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ABSTRACT: A series of poly(ester imide ketone)s
(PEIKs) with varied p-hydroxybenzoic acid (HBA) molar
fraction derived from N,N’-hexane-1,6-diylbis(trimelliti-
mide), 4,4'-dihydroxybenzophenone, and p-hydroxybenzoic
acid were synthesized by a “step-feeding” polycondensa-
tion method in benzene sulfon}rl chloride, dimethylforma-
mide, and pyridine. High field 'H, '*C, and 2D NMR spec-
troscopy measurements were combined to determine the
assignments of hydrogen and carbon atoms in the copoly-
mers. °C inverse gated decoupling NMR spectra were
taken and used as a quantitative method to analyze the
chain sequence structures of these copolymers. The liquid
crystalline behaviors and thermal properties of the PEIKs
were characterized by polarized light microscopy (PLM),
wide-angle X-ray diffraction (WAXD), differential scanning
calorimetry (DSC), and thermogravimetric analysis (TGA).
The NMR studies show that the monomeric unit ratios of
the PEIKs are very close to the ratios of the monomers

added into the polycondensation process. The analytical
results of sequence distribution indicate that the sequence
ratios of I-H, H-D, and H-H dias rise with the increase of
HBA molar fraction, while that of I-D decrease. It is worth
noting that the sequence ratios of H-H are always very
small among the four sequence ratios although the HBA
molar fraction varied from 0 to 50%. It was shown that the
copolymers possess a typical nematic thermotropic liquid
crystalline character and high thermal stability, which is
strongly related with the changes in sequence structure of
the molecular chains. This type of liquid crystalline poly-
mers also exhibits excellent fiber-forming character in the
melting state, which would find its potential usages in high
performance fiber and fiber modification materials. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 3183-3193, 2007

Key words: poly(ester imide ketone); thermotropic liquid
crystalline polymer (TLCP); NMR; sequence structure

INTRODUCTION

Thermotropic liquid crystalline poly(ester imide)s
(TLCPEIs) have attracted great attention since 1987,
when poly(ester imide) (PEI) with thermotropic lig-
uid crystalline character was first synthesized by
Kricheldorf and Pakull.' Up to now, a wide variety
of PEIs and TLCPEIs have been synthesized, espe-
cially those with a regular sequence of rigid rod-like
aromatic imide ‘“‘mesogenic” units and flexible
““spacer” units, and their properties as well as liquid
crystalline behaviors have been well characterized.*™
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DISCOVER SOMETHING GREAT

Yet, to the best of our knowledge, nearly all the
reported PEIs with higher molecular weight were
synthesized by the melt transesterification apgroach
at high temperature under decompression.” This
might be practical from an industrial standpoint, but
is quite complicated for fundamental investigations
of such aspects as the reaction mechanism and the
relations of sequence structure and properties of the
copolymers. As been well known, the physical and
mechanical properties of a thermotropic liquid crys-
talline polymer (TLCP) are mainly determined by its
molecular structures, including chemical composi-
tion, chain sequence structures, molecular weight,
and molecular weight distribution. So it is very im-
portant to develop a feasible approach to synthesize
PEIs with well-designed chemical composition and
chain sequence structures. An ameliorated direct so-
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lution polycondensation method, which is based on
the method ever developed by Higashi and his cow-
orkers for the purpose of copolyesters synthesis,'!"
to synthesize TLCPEIs was developed in our labora-
tory with tosyl chloride (TsCl) in pyridine (Py) by
dimethyl formamide (DMF) catalyzed alcoholysis.'?

Nevertheless, during the copolymerization process
a major problem to control the chain sequence exists,
that some monomers with two different function
groups, such as p-hydroxybenzoic acid, cannot only
copolymerize with other monomers but also self-
polymerize. In addition, under certain conditions,
the difference of the relative reactivity of the func-
tion groups in the monomers usually results in com-
petitive reactions. Even for the same type of mono-
mers, the resultant products may be a random
copolymer, an alternate copolymer or a block copoly-
mer, or their mixture, resulting in variable properties
for the final copolymers. To study the effects of the
distribution of rigid and flexible segments on the
properties of PEIs in detail, it is necessary to look into
the chain sequence structures of the polymers with
assurance.

In our previous publication, a series of PEIKs from
N,N'-hexane-1,6-diylbis(trimellitimide) (IA6), 4,4'-dihy
droxybenzophenone (DHBP), and p-hydroxybenzoic
acid (HBA) were prepared by a so-called two-step
reaction.'® That is, the TA6 monomer was activated by
condensing agent first, and then Py solution of mixed
HBA and DHBP was added dropwise. However, it
was found that the sequence structures of the result-
ant PEIKs could not be well controlled. In this present
article, all the PEIKs were prepared by a modified
three-step-feeding polycondensation process. In this
process, IA6 was first activated by condensing agent,
followed by adding the HBA/Py solution and then
the DHBP /Py solution. Through this means, we antici-
pate that the IA6 monomers would fully react with HBA
in these two steps. In the next step, the resultant from
the former steps was polymerized with the DHBP
monomer, and PEIK was obtained in the end. During
the whole copolymerization process, the reactions were
well controlled by the reaction temperature and time as
well as the feed-in speed of the monomers. Subse-
quently, the sequence structures of the resultant poly-
mers were determined by high-field nuclear magnetic
resonance spectroscopy (NMR), and the properties of
the copolymers were characterized by PLM, DSC, TGA,
and WAXD. The effects of HBA monomeric unit ratios
as well as the molar fraction of different rigid and soft
sequences in the polymer chains on the TLC properties
of PEIKs were discussed, which has not yet been
reported in detail in the literature.
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EXPERIMENTAL
Materials

N,N'-Hexane-1,6-diylbis(trimellitimide) was synthe-
sized from trimellitic anhydride and 1,6-hexane
diamine according to the method detailed by Kri-
cheldorf et al.> Synthesis of 4,4'-dihydroxybenzophe-
none from phenol and p-hydroxybenzoic acid is
according to the method of Stanley.'® Pyridine was
purified by distillation over sodium hydroxide.
Other materials were obtained as chemical grade
reagents from a commercial source (Guangzhou
Medicine Company, Guangzhou, China) and used as
received.

Condensation

About 3.32 mL (0.026 mol) of benzene sulfonyl chlo-
ride (BsCl), 1.55 mL (0.020 mol) of dimethylforma-
mide (DMF), and 10 mL of pyridine (Py) were put
into a 250 mL one neck round bottom flask with an
electromagnetic stirrer. The mixture was aged at
room temperature for 30 min. Then, 5 mmol of N,N'-
hexane-1,6-diylbis (trimellitimide) was added into
the flask under stirring. After the resulting mixture
became solidified, the flask was placed into an oil
bath preheated to 80°C and was maintained for
10 min. Then 5-10 mL of Py solutions containing 0-
10 mmol of p-hydroxybenzoic acid were added to
the above mixture all in once. After the above result-
ant was maintained for 30 min, 10 mL Py solution of
4,4'-dihydroxybenzophenone (5 mmol) was added
dropwise for 10 min. The temperature was main-
tained at 80°C for 3 h. After dilution with 20 mL of
DMF, the precipitate was filtered and washed with
alcohol. The resultant polymers were dried in a far-
infrared oven.

Measurements

All NMR spectra were recorded at room tempera-
ture on a Varian Unity Inova 500 NB spectrometer,
operating at 499.774 MHz for 'H with indirect detec-
tion probe and at 125.682 MHz for '*C with broad-
band probe. Samples were made up as solution of
~ 10-20 mg of each polymer in 0.7 mL of deuterated
trifluoroacetic acid (CFsCOOD), using tetramethylsi-
lane (TMS) as the internal reference. Inverse gated
decoupling was exploited for quantitative carbon
nuclei intensities, using a 24° pulse angle, 0.45 s ac-
quisition time, and 2.0 s relaxation delay for about
5000 scans. Two-dimensional spectra were per-
formed by using standard Varian software and the
parameters used were as follows: COSY spectra
were collected with four transients for each 256
increments and the spectral windows were 4096.5 Hz
in both dimensions. HMQC spectra were recorded



P-HYDROXYBENZOIC ACID AFFECTING PEIKS

FS S 0
H-D

ey es)

I-D

H H
H 0 o H LERT)
0 1]
o 4 [
I ':// 1 2 3 } 3 ! ! o2 e ﬂ
o—¢ ;u— CHACHCHCHLHLH, — n ¥
C \; 10 H H
H ‘ A B
\\0 0// H

I-H

Scheme 1 The possible monomer connecting manners.

with spectral windows of 4096.5 Hz in f, and 14,842.3
Hz in f;, collected with 16 transients for each 256 incre-
ments. HMBC spectra were recorded with spectral
windows of 4096.5 Hz in f, and 23,619.7 Hz in f;, col-
lected with 24 transients for each 128 increments.

The liquid crystalline texture of the resultant poly-
mers were observed under a Leitz Orthoplan optical
microscope equipped with cross-polarizers and a hot
stage.

Differential scanning calorimetry (DSC) measure-
ments were conducted with TA Instruments MDSC
2910 under nitrogen purge and the scanning rate
used was 20°C/min.

The wide-angle X-ray diffraction curves (WAXD)
were measured with a Rigaku XD-3A diffractometer
using Ni-filtered Cu Ko radiation and A = 1.54 A.
Samples were prepared in the form of powder. The
diffractograms were recorded in 20 range between 5
and 60° at a rate of 5°/min.

Thermogravimetric analysis (TGA) was performed
in air using Shimadzu TGA-50H at a heating rate of
20°C/min.
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RESULTS AND DISCUSSION

As described in the Experimental section, the materi-
als were added in the following sequence: first,
N,N'-hexane-1,6-diylbis(trimellitimide) (IA6) was acti-
vated by BsCl/DMF/Py mixed condensing agent;
next, certain amount of p-hydroxybenzoic acid (HBA)
ranging from 0 to 50% molar fraction to total was
added; last, the same molar fraction of 4,4’-dihydroxy-
benzophenone (DHBP) as that of IA6 was added into
the reactive system. With this monomer feeding
method, there are only four possible polycondensa-
tion reaction manners between any two monomers
in the system, as shown in Scheme 1. Products with
0, 10, 20, 33, 40, and 50% molar fraction of HBA are
designated, referred to below as PEIK(A-F), respec-
tively.

For convenience in discussion, these four kinds of
connecting sequences are abbreviated as I-H, I-D, H-
H, and H-D. The carbon atoms in each sequence
unit are also numbered for assignment.

'"H-NMR predominant intensity signals assignment

Figure 1 shows the full range "H-NMR spectrum for
PEIK(F) dissolved in CF;COOD. Most signals were
assigned based on well-known proton NMR chemical
shift displacements resulting from electron shielding/
deshielding of the hydrogen nuclei by the inductive
effects, or from the diamagnetic anisotropy of various
neighboring functional groups.

In the IA6 monomeric unit, the positions of pro-
tons H-1 (1.60 ppm), H-2 (1.90 ppm), and H-3 (3.94—
3.97 ppm) are assigned by their distance leaving the
trimellitimide. Among the aromatic protons of IA6,
only H-6 (8.89 ppm) shows a single peak because it
has no coupling with other ortho-benzene protons,
and shifts to higher frequency for its 3-bond cou-
pling with C-4 (172.25 ppm) and C-11 (167.59 ppm)
which is in the carbonyl of trimellitimide and ester

H-1318

H-3 H-1
H-2

T T T T T T
4.003.503.002502.00150

800 7
Chemical Shift (ppm)

Figure 1 "H-NMR spectrum of PEIK(F) in CF;COOD.
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Figure 2 'H-"H COSY spectrum of PEIK(F) in CF;COOD.

group, respectively, as shown in Figure 4. C-4 also
has a 3-bond coupling with H-9 (8.22-8.23 ppm)
besides H-6, so the position of H-9 is assigned. The
'H-"H correlation (COSY) of PEIK(F) in CF;COOD is
shown in Figure 2, and reveals the position of H-8
(8.81-8.83 ppm) through a 3-bond coupling with H-
9. In the sequences of I-H and I-D, the positions of
protons in IA6 monomeric unit have no obvious
change.

Among the carbon atoms in the carbonyl groups,
the one in carbonyl group of ketone has higher
chemical shift value than it does both in trimelliti-
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Figure 3 A section of HMBC spectrum of PEIK(F) in
CF5;COOD.
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mide and ester group (C-21, 2024 ppm). In the
sequence of H-D, assignment of H-19 (8.12-8.13
ppm) was determined by HMBC spectrum of °C-"H
correlation spectroscopy with %1 C-H (7.5 Hz) as
shown in Figure 3, which shows a 3-bond coupling
from it with already assigned C-21, and assigned the
position of its neighbor proton H-18 from 'H-'H
COSY (as shown in Fig. 2). But there are three inten-
sive peaks at the position where there should be two
peaks for H-18 which has only one neighbor proton
of H-19, according to the 'H couple-split principle.
Also observing from the integral value, it could be
presumed that there must be other peaks of 'H with
the same chemical shift value of H-18, which will be
discussed later.

In the sequences of I-H and H-H, for the resem-
blance of their ester group, there is little difference
between the chemical shifts of their carbon atoms in
carbonyl groups from 'C-NMR (C-16, 169.44 ppm;
C-16¢/, 169.56 ppm). The positions of H-14 (8.51-8.53
ppm) and H-14' (8.35-8.37 ppm) are determined
from the 3-bond correlation of C-16-H-14 and C-16'-
H-14'. So does the positions of H-13 and H-13' (7.46-
7.48 ppm) which is located at the ortho position of
H-14 and H-14/, respectively, according to the 'H-'H
COSY. The fact proves that the position of H-13
overlaps with H-18 (H-13, 18; 7.56-7.60 ppm).

Other protons like H-18' and H-19' might be too
weak or overlap with other intensive peaks. There-
fore, their positions are not detectable from the 'H-
NMR spectrum or 'H-"H COSY.

®C-NMR predominant intensity signals
assignment

Figure 4 shows the full range '">C-NMR spectrum
(inverse gated decoupling) with signal assignments
for PEIK(F) dissolved in CF;COOD. The carbon sig-
nals were assigned using well-known carbon chemi-
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Figure 4 "C-NMR spectrum (inverse gated decoupling)
of PEIK(F) dissolved in CF;COOD.
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Figure 5 A section of HMQC spectrum of PEIK(F) in
CF;COOD.

cal shifts disglacement as well as HMBC and HMQC
spectra of "C-"H correlation spectroscopy, respec-
tively, as shown in Figures 3 and 5.

In the earlier section, the positions of some carbon
atoms have been assigned using HMBC spectrum of
®C-'H correlation spectroscopy. Here, it is continu-
ously adopted to determine the positions of other
carbon atoms. Those carbon atoms which are one-
bond connecting with proton can also be indicated
with HMQC spectrum of *C-'H correlation.

For the accurateness of integration, it was decided
to set the integration of the signal C-1 (28.01 ppm) in
IA6 monomeric unit to the value of 10.00 because
they were in the very center of IA6 monomeric unit
and the change of chemical environment could have
little effect on their chemical shifts. Table I summar-
ized the peak assignments and integral values of
major carbon atoms in PEIK(F).

Determination of monomer ratios and sequence
distribution

For the unification and exactness of integration, a
same method of integration was used for all the
samples, and for the convenience of exemplification,
PEIK(F) was taken as an example. Here I is the
abbreviation for integration.

As for the monomeric unit of IA6, the method of
averaging the integral value of the six methylene
carbon atoms in [A6 was adopted for the exactness
of integration, i.e.:

Iiae = (Ic-1 + Ic-2 + Ic-3) /6 = 4.80

The monomeric unit of HBA has three connecting
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manners with other monomers to form I-H, H-D,
and H-H dias sequences. The last two sequences are
integrated together because it is difficult to distin-
guish them strictly in the ">*C-NMR spectrum for the
analogy of chemical structures between HBA and
DHBP. Carbon atoms C-12 and C-12' in HBA are
chosen for integration, representing monomeric unit
HBA in respect that the C-13 and C-14 in HBA over-
lap respectively, with C-18 and C-19 in DHBP, i.e.:

It = Ieogp = 3.77
Iy = Ic-12 = 6.17

For one C-12 or C-12' represents only one HBA
monomeric unit, so:

Irga = a1 + IH-H(D) =994

For the monomer unit of DHBP, it has only two con-
necting manners with other monomeric units as H-D
and I-D. For the same reason as above, C-17 and
C-17" were chosen for integration representing
DHBP, i.e.

Iti-p = Ic-17 = 5.86
I]-D = IC-17’ =4.06

For two C-17 or C-17' represents one DHBP mono-
meric unit, so:

TABLE I
Summarization of the Peak Assignments and
Integration Values of Carbon Atoms in PEIK(F)

Carbon no. Chemical shift (ppm) Integration value
1 28.01 10.00
2 29.85 9.36
3 40.89 9.41
4 172.25 19.79
5 136.88 9.67
6 127.61 9.70
7 134.10 10.03
8 139.43 10.39
9 126.51 10.49
10 138.12 9.33
11 167.60 9.13
12 157.90 3.77
13,13,18 123.95-124.47 45.92
14,19 134.82 41.31
15 129.03 6.38
16 169.44 5.58
17 157.18 5.86
20 137.07 5.79
21,21 202.29-202.55 4.17
12/ 157.56 6.17
14/ 134.57 3.56
15 128.80 3.85
16/ 169.56 3.75
17’ 156.84 4.06
20/ 137.23-137.29 3.95

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 '>C-NMR spectra (inverse gated decoupling) of
PEIK(A-F) dissolved in CF;COOD (multiple peaks around
163 ppm belong to solvent CF;COOD).

Ipase = (In-p + I1-p)/2 = 4.96

At last, the integration of HBA-HBA sequence is
obtained as:

In-n = Ii-pypy — In-p = 0.31
Summing up the analyses, an exciting result is drawn
that the monomer unit ratio shows 1A6 : HBA : DHBP
= 4.80 : 9.94 : 4.96, which is very close to the original
monomer addition ratio 1 : 2 : 1. The sequence ratios
of I-H, H-D, I-D, and H-H could also be decided by
the method described above as I-H : H-D : I-D : H-H
=3.77:586 :4.06:0.31.

As illustrated earlier, the integration method was
also adopted to determine other monomeric unit
ratios and sequence distributions in PEIK(A-E). Fig-
ure 6 shows the full range of ">C-NMR spectra (in-
verse gated decoupling) of PEIK(A-F) dissolved in
CF;COOD.

Table II lists the ratios and molar fractions of the
monomer units in the PEIKs samples. The HBA
addition molar fractions range from 33% to 50% for
PEIK(D-F) do greatly accord with the calculating in-
tegral values. But compared with those of PEIK(B-
C), the calculating integral values departed corre-
spondingly from their monomer feeding ratios. It is
probably because the peak signals of the carbon
atoms in the HBA monomer units, which are much
weaker in PEIK(B-C), affect the exactness of integra-
tion with the reduction of HBA feeding ratio. At the
beginning, the error of integration is not so signifi-
cant to affect the calculation value. However, when
the addition molar fraction of HBA drops down

Journal of Applied Polymer Science DOI 10.1002/app
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below 20%, the integration errors became more con-
siderable as for those of PEIK(B-C).

From the results of sequence distributions for
PEIK(A-F), as shown in Table III, it can be found
that the sequence ratios of I-H, H-D, and H-H
increase with the rising of HBA molar fraction in the
copolymers. In contrast, the sequence ratios of I-D
decrease. It is worth noting that the sequence ratios
of H-H are always very small ranging only from 0%
to 2.21% in total amount of the four sequences for
PEIK(A-F), indicating that few HBA monomer was
self-polymerized in these reaction systems.

In the copolymers, sequences I-H and I-D can be
classified as soft chain sequences because monomer
IA6 contains a flexible “spacer” of six methylene
groups. Similarly, sequences H-D and H-H can be
classified as rigid chain sequences because monomer
HBA and DHBP are all consisted of rigid aromatic
structures connected by ester groups. Interesting
results are found from the investigations on the rigid
and soft character of the chain sequences. With the
increase of fed HBA molar fraction changing from 0
to 50%, the fraction of soft sequences in the copoly-
mers decreases from 100% to 55.93%, accordingly
the fraction of rigid sequences increases from 0% to
44.07%. As for the soft sequences, the fraction of
sequence I-H is 0% for PEIK(A-C), and increases up
to 26.93% for PEIK(D-F). With this “‘three-step-
feeding” procedure, we anticipated monomer I1A6
would fully react with HBA in the first two steps.
However, the results show that the IA6 monomers
had only been partially reacted under these experi-
mental conditions, although the fraction of I-H
sequences exhibits an uptrend with increasing HBA
molar fraction. In contrast, the fraction of sequences
I-D reduces by 71% from 100% down to 29% for all
the copolymer samples, which is indicative of more
reactive of IA6 with monomer DHBP than it is with

TABLE II
Monomeric Unit Ratios and Mole Molar Fractions for
PEIK(A-F) Determined by Integration from
the NMR Spectra

PEIK

(HBA 1A6 HBA DHBP
mol %) Ratio® mol %° Ratio mol% Ratio mol %
A (0) 5.02 52.95 0 0 4.46 47.05
B (10) 4.95 50.30 0.58 5.89 431 43.80
C (20) 4.92 43.66 1.58 14.02 4.77 42.32
D (33) 491 33.18 5.04 34.05 4.85 32.77
E (40) 5.13 31.11 6.50 39.42 4.86 29.47
F (50) 4.80 24.37 9.94 50.46 4.96 25.18

2 The ratio here means the monomer ratio calculated
from the original integral value with referred integration
method in the previous section.

® mol % means the molar fraction of different mono-
meric unit in PEIKs with varied HBA content.
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TABLE III
Sequence Distribution of Samples PEIK(A-F) Determined by Integration from the NMR Spectra
I-H H-D I-D H-H
PEIK (HBA mol %) Ratio® mol %P Ratio mol % Ratio mol % Ratio mol %
A (0) 0 0 0 0 8.92 100 0 0
B (10) 0 0 0.60 6.96 8.02 93.04 0 0
C (20) 0 0 1.57 16.25 7.96 82.40 0.13 1.35
D (33) 1.02 9.32 3.79 34.64 5.90 53.93 0.23 2.10
E (40) 1.59 13.77 4.66 40.35 5.05 43.72 0.25 2.16
F (50) 3.77 26.93 5.86 41.86 4.06 29.00 0.31 2.21

® The ratio here means the ratio of sequences calculated from the original integral value with referred integration

method in the previous section.

mol % means the molar fraction of different sequence in PEIKs with varied HBA content.

HBA. On the basis of the data in Table III, as more
HBA was added, the molar fraction of H-D sequence
in the as-synthesized PEIK molecules increased first,
and reached the maximum as the content of HBA
added was 40 mol %. For the I-H sequence, it started
to emerge in the molecules as 33 mol % of HBA
were added, and continue to increase upon adding
HBA. Along this line, the HBA monomers seemingly
more prefer to react with DHBP monomers than 1A6
monomers and DHBP have a superiority to react
with IA6 in the competitive reaction with HBA,
which can be supported by Figure 7 also. Therefore,
the “step-feeding” method in this work may be uti-
lized as a good strategy to acquire poly(ester imide
ketone)s with controlled chain composition and
sequence structures, which was not achievable by
the “‘mixed-feeding”” method adopted by Chi in the
previous work."> As for all the samples of PEIK(A-
F), the fraction of rigid sequences H-H increases
only up to 2.21%, suggesting that monomer HBA is
difficult to self-polymerize. Consequently, the H-D
sequences (increased by 41.86%), which dominate
the content of rigid sequences, should play a signifi-
cant role in affecting the properties of these liquid
crystalline copolymers.

Observation by polarized light microscopy

Figure 8 shows the typical polarized-light microscope
morphologies obtained after the PEIK(D-F) samples
were sheared on the slide at a temperature slightly
below the liquid crystalline transition temperature. It
is evident that typical banded textures, the character-
istic of main chain nematic liquid crystalline poly-
mers,'* can be observed in PEIK(D-F), of which the
bands are perpendicular to the shearing direction.
However, samples PEIK(A-C) display no orientation
or characteristic texture of nematic mesophase.

From the analyses in the previous sections, it can
be confirmed that the HBA content strongly affects
the liquid crystalline birefringence. Samples PEIK(A-
C) do not show any nematic mesophase, whereas

samples PEIK(D-F) with higher HBA content exhibit
clear banded nematic textures. It is well known that
the length of aliphatic spacer and the mesogenic
character of the rigid unit affect considerably the
mesophase morphology of the semiflexible liquid
crystalline polymers.'>'® As an important mesogenic
unit, the HBA monomer content in the copolymers
determines the length of rigid mesogenic units with
fixed fraction of spacers. When the HBA content is
less than 33 mol %, the soft sequences are in domi-
nance, resulting in the shorter length of rigid-rod
mesogen. With the increase of HBA molar fraction,
the fraction of rigid sequences is enhanced as identi-
fied by the NMR results, and the length of rigid
mesogenic units increases.

Upon stepwise increasing the temperature, the
transition processes from the solid to the nematic
and then to the isotropic state could be clearly
observed. Figure 9(a) shows a distinct nematic
threaded texture of sample PEIK(F) at 330°C upon
first heating. The clear-cut threaded texture and
banded texture sheared in the molten state are direct
evidence for the existence of nematic mesophase
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40 /.&<
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4 /. -/.
0- -4-( » v/ v
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Calculated HBA molar fraction (%)
Figure 7 Plot of HBA molar fractions against the molar
fractions of four sequences calculated from the integration
of NMR spectra.

Journal of Applied Polymer Science DOI 10.1002/app



3190

33 40 50

Figure 8 Polarizing microscope photographs of PEIK(D-
F) with different HBA molar fraction at sheared state
(x500). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

upon heating. But this threaded texture could not be
found again upon subsequent cooling after heating
the specimen over the isotropic transition tempera-
ture, indicating that the PEIK(F) copolymer does not
belong to the common monotropic liquid crystalline
polymer.'” When the temperature was raised to
360°C, it was observed that the birefringence of the
polymers completely disappeared. However, with
the increase of temperature, birefringence was pres-
ent again and not observed until the sample neared
to decompose as shown in Figure 9(b). Then, the lig-
uid crystalline polymer entered the isotropic state.
Usually, the main chain liquid crystalline polymers
with distinct banded nematic texture would be proc-
essed in relative ease to form fibers, and we do find
samples PEIK(D-F) possessing excellent fiber form-
ing ability. It is our belief that these poly(ester imide
ketone)s should be the suitable polymers of high
performance fiber and fiber modification materials.

Wide-angle X-ray diffraction

Figure 10 shows the wide-angle X-ray diffraction
(WAXD) patterns of powder samples of PEIKs as
synthesized. There are at least two reflections at low
angles (20 < 12°) for PEIKs(A—C), which should cor-
respond to the first- and second-order reflections of
a layer spacing in the ordered structures. At higher
angles (20 > 12°), there are three distinct reflections
which should be associated with the lateral packing
order, as suggested by Kricheldorf and coworkers.*’

Figure 9 Polarized microscope photograths of melting
process of PEIK(F) (x500). (a) nematic threaded texture
formed at 330°C; (b) birefringence formed at 400°C. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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As the imide groups are highly polar, the disper-
sion of the alkane phase in their molecules is, of
course, energetically highly unfavorable. This allows
the interpretation of a phase separation on the nano-
meter level.'® From this point of view, it is clear that
the reflections at low angles are associated with the
layer structures packed by the spacer units, and
those reflections at higher angles should be associ-
ated with the ordered structures packed by rigid
mesogenic units. With the increase of HBA content,
the proportion of flexible spacers in PEIKs is slowly
decreased. This well agrees with the explanation that
the increase in the length of rigid mesogenic units
hampers the packing of alkane spacers in the layers
in respond to the gradual diminishment of intensity
for the small angle reflections, indicating the disap-
pearance of layer structure in PEIK(D-F) as shown
in Figure 10.

Decline in the crystallinity is found with increas-
ing the HBA content and rigid sequences. This trend
is also generally found in the semiflexible liquid
crystalline polymers with the increased length of
rigid mesogenic units, suggesting that the mobility
of mesogen strongly influences the process of crys-
tallization.*

DSC measurements

All the as-synthesized PEIKs powders were sub-
jected to DSC measurement at a heating and cooling
rate of 20°C/min in the range of 40-300°C, as shown
in Figure 11.

In the DSC traces, the nematic-to-isotropic transi-
tion temperature (T;) seems not detectable, but it can
be clearly observed by polarized light microscopy.
The glass transition temperatures (T,) can be ob-
served in the second heating runs. The T, and T,

Intensity
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X X =
Mmoo I

2Theta (deg.)

Figure 10 WAXD patterns of as-synthesized PEIKs.
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Figure 11 DSC measurements of PEIKs with heating and cooling rate of 20°C/min. (a) first heating; (b) cooling; (c)

second heating.

values taken from the first and second heating scans
are listed in Table IV.

In the cooling curves [Fig. 11(b)], samples with
lower HBA content, PEIK(A-C), exhibit one exother-
mic peak of crystallization, and it becomes broader
upon increasing the HBA content in the molecules.
Moreover, the transition temperature of crystalline
peak also decreases. Whereas those with higher
HBA content, PEIK(D-F) exhibit no exothermic peak,
indicating that high HBA content and molar fraction
of rigid sequences does not favor the crystallization
but facilitate the formation of mesogenic phase.

Comparing the first heating curves [Fig. 11(a)]
with the second one [Fig. 11(b)], for PEIK(A-C), an
apparent decrease of the first endothermic peak fol-
lowing the growth of the second endothermic peak
is clearly observed. However, for PEIK(D-F), which
have higher HBA content in the molecules, this
change is more reluctant to happen and also the sec-
ond endotherm gradually disappears. With the ob-
servation of the exothermic changes upon cooling,
this reorganization process can be explained as that,
a new ordered phase after the melting of the origin

ordered phase, which is able to grow up during
cooling, is formed. And, as the HBA content in the
molecules is increased, the reorganization process is
hindered and the growth of the new ordered phase
becomes more difficult. This speculation also can be
supported by the WAXD experiment. The reflections
at low angle of 3°-12°, for sample PEIK (D-F), can-
not be observed, which are reversely more apparent
for PEIK(A-C). Because the reorganization process
leads to the formation of a new order phase, which
consequently causes the second endotherm for
PEIK(A-C), it is reasonable to consider those low
angle reflections actually referred to the existence of
the new ordered phase mentioned above. Therefore,
the WAXD patterns of PEIK(A-C) are considered to
be attributed to the coexistence of two different or-
dered phases, which gives the observed two endo-
thermic transitions during both heating in DSC
experiments.

For most poly(ester imide)s with liquid crystalline
characters, these two endothermic transitions are be-
lieved to be indicative of the transition from the solid
state to the smectic phase or nematic phase, and to the

TABLE IV
Transition Temperatures of PEIKs with Different Heating Procedures
HBA molar T, T,1 T,2 T3 T,
Procedure fraction (mol %) cc)? °C) °O) °C) Co)P
1st heating 0 - 256.0 278.9 - -
10 - 252.0 270.3 - -
20 - 249.1 - - -
33 - 223.8 245.9 262.3 310-320
40 - 219.8 240.9 - 355-365
50 - 211.1 227.7 - 400-410
2nd heating 0 112.3 252.2 279.0 - -
10 118.3 249.6 268.6 - -
20 119.2 246.6 261.9 - -
33 119.4 242.8 258.3 - -
40 118.6 237.5 - - -
50 114.7 211.0 - - -

* T, is only detectable in the second heating curves.
" T} is observed by polarized light microscope.
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TABLE V
Dependence of TGA Data on HBA Molar Fraction
PEIKs (HBA mol %) A(0) B(10) C(20) D(33) E@40) F(50)
Temperature (°C) (weight loss 5%) 408.1 4148 4125 4255 4331 4352
Temperature (°C) (max decomposed rate) 474.7 4755 4765 488.6 4842 4947

Percentage (%) (residual mass)

1.07 2.64 2.65

1.87 0.63 1.27

isotropic phase, respectively. Nevertheless, in an ear-
lier report of Chi et al.,'* a model was proposed to illus-
trate that the two endothermic transitions of the similar
PEIKs could be referred to the transitions from the
three-dimensional solid state to the two-dimensional
smectic transient phase and the two-dimensional
phase to the one dimensional nematic liquid crystalline
phase, respectively. In this experiment, this model fits
quite well for samples PEIK(D-F), but is not adequate
for the transitional behaviors for samples PEIK(A-C)
with no mesophase transition in melting. The details of
phase transitions for samples PEIKs(A-C) still need
further study.

It is well known that the length of aliphatic spacer
unit and mesogenic character of rigid unit affects the
stability of mesophase in the semiflexible liquid crys-
talline polymers.' Although the methylene units in
the semiflexible liquid crystalline polymers would
participate in the ordering of a mesophase, their
thermodynamic contributions are known to be lower
than those of mesogenic units. As a result, the lower
the fraction of the methylene spacer in the copoly-
mers such as PEIK(D-F), the higher the mesophase
to isotropic phase transition temperature as identi-
fied by polarized light microscopy. It is evident that
the decline of crystallization temperature exhibits an
apparent alleviation for PEIK(D) and the crystalliza-
tion peak begin to obscure in the curve and last van-
ish for PEIK(F).

The glass transition temperatures T, of the PEIK
samples can be determined with care from the sec-
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Figure 12 TGA curves of polymers with different molar
fractions of HBA.
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ond heating curves of DSC measurements, as shown
in Figure 11(c). It may be found that the T, transition
increases by adding HBA units into the polymers,
but slightly drops down for samples with high
molar fraction of HBA, indicating that the enhance-
ment of molecular chains’ rigidity lowers their mo-
bility, but increases the fraction of amorphous sec-
tion as identified by WAXD.

In respect that a “‘step-feeding’”” polycondensation
method was adopted in this experiment, PEIKs with
controlled sequence structures would be acquired.
The above thermal analysis results suggest that
copolymers with designed chain composition and
sequence structures can be obtained, which provides
an useful means for studying the relationship of
sequence structure and properties of PEIK polymers.

TGA measurement

The thermal stability of the PEIK samples was eval-
uated by TGA, which was performed in air at a
heating rate of 20°C/min. The TGA curves of the
copolymers with different HBA molar fractions are
shown in Figure 12. The decomposition temperature
for 5% weight loss, which indicates the onset of
significant thermal degradation of polymers, ranges
from 408°C to 435°C. Relative data is shown in
Table V. By and large, the decomposition tempera-
ture for 5% weight loss and the decomposition tem-
perature for maximum decomposed rate gradually
rise with the increase of HBA molar fraction. As the
rigid sequences are mainly consisted of benzoic
“rigid”" building block, their thermal stability is so
fine that they do not decompose at high tempera-
ture. However, those soft sequences are consisted of
both benzoic “rigid”” and methylene ““soft” building
blocks, and become the weak segments which often
lead to the first breakage of the molecular chain.
From the residual mass of the TGA experiments, all
the PEIK samples are almost decomposed com-
pletely, suggesting that the copolymers synthesized
in this study contain no, if any, prolonged rigid ben-
zoic blocks in the chain sequence structure.

CONCLUSIONS

A series of PEIKs with various HBA molar fraction
were synthesized by a “step- feeding” polycondensa-
tion method. It was verified by the NMR studies that
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the HBA and other monomeric unit ratios in the
PEIKs are very close to the ratios of the monomers
added into the polycondensation systems. The
sequence ratios of I-H, H-D, and H-H increase with
increasing the HBA content, while that of I-D
decrease. The sequence ratios of H-H detected are
always very small when compared with others, indi-
cating that monomer HBA is difficult to self-polymer-
ize in the polycondensation conditions. With this
“step-feeding’”” method, poly(ester imide ketone)s with
controlled chain composition and sequence structures
as well as designed properties can be acquired, and it
will be helpful for detailed investigation of the rela-
tionship of sequence structure and properties of PEIK
polymers.

Some of the PEIK samples synthesized in this
work exhibit typical characteristics of nematic main
chain liquid crystalline polymers. Significant banded
textures and threaded texture can be observed in the
sheared state and molten state, respectively for
PEIK(D-F) samples with higher HBA content. This
may be due to the changes in the length of rigid
mesogenic units in PEIKs. Additionally, it is found
that samples PEIK(D-F) possess good thermal stabil-
ity, moderate melting temperature, and excellent
fiber-forming ability, which make these polymers to
be suitable polymers as high performance fiber and
fiber modification materials.
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