lattice relaxation time measurements
which show that the downfield resonance at 66 ppm has
a T three times longer than the more shielded resonance.

The B-CH, resonance exhibits a small downfield
shoulder also ascribed to the crystalline phase. All of these
results constitute clear experimental evidence for the in-
clusion of Cl inside the crystals of these semicrystalline
E-V copolymers.

However, it is difficult to obtain quantitative informa-
tion in a CP NMR experiment because of differences in
the efficiency of CP for carbon nuclei in different phas-
s.1937 Consequently, we resorted to an alternative set of
experiments to get more detailed information concerning
the distribution of Cl substituents between the crystalline
and amorphous phases of E-V copolymers. Figure 9
presents the 3C NMR spectra of E-V-13.6 obtained at
different temperatures under DD and MAS, but without
CP. Spectra were recorded with different delays in order
to establish conditions under which only the amorphous
carbons are observed. Previously the T'; of each of the
amorphous resonances was measured by the inversion-
recovery method, and these data are presented in Table
ITI. The spectrum at 86 °C (Figure 9c¢), where E-V-13.6
is in the melt, includes all of the carbons in the sample.
The spectrum recorded at 62 °C, where the sample is still
substantially crystalline, was obtained with a 1-s delay in
order to observe only the amorphous carbons. The sample
was quenched from the melt, and its spectrum was re-
corded at 62 °C under quantitative conditions, immedi-
ately following the observations made in the melt at 86 °C.

Intensity differences between both spectra give a mea-
sure of the amount of Cl included inside the crystals. The
inner-CH, peak (C,) shows a 35% loss of intensity com-
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Table 111
13C Spin-Lattice Relaxation Time, T, of the Amorphous
Components®
Ty, s
samples atom T=0°C T=25°C T=62°C T=86°C
poly- CH, 0.35
ethyl-
ene
(PE)
E-V-13.6 CH, (PE 0.21 0.25 0.40 0.56
like)
CHy(a) 0.19 0.30 0.65
CH,(8) 0.18 0.23 0.37
CH,(v) 0.43
E-V-37.3 CH, (PE 0.48 0.15
like)
CH,(a) 0.97 0.20
CH,(8) 0.61 0.11
CHQ('Y)

@ Measured by inversion recovery.?

Table IV
3C Spin-Lattice Relaxation Time, T, of the Crystalline
Components®
Ty, s
samples atom T=25°C T=62°C T=286°C
polyethylene CH, 50, 200 60 6
E-V-13.6 CH, (PE like) 7, 36 1
CH(a) 6 1
CH,(8) 11

4 Measured by Torchia®! pulse sequence.

pared with the total inner-CH, resonance (C,) observed
at 86 °C in the melt. This is in close agreement with the
crystallinity measured for this sample by X-ray and DSC
methods (see Figure 4). The CHCI resonance shows a 20%
loss of intensity at 62 °C indicating at least 20% of the
Cl’s are included in the crystals. At 62 °C some partial
melting occurs resulting in an increase in CHCI intensity
and a decrease in our estimate of Cl incorporation. We
have to point out that, although the spectrum recorded at
62 °C was acquired with a very short delay, a small portion
of the inner CH, crystalline resonance at 33.4 ppm is still
observed. Even though a similar observation is not de-
tectable for the CHCI resonance, we nevertheless consider
the 20% figure as a lower limit for the degree of Cl in-
corporation in the crystals.

Structural information concerning the degree of disorder
introduced inside the crystal by incorporation of Cl may
also be provided by the dynamic NMR parameters. The
T,’s measured for E-V-13.6 and PE at several tempera-
tures are presented in Table IV. Both samples were
crystallized under the same conditions (quenched from the
melt) and have the same characteristics as noted in the
Experimental Section. They differ only in their Cl content.
It is observed that the copolymer has a much shorter T
for the crystalline, inner CH, carbons compared with PE,
reflecting the disorder produced by inclusion of Cl sub-
stituents. As we observed by X-ray diffraction, incorpo-
ration of Cl into the crystal causes an expansion of the unit
cell, and apparently this affects the motions of the lattice
atoms, as detected by their T, values. There is also a
significant decrease in the T'’s measured for both samples
as the temperature is increased, indicating an increase in
the thermally activated motion of their crystalline chains.

This important effect on the T, values produced by the
incorporation of side chains was not observed in other
crystalline ethylene copolymers by Axelson et al.®® They
found for a series of ethylene—1-alkene copolymers that
the crystallite thicknesses and the interfacial structures
were the most important characteristics of the semicrys-
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talline state that controlled the T; values. An earlier
study?® demonstrated that the branching frequency and
distribution affected primarily the T values of the crys-
talline component. In comparing our T} values with those
for other copolymers, we resort to the study by Axelson
et al.,®® who found that, irrespective of whether the side
chains are included in the lattice or not, the T’s are in the
range of 40~-50 s for ordered-sequence lengths (determined
by Raman longitudinal acoustic mode) of <10 nm and for
crystallinities < ca. 50%. For our 13.6 mol % copolymer,
the crystallinity from Figure 4 is between 28 and 36%
(depending upon experimental technique). The lamellar
thickness (see our section on morphology) is ca. 20 nm,
which in other ethylene copolymers corresponds to or-
dered-sequence lengths of well under 10 nm. Therefore,
on both of these counts our T, value of 36 s is close to
expectation. This short Ty may reflect slightly increased
mobility of the crystalline segments as a result of Cl in-
corporation.

Finally, we should like to comment about the interfacial
regions in our E-V copolymers. Until now we have con-
sidered the E-V copolymers to be organized in a simplified
two-phase morphology (crystalline and amorphous) in
order to interpret the NMR results in a straightforward
fashion. But it is important to define the role of the in-
terface in ethylene copolymers, as has been pointed out
previously.l?#l The NMR results permit us to conclude
that at least 20% of the chlorine atoms are not in the truly
amorphous phase. It is reasonable that some of these Cl’s
are at the interface, but certainly a significant portion are
incorporated into the crystals and produce the large effects
detected by X-ray (unit cell expansion) and NMR (re-
duction of T’s for crystalline carbons). Our experimental
evidence in support of the existence of an interphase in
our E-V copolymers comes from the spin-lattice relaxation
times observed for the crystalline component. As an ex-
ample, for E-V-13.6 20% of the inner CHy’s in the crystal
phase have a much shorter T (7 s). In PE 10% of the
crystalline signal also has a shorter T} (50 s). These shorter
T, components in the inner CH, signals of PE and E-V
have been reported by others.!*?! These sequences still
have an average trans conformation,®®# but with mobilities
that are intermediate between the crystalline and amorp-
hous carbons, and may thus represent interfacial material
in our PE and E-V samples.

Our conclusion that the Cl’s are primarily incorporated
inside the crystals of E-V copolymers agrees qualitatively
with observations made on several chlorinated poly-
ethylenes (Cl-PE) by small-angle X-ray diffraction and
neutron scattering.'®!” Roe and Gieniewski'® found the
partition coefficient of Cl between crystalline and
amorphous phases to be 0.15 and to decrease with the Cl
content of the C1-PE. On the other hand, Fischer et al.”
found that CI’s were increasingly incorporated into the
crystalline regions as the Cl content increased, until a
random distribution of Cl between both phases was
achieved. Our results agree more closely with those of
Fischer et al. in the sense that there is a large Cl incor-
poration in the crystalline phase, which increases with E-V
Cl content, although we have not observed a random Cl
distribution between the amorphous and crystalline phases.
The principal differences between these previous studies
and ours are the methods used to prepare the samples
(chlorination of PE vs dechlorination of PVC) and the Cl
contents; in the previous studies the highest Cl content was
3 C1/100 C (compare to Table I).

Morphology. In conjunction with our X-ray, thermal,
and NMR studies of these copolymers, we have also in-
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vestigated the effects of Cl incorporation on their mor-
phology. Our discussion is centered primarily on speci-
mens with the lower Cl contents, since the others have very
low crystallinities. Nevertheless, we will present elec-
tron-microscopic and diffraction results for Cl contents up
to 21.2 mol %, which exceeds by far the range of co-units
covered in the literature (i.e., commonly up to 6 mol %).

Figure 10 (parts a and b) presents an electron micro-
graph and diffraction pattern of E-V-2.4 following iso-
thermal crystallization at 95 °C. The crystals are seen to
be clearly lamellar (the round regions represent remnants
of the tributyltin hydride reducing agent used in the
preparation of these copolymers, which is phase-separated).
However, despite their lamellar habits, the crystals differ
from those of PE in that their growth profiles are clearly
rounded, with only rudimentary {110} facets being visible
in some cases (arrows in Figure 10b). The corresponding
electron-diffraction reflections (Figure 10a) are quite sharp,
implying only very limited reduction of crystallinity, as was
also shown by our X-ray and thermal results (Figure 4).
The orientation of the electron-diffraction pattern with
respect to the bright-field image shows that the b axis is
the preferred growth direction of this copolymer, as is also
the case for polyethylene.*®

The spacings of the reflections in Figure 10a are only
very slightly larger than those obtained by X-ray diffrac-
tion (Figure 1); such a slight lattice expansion resulting
from the initial stages of radiation damage is common in
electron diffraction of polymers. However, what is sur-
prising is the intensities of the reflections in Figure 10a,
which are clearly inconsistent with our X-ray data (Figure
1): we would have expected the diffraction pattern to be
characterized by a very strong 110, an intermediate 200,
and a weak 020 reflection. This is in fact observed when
the sample is tilted around the b axis by 35° in only one
direction (Figure 10c). This implies that the chain axes
are inclined by 55° from the lamellar surfaces and that the
latter are therefore the (201) (see schematic illustration
in Figure 10e). Chain-axis tilting of this magnitude is well
established for linear polyethylene*4¢ crystallized from
the melt and has also been reported for single-crystal mats
of branched polyethylene grown from solution.4” While
such a tilt is commonly invoked in other studies of ethylene
copolymers (e.g. ref 12, 40), based upon results from linear
PE, this is the first demonstration of the molecular in-
clination in individual melt-grown lamellae of ethylene
copolymers. This tilt and the resulting (201) amorphous
surfaces are well-known to arise from molecular crowding
at the broad lamellar surfaces (e.g., ref 45), which is nec-
essary to accommodate the density difference between
chain segments in crystalline vs noncrystalline regions.*8

Another important finding from Figure 10 is the fact
that, even though many crystals contributed to the ob-
served electron-diffraction pattern, the hkO reflections were
fully attained by tilting in only one direction (this despite
the {110} faceting exhibited by some of these at their tips).
We conclude that the molecular inclination is the same
across and among all these crystals: The first implies that
they are likely of the planar-sheet type,*® rather than
ridged or S-shaped, while the second implies some con-
nectivity or common origin of these lamellae (e.g. through
the agency of screw dislocations or overgrowths). It is also
noteworthy that essentially the same morphology (i.e.,
curved lamellae with small {110} tips and unidirectional
molecular tilt at ca. 55° across the full width of the crystal)
has previously been reported®® for polyethylene grown from
dilute solution at high temperatures. All of these obser-
vations point to the structural and morphological similarity
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Figure 10. Electron micrographs and diffraction patterns of E-V-2.4 isothermally crystallized at 95 °C. Diffraction pattern (c) and
micrograph (d) correspond to the same specimen as in (a, b), but tilted by 35° about the b axis. Inset (e) shows schematically the

molecular inclination consistent with these diffraction patterns.

of our E-V-2.4 copolymer to linear polyethylene and
strengthen our conclusion from X-ray and NMR tech-
niques of significant Cl incorporation in the lattice without
major crystallographic disruptions. We have also at-
tempted to examine the presence or absence of molecular
obliquity in crystals of higher Cl content but were un-
successful because of their greatly reduced crystallite di-
mensions and order (see below).

The morphology of our E-V-2.4 copolymer crystallized
at different temperatures is seen in Figure 11. In all cases,
the characteristic habit is lamellar, but as expected those
grown at the highest temperature are better developed and
show somewhat more regular growth features (including
faceting). In both isothermal-crystallization cases, the
lamellae are quite long, exhibiting continuity over distances
sometimes exceeding 10 um. Those grown at the higher
temperature have thicknesses (estimated from shadowing
lengths) of ca. 24 nm, whereas those crystallized at 95 °C
are somewhat thinner (ca. 20 nm). The latter are generally
organized into spherulitic superstructures.

These morphologies may be compared with those of
ethylene copolymers containing similar amounts (i.e.,
2.2-2.7 mol %) of ethyl branches, which have been exam-
ined in detail by Voigt-Martin et al.** Samples slowly
crystallized yielded lamellar morphologies which were of
similar lengths and thicknesses as ours only for those whose
sequence distributions were not random but favor se-
quential ordering of the comonomers. When the sequence
distribution was more nearly random, the lamellae were
significantly shorter and less regular.®® The fact that our

E-V copolymers show a greater regularity and continuity
even though their sequence distribution is more toward
the side of alternating, reflects the more facile and less
distorting incorporation of Cl into the crystalline lattice.

The same conclusion may be reached by comparing
specimens that had been quenched to ambient tempera-
ture. As seen from our Figure 11c, the E-V-2.4 copolymer
still exhibits a distinctly lamellar morphology, even though
the crystals are finer and shorter. Nevertheless, some
lamellae are traceable to lengths of up to 1 pum. On the
other hand, in the ethylene copolymers containing 2.2-2.7
mol % ethyl branches, immature lamellae that were highly
segmented into very short crystallites were obtained only
for copolymers with the more regular sequence distribu-
tion, whereas the more random-like had lost all lamellar
character.”” In examining our Figure 11c, we should also
note that the lamellae in the rapidly cooled E-V-2.4 co-
polymer are organized with substantial mutual regularity.
These are generally arranged in the form of spherulites,
which moreover exhibit the banding characteristic of their
polyethylene counterparts. In our case, the twist period
is 0.5-0.6 um, i.e. significantly smaller than in quenched
polyethylene (1.0-1.2 pm). This may reflect a specific
influence of the comonomer, e.g. through increased stresses
resulting from lattice disorder or from increased concen-
tration of defects at the lamellar surfaces.

The effects of higher Cl content on the morphology are
examined in the following figures. Specifically, with Figure
12 we are already at a comonomer level (13.6 mol %)
substantially exceeding the range that is normally studied.
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Figure 11. Electron micrographs of E-V-2.4 crystallized iso-
thermally at (a) 103 °C and (b) 95 °C and (c) quenched to ambient
temperature.

This range is generally up to 6 mol % (with the great
majority of samples at the 0.2-4 mol % level) because of
the very rapid and severe disorder imparted by most co-
monomers and/or branches. In the case of CI, the mor-
phological effects are seen to be milder presumably because
of its smaller size and greater (and more uniform) incor-
poration in the crystals. As observed in Figure 12a, the
E-V-13.6 copolymer crystallized at small undercoolings
consists of lamellar crystallites, which are now much finer
and shorter than for our 2.4 mol % samples (typical
lengths are ca. 0.5 um). Their widths are very narrow (they
are difficult to determine exactly because of profuse
overlaps) leading to fibrous-like crystals, in contrast to the
broad ones seen in Figure 11. Nevertheless, such features
are observed in other copolymers (e.g., ethyl-branched?)
at much lower comonomer levels (typically 3-4 mol %).
This signifies once again the relatively milder effect of Cl
incorporation on the morphology of ethylene copolymers.
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Figure 12. Electron micrograph (a) and diffraction pattern (b)
of E-V-13.6 crystallized isothermally at 68 °C.

0.5 pm

Figure 13. Electron micrograph of E-V-13.6 crystals grown by
slow cooling of a dilute (0.01% w/v) solution in n-heptane to
ambient temperature.

While discernible lamellae are formed in the 13.6 mol %
copolymer, internal disorder is clearly evident in the cor-
responding electron diffraction pattern (Figure 12b) that
shows considerable diffuseness in the (110, 200) reflection;
its spacing is consistent with the unit-cell expansion seen
in our X-ray diffractograms.

In an attempt to probe the limits of morphological
regularity obtainable from this copolymer, we have crys-
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Figure 14. Electron micrograph of E-V-21.2 copolymer crys-
tallized isothermally at 35 °C.
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tallized it from dilute solution in n-heptane. Figure 13
shows typical morphologies. It is obvious that even under
slow growth from such a dilute environment, there is no
evidence of any crystallographic faceting or any regularity
in habit. In this sense, our results are similar to those of
Holdsworth and Keller,*” who found loss of crystallo-
graphic faceting and substantial disordering (visible in
increased arcing and broadening of reflections) in solu-
tion-grown single crystals of polyethylene containing ca.
5.6 mol % methyl branches. However, in that case the
crystals were acicular and preserved the b-axis orientation
of polyethylene. In our 13.6 mol % crystals, even these
vestiges of morphological regularity are lost. The entities
in Figure 13 are seen to be almost circular, to have very
diffuse boundaries, and to be composed of much smaller
(20-60 nm), irregularly shaped microcrystals. Electron
diffraction also yields polycrystalline patterns. These
results are broadly consistent with our X-ray and NMR
findings and reflect morphologically the severe disorder
inherent in these high-Cl chains.

Finally, we examine the morphological features of our
21.2 mol % copolymer crystallized from the melt (this is
the sample of highest Cl content that has a melting point
above room temperature). As is observed in Figure 14, this
copolymer yields aggregates of short (<0.5 um), curved,
highly irregular lamellae that exhibit segmentation into
much shorter microcrystallites. Their thicknesses are
25-30 nm, i.e. significantly larger than those of the other
copolymers; because of the obvious morphological disorder,
this increased thickness may arise primarily from the in-
terfacial and amorphous regions as in alkyl-branched co-
polymers.®¥ In general, we see that our E-V-21.2 copolymer
behaves consistently with alkyl-branched ones of similarly
low crystallinity (<15%), which, however, in the latter case
occurs at much smaller comonomer contents,36:40

Conclusions

In summary, the present study of a series of ethylene—
vinyl chloride copolymers with a sequence distribution on
the alternating side of random indicates that a significant
amount (>20%) of the Cl is incorporated inside their
crystals. This conclusion was reached on the evidence
provided by X-ray and electron diffraction, electron mi-
croscopy, and 3C NMR techniques. The incorporation of
Cl into the crystalline lattice causes progressive disordering
of the structure and morphology of the E-V copolymers.
Morphological characteristics of polyethylene, including
b-axis growth and molecular inclination leading to (201)
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amorphous surfaces, have been confirmed for copolymers
containing up to 2.4 mol % CIl. For higher Cl contents,
or lower crystallization temperatures, the crystals become
progressively more defective but retain a basically lamellar
morphology.
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ABSTRACT: 3C CP/MAS NMR experiments are carried out for poly(y-oleyl L-glutamate) with unsaturated
long side chains, as a function of temperature, in order to elucidate conformational features in the liquid-
crystalline state. The experimental results show that the main chain of the polymer takes a right-handed
a-helical conformation within the temperature range from —40 to 80 °C, while the long side chains are in a

mobile state above —40 °C.

Introduction

It has been demonstrated that for a series of a-helical
poly(L-glutamate)s with n-alkyl side chains of various
lengths (where n is the number of carbon atoms in the
alkyl group = 4-18), n-alkyl side chains longer than n =
10 form a crystalline phase composed of paraffin-like
crystallites together with the a-helical main-chain packing
into a characteristic structure.! The polymers form
thermotropic cholesteric liquid crystals by melting of the
side-chain crystallites. In order to obtain detailed infor-
mation about the structure and dynamics of these cho-
lesteric liquid crystals, it is very essential to study the
structures and motion of the main chains and side chains
at various temperatures.

Most recently, high-resolution CP/MAS (cross polari-
zation/magic angle spinning) NMR, which is powerful tool
for the structural and dynamic analyses of polymers in the
solid state,2 has been successfully applied to the inves-
tigation of the main-chain and side-chain structures and
molecular motion in poly(L-glutamate) with n-alkyl side
chains (n = 18) at room temperature® and also at other
temperatures’ through the observation of *C NMR
chemical shifts in the solid state. The data show that the
main chain of poly(y-n-alkyl L-glutamate) assumes a
right-handed o-helical conformation irrespective of the
variable side-chain length and the n-alkyl chains assume
an all-trans zigzag conformation.®’ These studies show
that variable-temperature (VT) 13C CP/MAS NMR ex-
periments have the potential to provide detailed insight
into the molecular structure and dynamics of these poly-
mers in the solid and liquid-crystalline states.

As a continuation of these investigations, the purpose
of this work is to investigate the structure of poly(y-oleyl
L-glutamate) (POLLG) with unsaturated side chains (n =
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18) in the liquid-crystalline state as a function of tem-
perature. The transition temperature between the solid
and liquid-crystalline states of poly(y-n-octadecyl L-
glutamate) (n = 18) (POLG) is about 60 °C. But in the
present case, DSC measurement clearly indicates that the
crystallization of the side chains in POLLG does not occur
over the temperature range from —40 to 80 °C. Thus, the
polymer is in the liquid-crystalline state over a wide range
of temperatures compared with POLG, even though the
side chains of both the polymers have the same number
of carbons. We attempt to elucidate the conformational
behavior of both the side chains and the main chains as
a function of temperature through the use of VT 13C
CP/MAS NMR experiments.

Experimental Section

Materials. Poly(y-oley! L-glutamate) was synthesized by
ester-exchange reactions between poly(y-methyl L-glutamate) (M,
= 100000) and oleyl alcohol as described in a previous paper.!
The complete replacement of methyl groups by oleyl groups was
confirmed by 'H NMR.

Measurements. *C CP/MAS NMR spectra were measured
by means of a Bruker MSL-400 NMR spectrometer (100.6 MHz)
with a VT CP/MAS accessory at temperatures form —40 to 80
°C. The sample (ca. 200 mg) was contained in a cylindrical rotor
made of ceramic materials and spun at 3 kHz. Contact time is
2 ms and repetition time 5 s. Spectral width and data points are
27 kHz and 8K, respectively. The 'H field strength was 2.0 mT
for both the CP and decoupling processes. The number of ac-
cumulations was 160-200. !C chemical shifts were calibrated
indirectly with reference to the higher field adamantane peak (29.5
ppm relative to tetramethylsilane ((CH),Si)). The field was
calibrated at each temperature point used in the NMR experi-
ments. The experimental error for the chemical shifts is within
about £0.1 ppm for the sharp peaks but more than +0.1 ppm for
the broad peaks as described below.

The DSC measurements were performed with a Perkin-Elmer
DSC calorimeter. Wide-angle X-ray patterns were recorded with
a flat-plate camera by using a Rigaku-Denki X-ray generater.

Results and Discussion

Thermal Behavior of Poly(v-oleyl L-glutamate). We
first compare the thermal behavior of POLLG with that
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