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Investigations of graft copolymer
compatibilizers for blends of polyethylene and
liquid-crystalline polyester: 2. N.m.r. study
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Graft copolymers of functionalized polyethylene having free carboxylic groups (PEox) and liquid-crystalline
polyester SBH (derived from sebacic acid, 4,4'-dihydroxybiphenyl and 4-hydroxybenzoic acid) prepared under
various conditions were investigated by means of high-resolution solid-state '*C nuclear magnetic resonance
spectroscopy. Fractionation products of the graft copolymers and a mixture of PEox with SBH were also studied.
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INTRODUCTION

Graft copolymers combining the properties of two dlfferent
polymers are widely used as new types of material'. They
can also be used as compatibilizers, i.e. interfacial agents, in
the preparation of blends’ -3, Usually, the blocks of the
compatibilizer are identical to the blend components. Their
use is mainly in blends of flexible thermoplastics with
liquid-crystalline polymers.

Previously, we examined by various methods®™® the graft
copolymers and mixtures of functionalized polyethylene
having lateral carboxylic groups (PEox) with the semi-
flexible liquid-crystalline polyester SBH (derived from
sebacic acid, 4,4'-dihydroxybiphenyl and 4-hydroxy-
benzoic acid in a mole ratio of 1:1:2), which are expected
to serve as compatibilizer in the preparation of blends of
polyethylene and SBH. In this work an atterapt was made to
characterize the structure of these systems by means of
h1§h -resolution solid-state '*C nuclear magnetic resonance

C CP/DD/MAS n.m.r.) spectroscopy.

EXPERIMENTAL

Materials
The following three groups of products were studied:

(1) the mixture (MIX) of PEox with liquid-crystalline
polyester SBH;

(2) the copolymer (COP) of PEox with monomers from
which the SBH polyester was made; and

(3) the products of catalytic transesterification reactions of
PEox and SBH carried out for 15, 60 and 120 min
(COP15, COP60 and COP120).In all the cases the
weight ratio of PEox to SBH was about 1:1.

Also, the corresponding xylene-insoluble (RX) and
toluene-soluble (NC) products of extractions of these
polymers were investigated. They were designated
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respectively as:

(1) RXM and NCM;

(2) RXC and NCC; and

(3) RXC15, NCC15, RXC60, NCCe60, RXCI20 and
NCC120.Details concerning preparation of the samples
and the scheme of the extractions are presented
elsewhere®™®

Measurements

High-resolution solid-state "*C n.m.r. experiments were
performed at 20°C on a Varian VXR 300 spectrometer
operating at the "°C resonance frequency of 75 MHz. The
spectra were acquired by using Hartmann—Hahn spin lock
Cross- polarization (CP) along with dipolar decoupling (DD)
and magic-angle sample spinning (MAS). In the resent
study the matched spin lock CP transfer employed '°C and
'H magnetic fields of 20 kHz. Proton decouplmg was
provided at the strength of 55 kHz. The sample spinning at
magic angle was carried out at rates between 4 and 5 kHz in
a Doty Scientific Co. solids n.m.r. probe. About 200 mg of
the samples, as received or cryogenically ground, were
compacted into zirconia rotors with Vespel end caps. For all
the polymers studied the spectra were acquired with 500-
1000 scans and 3 to 15s delay between pulse sequence
repetitions. Spin-lattice relaxation times for protons, T, ,
were obtained from a {80°-7-90° pulse sequence followed
by simultaneous ”OO ps °C and 'H spm lock and then
acquisition of the "°C magnetization with 'H decouplmg
Chemical shifts relative to tetramethylsilane (TMS) were
determined from the aromatic carbon line (132.1 ppm) of
hexamethylbenzene (HMB) used as a standard.

RESULTS AND DISCUSSION

Figure 1 shows the '*C CP/DD/MAS n.m.r. spectra of SBH
and PEox. The spectrum of SBH (Figure Ia) exhibits
several signals which can be identified, in order of
increasing magnetic field, as lines arising from the ester
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Figure 1 75 MHz "°C CP/DD/MAS n.m.r. spectra of (a) SBH and (b) PEox. The spectra were obtained with 200 us contact time, 3 s delay between pulse
sequence repetitions and 5001000 scans. The sample spinning at magic angle was carried out at rates between 4 and 5 kHz. Chemical shifts are given relative

to TMS
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Figure 2 75MH:z 3C CP/DD/MAS n.m.r. spectra of (a) MIX, (b) COP, (¢) RXM, (d) RXC, (¢) NMC and (f) NCC. The spectra were obtained with 200 us
contact time, 3 s delay between pulse sequence repetitions and 5001000 scans. The sample spinning at magic angle was carried out at rates between 4 and

5 kHz. Chemical shifts are given relative to TMS
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Table 1 Proton spin-lattice relaxation times, TIH, of SBH, PEox, MIX
and COP

Chemical shift TH (s)

(ppm) —
SBH PEox MIX Ccop

131.7 0.73 1.14 0.41
127.4 0.74 1.21 0.56
122.8 0.73 1.21 0.51

345 0.80

32.5 — 4.60 1.98 0.61

31.0 0.74

258 0.80 1.45 0.52

carbons of two types (aliphatic—-aromatic at 171 ppm and
aromatic—aromatic at 163 ppm), aromatic carbons bonded
to oxygens (155.3 and 150.4 ppm) and the carbons
connecting the rings in biphenyldiol (13€.4 ppm). The
lines at 131.7, 127.4 and 122.8 ppm can te ascribed to
the protonated aromatic carbons of biphenyldiol and
p-hydroxybenzoic acid units. Aliphatic carbors of SBH give
rise to the resonances observed at 34.5, 31.0 and 25.8 ppm.
The remaining lines are the spinning sidebands of aromatic
and ester carbon resonances.

The methylene carbon resonance of PEox appears at
32.5 ppm (Figure 1b). Lines from CH; end groups and
COOH lateral groups are not seen in the spectrum.

The spectra of SBH/PEox mixture (MIX) and SBH/PEox
copolymer (COP) samples (Figures 2a and 2b) exhibit the
lines from the corresponding components (i.e. SBH and
PEox). Also, the spectra of xylene-insoluble and toluene-
soluble fractions of MIX (RXM and NCM) and of COP
(RXC and NCC) are provided in Figure 2. The spectrum of
RXM (Figure 2¢) closely resembles that of SBH, which
indicates that no chemical reaction occurred between the
components of MIX. On the contrary, a salient feature of the
RXC spectrum (Figure 2d) is the presence of signals due to
both components. A decrease in the line intensity of the
PEox component relative to the intensities o the lines in the
aromatic carbon region is a result of the removal of
unreacted PEox macromolecules from the COP sample. As
follows from the spectra presented in Figures 2e and 2f, the
NCM and NCC samples contain exclusively the PEox
component (no aromatic signals of SBH were found).

The examination of proton relaxation behaviour provides
mformauon on the homogeneity or heterogeneity of solids.
The Tlp and 71 relaxation times are influenced by the
efficiency of spin diffusion among protons cf the constituent
polymers. This efficiency is dependent upon the spatial
proximity of chemically different chains. In a compatible
binary blend, the protons of the two components are closely
coupled and relax with a common rate via the spin diffusion

mechanism. In the linear additivity model, the relaxivity of
the blend should then lie within the bounds of the relaxation
rates of the two components Proton_ spin dlfoSlOIl is
effective over 200 A for TH and 20 A for T ip- On the
contrary, the observation of multicomponent relaxation time
shows that the dlmensmns of the separated domains are
larger than these values'®

In order to characterize the heterogenelty of SBH/PEox
systems on a scale indicated by TP, the values of spin~
lattice relaxation time for protons were measured from
individual, hlghest intensity carbon lines of the constituent
polymers. The T{' data for SBH, PEox, MIX and COP are
summarized in Table 1.

In the case of MIX, the T!' assume values intermediate
between those of the source polymers (Table 1). However,
they differ from each other; the average values for SBH and
PEox components of MIX being about 1.2 and 2s,
respectively. The inequality of the TH relaxation time
values reveals a heterogeneity in MIX_ with the domain
dlmensmns exceeding several hundred A. The changes in
T, as compared with the values observed in the source
polymers may indicate considerable structural variations of
the components upon mixing, with possible interactions
between the domains. By means of the extraction processes
the MIX sample could be separated into two samples: RXM
contammg pure SBH and NCM consisting of pure PEox.
The T}! values in these samples were found to be close to
those observed in the corresponding components of MIX
and quite different from the values characteristic for the
source polymers (Tables I and 2).

In COP the Ti' relaxation is faster than for either
component (Table I). Such a behaviour may arise from
any motional and conformational changes imposed by
copolymerization as well as from changes in molecular
packmg and domain dimensions. As in MIX, a difference in
T, exists between SBH (0.5 s) and PEox (0.6 s) components
of COP. This indicates that, in COP, the spin diffusion
among protons of the copolymer constituents over a
distance of several hundred A is also incomplete. The
difference is, however, considerably lower (0.1 s for COP
versus 0.8 s for MIX), which suggests an enhancement in
the intimacy of mixing due to chemlcal modification.
Moreover, the significant decrease in the TH values of both
components relative to those found in MIX may indicate
reduced molecular dimensions of the domains. A further
decrease in T} values observed for the xylene-insoluble
RXC fraction (Table 2) may be due to the removal of pure
PEox, which was found to be presem in the toluene-soluble
NCC sample. For the latter the T, value was considerably
lower than that measured for the starting PEox. These
observations reveal changes in the PEox morphology.

Table 2 Proton spin-lattice relaxation times, TH, of RXM and NCM obtained after extraction of MIX and of RXC and NCC obtained after extraction of COP

Chemical shift Tf{ (s)
(ppm)
MIX RXM NCM (¢0) RXC NCC
131.7 1.14 1.06 0.41 0.33
127.4 1.21 1.12 0.56 0.35
122.8 1.21 0.99 0.51 0.37
34.5 1.11
325 1.98 — 1.90 0.61 0.47 1.21
310 1.08
25.8 1.45 1.12 0.52 0.34
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The “C CP/DD/MAS n.m.r. spectra of the products of
catalytic transesterification reactions of PEox and SBH
(COP15 and COP60) and the compounds obtained after
extraction (RXC15 and RXC60) are presented in Figure 3.
It follows from the spectra that the RXCLS5 sample contains
no measurable amounts of PEox which means that,
according to n.m.r. measurements, the corresponding
COPI15 consists of an unreacted mixture of SBH and
PEox. With increasing reaction time the transesterification
occurs, as seen by the presence of the line due to PEox in the
spectrum of RXC60, i.e. the xylene-.nsoluble fraction of
COP60.

The values of spin-lattice relaxation times, TH, of these
samples are provided in Table 3. Although COP15 seems to
be an unreacted mixture of SBH and PEox, the Tf{
relaxation times for COP15 are lower than for MIX. It can
thus be concluded that the intimacy of mixing in COP15 is
better than in MIX. Likewise, the structure of RXC135 differs
from that of RXM even though the both samples contain
exclusively unreacted SBH. Unexpectedly, in COP60 the
average values of TH were found to be similar to those in
MIX and quite different from those observed in COP. This is
probably due to a relatively low degree of conversion of the
reaction between SBH and PEox. With further increase in
the reaction time (COP120) the T{' tends to approach the
value found in COP, which probably results from the
enhanced conversion and lower amount of unreacted PEox.
The difference between SBH and FEox components is,

T T AR B B LI T 171 1T T 1 LIS T T71
I I | | | T I
300 250 200 150 100 50 Q -50 PPM

however, much less in the catalytic condensation products
than in MIX (0.1 s for COP60 and COP120 versus 0.8 s for
MIX) and close to that found for COP. All these
observations are presumably accounted for by differences
in morphology and/or in chemical structure (the average
length of SBH chains grafted onto PEox and the amount of
PEox carboxyl groups involved in the reaction with SBH) of
the copolymers obtained by various routes.

After extraction, the values for RXC60 and RXCI120
decrease as compared with those for COP60 and COP120,
respectively, which is most probably related to the reduced
amount of unreacted PEox component. As previously
mentioned, an analogous tendency was observed in the
case of the extraction of COP leading to RXC.

The spectra of the toluene-soluble fractions (NCCIS5,
NCC60 and NCC120) revealed only the presence of PEox
component. For these samples the spin-lattice relaxation
times, T{{, were measured (Table 3) and compared with the
value previously obtained for the source PEox (4.65). A
significant decrease in TH was observed for NCC15, NCC60
and NCC120 (1.2-1.3 s) which can be interpreted in terms
of some changes in morphology and/or molecular mobility
of PEox.

It is worth noting that the proton relaxation behaviours
presented in this paper are consistent with the morpho-
logical investigations on the studied systems carried out by
differential scanning calorimetry and scanning elctron
microscopy techniques. The MIX was found to exhibit the
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Figure3 75 MHz 3C CP/DD/MAS n.m.r. spectra of (a) COP15, (b) RXC15, (¢) COP60 and (d) RXC60. The spectra were obtained with 200 us contact lime,
3 s delay between pulse sequence repetitions and 500—1000 scans. The sample spinning at magic angle was carried out at rates between 4 and 5 kHz. Chemical

shifts are given relative to TMS

Table 3 Proton spin-lattice relaxation times, 7H, of the products of catalytic transesterification reactions of PEox and SBH carried out for 15, 60 and 120 min
(COP15, COP60, COP120) and of the compounds obtained after their extraction (RXC15, NCC15, RXC60, NCC60, RXC120 and NCC120)

Chemical shift TH (s)
(ppm)
cor1s RXC15 NCCI15 COP60 RXC60 NCC60 COPI120 RXC120 NCC120
131.7 0.95 0.99 1.13 0.96 0.83 0.71
127.4 1.08 0.93 1.22 0.99 0.96 0.88
122.8 1.01 0.89 1.21 1.09 0.94 0.79
345 0.92
325 1.15 — 1.15 1.04 0.79 122 0.79 0.64 1.27
31.0 0.98 0.87
25.8 0.87 1.00 1.04 0.84 0.71
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biphasic morphology typical for a blend of immiscible
polymers. Also, a two-phase structure was observed in COP.
MIX was concluded to be made up of two separated phases
poorly dispersed in one another, whereas for COP the phase
dispersion, though not uniform, was found to be much finer
and the interphase interactions to be much more
pronounced”.
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