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Thermal behavior and supramolecular structure
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Abstract

Crystallinity parameters and changes in the crystalline morphology with temperature of an electri-
cally conductive composite containing ultrahigh molecular mass polyethylene (UHMMPE) and
polyaniline (PANI) doped with dodecylbenzenesulfonic acid (DBSA) are studied for the first time
by using differential scanning calorimetry and wide-angle X-ray diffraction. It is found that during
the melting of UHMMPE crystals PANI partially penetrates in the amorphous phase of the matrix
polymer. Since the composite is found to be thermally stable up to ca. 270°C, it can be suggested
that it would be processable without loosing conductivity at temperatures much higher than the
melting temperature of UHMMPE.

Keywords: composite, crystallinity parameters, DSC, polyaniline, thermal stability, ultrahigh mo -
lecular mass polyethylene

Introduction

In the field of conductive polymers, polyaniline (PANI), in both doped and undoped
state, has shown potential for large scale application due to its simple synthesis, good
environmental stability and adequate levels of electrical conductivity [1, 2]. The com-
mercial application of PANI, however, has been limited by its poor processability due
to the rigid-rod macromolecular chains. Recent research on conducting PANI has tar-
geted improving the flexibility and hence processability. Several methods have been
developed to improve the processability by a postprocessing step, such as reproto-
nation of emeraldine base with a second protonic acid [3, 4] and functionalization of
PANI emeraldine base [5, 6]. Efforts have also been focused on the use of surfactant to
aid in processing of PANI derivatives [7, 8]. The replacement of inorganic acids, tradi-
tionally used in the doping process of PANI, by functionalized organic acids makes the
polymer soluble in a series of organic solvents and enables the manufacture of con-
ducting polymeric blends [9]. The use of, for example, dodecylbenzenesulfonic acid
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(DBSA) as a surfactant and a counter-anion [9—11] allowed PANI to be blended homo-
geneously in a matrix of thermoplastic polymers. The long alkyl chains of the
dodecylbenzene functional group act to make PANI compatible with bulk polymers
with similar molecular structures (e.g. polyolefins) [9, 12, 13].

On the other hand, ultrahigh molecular mass polyethylene (UHMMPE) has
unique and unmatchable physical and mechanical properties. UHMMPE has been re-
garded as an intractable polymer for which conventional melt processing is not possi-
ble. In addition, static charging in the UHMMPE products hampers its application. In-
stead, application of UHMMPE typically involves processing routes which strongly
rely on full recovery of interfaces. UHMMPE has been the material of choice for use as
a bearing material in total joint replacements for some time. The long relaxation time of
UHMMPE chains provide a structural foundation for superior toughness and resistance
to creep and wear [14].

Blends of UHMMPE and PANI have a great technological potential due to the re-
markable properties of both polymers. It was shown previously [15] that composites of
UHMMPE and PANI doped with DBSA (UHMMPE/PANI'DBSA) are conductive
(~10°-10"*S cm™") at a content of PANI as low as 1 mass% and could be processed by
the specific for UHMMPE techniques, such as hot pressing and powder sintering [16].

Valenciano et al. [17] deal with polymer blends of PANI protonated with
camphorsulfonic acid and UHMMPE prepared by using the ‘solution’ method from a
m-cresol/decaline mixture. According to the authors, besides the solubilization of the
two polymers, the solvent mixture also promotes specific interactions that lead to im-
provement in solubility and conductivity of the blend.

In another study, films of UHMMPE-PANI composite [ 18] have also been prepared
in solution. It was found that an unusual interpenetrating network morphology is formed
in the blend systems. Besides, it is well known that thermal analysis methods are very
useful in studying PANI and its blends with conventional polymers (e.g. [19-22]).

In this paper, the changes of the crystalline morphology of UHMMPE with tem-
perature and on adding PANI-DBSA complex are investigated. It was focused on the
characterization of the supramolecular structure of UHMMPE/PANI-DBSA compos-
ite. Experiments were carried out for both the net powdered UHMMPE and compos-
ite including 5 mass% of PANI by using differential scanning calorimetry (DSC) and
wide-angle X-ray diffraction (WAXD).

To the best of our knowledge, for the first time supramolecular structure and
crystallinity parameters of such a composite were analyzed.

Experimental

Preparation of PANI-DBSA complex

Powdered PANI'DBSA complex was prepared by oxidative polymerization of ani-
line (ANI) (Fluka, reagent-grade) in presence of DBSA (Tokyo Kasei) in aqueous
medium, using ammonium peroxydisulfate (APDS) (Fluka) as an oxidant, following
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the procedure described previously [23]. DBSA is in two-fold excess according to its
ratio in PANI'DBSA complex (1 basic mol ANI to 0.5 mol DBSA).

Preparation of UHMMPE/PANI-DBSA composite

The UHMMPE/PANI'-DBSA composite was prepared in situ by adding equimolar
amounts of DBSA, ANI and APDS into powdered UHMMPE (’Neftochim’, Bul-
garia, molar mass 5 10% followed by bulk polymerization of ANI at 2-5°C for 4 h
and subsequent vacuum drying at 50°C. The content of the net PANI in the compos-
ite is 5% by the mass of UHMMPE/PANI blend.

DSC

Thermal studies of UHMMPE, PANI'DBSA complex and their composite were per-
formed on a Perkin Elmer DSC 7 differential scanning calorimeter using argon as a
purge gas. The mass of the samples was ca. 6 mg. The instrument was calibrated with
an indium standard for temperature and heat change. An empty aluminum pan was
used as reference. The DSC traces shown in Fig. 1 are presented as obtained (without
normalization).

Calorimetric measurements were performed in two ways: (1) starting from room
temperature, samples were directly heated up to 180°C at a constant heating rate
of 10°C min' followed by cooling with the same rate and reheating the samples under
the same conditions; (2) heating the PAN-DBSA complex and UHMMPE/PANI-DBSA
composite up to gradually rising programmed temperature (120, 150, 170, 200, 220, 250,
270, 300, 330, 350, 400 and 450°C) with a heating rate of 10°C min' and quenching af-
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Fig. 1 DSC curves of 1 —net UHMMPE, 2 - UHMMPE/PANI-DBSA composite and
3 —PANI-DBSA comlplex registered upon direct heating up to 180°C at a heat-
ing rate of 10°C min~
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ter each heating run in order to determine the experimental mass loss. It was calculated
by weighing the sample pans prior to (W;,) and after (#;) each heating run in the calori-
metric chamber according to the equation:

mass loss (%) = 7 T 100
The crystallinity degree (Xc) of the samples was calculated (based on DSC
traces) using the following formula:

X, (%)=—2H 100

100

where AH is the experimentally found heat of fusion of UHMMPE (net and in the
composite) and AH is the heat of fusion of 100% crystalline polyethylene taken to
be 289 J g ' [24].

The AH of the UHMMPE crystals in the composite was calculated by the rela-
tionship:

AH=AHoa W

where AH,y, 1s the sample enthalpy found by DSC and W is the mass fraction of
UHMMPE in the sample (74.8 mass% UHMMPE in the composite, i.e. W=0.748).

WAXD

Philips APD 15 X-ray generator was used for the WAXD experiments. The point fo-
cus beam was monochromatized to CuK, with a graphite crystal. The X-ray source
utilized a CuK,, target (/xk=1.54178 A) with generator settings of 40 kV and 30 mA.
The 20 step size for each individual data collection point was set to 0.025°.

Results and discussion

DSC traces, obtained upon the first direct heating the samples up to 180°C are pre-
sented in Fig. 1. Two groups of metastable crystallites of different size and perfection
with melting temperature (7,,) of 129 and 144°C, respectively, are found in the net
UHMMPE (curve 1) in accordance with the literature data [14, 25]. As seen in Table 1,
presenting the thermodynamical DSC data, the melting temperature of the UHMMPE
crystallites within the as-received composite with PANI'DBSA complex (curve 2) and
of the net UHMMPE is almost the same. However, the AH of UHMMPE in the com-
posite is approximately twice lower than the enthalpy of the net polymer. Thus, it can
be suggested that the smaller UHMMPE crystallites have been destroyed during in situ
polymerization of ANI, which results in a substantial drop of X of UHMMPE present
in the composite. A broad endothermic peak (curve 2) in the temperature range from
room temperature to approximately 110°C is observed and related to evaporation of
water absorbed from the hygroscopic PANI'DBSA complex.

J. Therm. Anal. Cal., 75, 2004



743

TSOCHEVA, TERLEMEZYAN: PE AND PANI

90130p Ajur|[eIsA1o — 2y ‘GJININHN Y} JO uoisng Jo jeay — f7v ordwes ayj Jo uoisnj jo jeay — 97y ‘onjeradwe) Sunjowr — 7

$'8CT €8 0011 L'¥El 43 €'€6 LyTl 0THl ansoduwio)
065 vOLT I'LET L'T9 I'181 Thrl HdININHN
%X 8 (/HV B /MHY Do/"L %X B /HV B (/®HV Do/"L
odureg
Suneay g Suneay

so[dures poA1aoaI-se Jo | urw )0 Jo el Junedy e je J,081 03 dn Suneay 10011p uodn pourelqo siojeuwered [esrureudpoutiay ], T dqe L

J. Therm. Anal. Cal., 75, 2004



744 TSOCHEVA, TERLEMEZYAN: PE AND PANI

It was shown in our previous calorimetric study [26] that PANI-DBSA complex
crystallizes during its preparation forming a variety of crystal phases (curve 3), evi-
denced by WAXD (Table 2). The large number of crystalline phases occurring in a broad
temperature region (Fig. 1, curve 3) allows determination of the total heat of fusion of the
complex (ca. 35 J g') only. However, melting peaks of PANI'DBSA complex have not
been observed for the UHMMPE/PANI'DBSA composite on its DSC heating trace
(curve 2). We suppose this is due solely to the overlapping of the melting ranges of the
constituents, since PANI'DBSA and UHMMPE cannot form mixed crystals. It is seen
from Table 1, that AH,y, is higher than AH found for the composite. Therefore, the
PANI'-DBSA complex forms its own crystals and the constituents in the composite stud-
ied are phase separated. The phase separation was confirmed by WAXD data that re-
vealed, not unexpectedly, that the diffraction patterns of the UHMMPE/PANI-DBSA
composite consisted simply of superimposed patterns of the pure components; there is no
detectable indication of cocrystallization. WAXD data, i.e. interlayer Bragg spacings d,

Table 2 Interlayer Bragg spacings d(A) estimated by WAXD

UHMMPE UHMMPE/PANI-DBSA PANI-DBSA
8.43 8.43 -
- - 7.13
- - 472
- - 434
4.10 4.10 -
- - 3.88
3.74 3.74 -
- - 3.68
- 3.43 3.43
- - 3.16
- - 3.07
2.98 2.98 -
- - 2.84
- - 2.60
2.48 2.48
- 2.42 2.42
2.28 2.28 -
2.22 2.22 -
2.18 2.17 -
2.11 2.11 -
1.94 1.94 -
1.73 1.73 -
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are shown in Table 2. It can be assumed that PANI'DBSA complex has been distributed
on the surface of UHMMPE particles resulting in an electrically conductive network.

It is well known that temperature is a very important parameter in processing of
conducting polymers, since the thermal treatment affects the oxidation state and
structure of the polymeric chains [27]. It has been suggested that temperature in-
crease results in crosslinking of the polymers [28-30] (both alone and in the blends)
and in removing of the counter anion, thus decreasing the conductivity. As men-
tioned in the Experimental, the DSC data for the mass loss of PANI-DBSA complex
and UHMMPE/PANI-DBSA composite are obtained from DSC scanning runs re-
corded at gradually rising programmed temperature with a heating rate of 10°C min™'
followed by quenching after each heating run. The curves in Fig. 2 show that the
PANI-DBSA complex, both net (curve 2) and in the UHMMPE matrix (curve 1) is
thermally stable up to approximately 270°C, only absorbed water (up to 100°C) and
free DBSA (up to 200°C) being removed. DBSA bounded electrostatically as a
counterion has been evolved at higher temperature. Therefore, it can be supposed that
the composite is processable without loosing conductivity at temperature much
higher than 77, of UHMMPE.

It is known [31] that UHMMPE is a semicrystalline polymer having very long
and entangled macromolecules able to crystallize in a wide variety of morphologies,
in which the chain dimensions differ substantially. The UHMMPE melt crystalliza-
tion results in a material of moderate crystallinity, the thickness of the crystalline
lamellae being of the order of a few hundred angstroms. It was assumed that, upon
melt crystallization, an individual chain can be incorporated into many different
lamellae and amorphous regions, due to its very high molecular mass.

Using DSC data from Table 1, the average thickness of crystalline lamellae /.
was estimated from the melting temperature of the polymer via the Thomson—Gibbs
equation [14]:

20,

I,=1,-T;

CAHIOO

where T=145.55°C is the melting point for a hypothetical crystal of infinite size for
which surface energy effects may be disregarded [25]. A value of 93-107 J cm * was
used for the fold surface energy, ., which is related to the surface energy of the crystal
end faces at which the chains fold. AH;, taken to be 289 J g*1 is equal to 289 J cm>
(since the density of the crystalline phase is 1.000 g cm™) [32, 33].

The long period, L, which means the most probable next-neighbour distance of
the lamellae, can be directly calculated from the data of /. and X¢ of the samples stud-
ied [34] using the relation /.=LX.. Then, the thickness of the amorphous phase /, is
obtained by /,=L—/. [35]. The results are presented in Table 3.

According to the estimated crystallographic parameters, models of the crystal-
line morphology of net UHMMPE and UHMMPE/PANI-DBSA composite before
and after melting and subsequent cooling (both at a rate of 10°C min ") are presented
in Fig. 3. It is seen that the original structure of UHMMPE can not be completely re-

J. Therm. Anal. Cal., 75, 2004



746 TSOCHEVA, TERLEMEZYAN: PE AND PANI

Table 3 Crystallographic parameters of UHMMPE estimated from the DSC results upon direct
heating up to 180°C at a heating rate of 10°C min" of the samples

1* heating 2" heating
[/nm L/nm l,/nm [/nm L/nm l,/nm
UHMMPE — net 69.4 110.8 414 11.1 18.9 7.8
UHMMPE - in the composite 26.4 82.0 55.6 8.6 30.4 21.8

I, — average size of the crystalline lamellae; L — long period; /, — average size of the amorphous phase

b 2 s
= = =

IS
=)

Mass loss on heating/%

~80 ] ] L 1 I
30 90 150 210 270 330 390 450

Temperature/°C

Fig. 2 Mass loss on heating up to gradually rising programmed temperature and subse-
quent quenching of 1 - UHMMPE/PANI-DBSA composite and
2 — PANI'DBSA complex vs. final heating temperature

covered after melting and relatively slow cooling. Since the crystallinity of melt
recrystallized UHMMPE is only about 5% lower (Table 1) as compared to the origi-
nal polymer it can be concluded that a large number of smaller crystals was obtained
during the recrystallization evidenced by T;, drop (Table 1) and substantial decrease
of L, [, and [, (Table 3).

The melting region and AH of UHMMPE and UHMMPE/PANI-DBSA compos-
ite were also determined during the heating up to gradually rising programmed tem-
perature and subsequent quenching after each heating run. The crystallographic pa-
rameters were estimated from the DSC results as well. The data are presented in Ta-
ble 4. The larger lamellae thickness corresponds to higher melting temperature, and
vice versa. Calculated values for /. were in the range from about 6 to about 23 nm de-
pending on T},

It should be noticed that the final temperature of 120°C reached at the first heating
is not high enough for UHMMPE melting. The polymer does not melt, but it undergoes
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Fig. 3 Scheme of morphological changes in UHMMPE as a result of in situ polymer-
ization of ANI and subsequent heating; a — net UHMMPE; b — net UHMMPE
after melt crystallization; c — UHMMPE/PANI-DBSA;

d — UHMMPE/PANI-DBSA after melt crystallization

structural changes. That is why the thermodynamical and crystallographic parameters
obtained during the first melting, i.e. upon heating up to 150°C (Table 4), differ from
those obtained upon first direct heating of as-received UHMMPE (Tables 1 and 3). L, /.
and /, calculated for the preliminary heated up to 120°C UHMMPE (both net and in the
composite) and subsequent quenching are substantially lower than those, calculated for
the as-received polymer. Tp, is lower as well. Therefore, lamellas of smaller size are
formed upon the thermal treatment. The crystallographic parameters keep changing upon
following heating up to gradually rising temperature. It is seen (Table 4) that the highest
drop in the L, /. and /, appears upon the second melting (up to 170°C). Then the crystallo-
graphic parameters decrease regularly. The coincidence of /. values for the net
UHMMPE and UHMMPE presented in the composite (Table 4) is another evidence for
the phase separation in the UHMMPE/PANI-DBSA composite. UHMMPE crystallizes
regardless of the presence of PANI'DBSA complex. The values of L and /, for
UHMMPE in the composite, however, are much higher than these for the net polymer
(Table 4). Hence, this fact shows unambiguously that PANI'DBSA complex is situated
in the amorphous phase of the UHMMPE, forming its own crystalline and amorphous re-
gions.

Xc data of the net UHMMPE given in Tables 1 and 4 are related to the as-received
samples (Table 1) and samples subjected to preliminary heating up to 120°C and sub-
sequent quenching (Table 4), respectively. As seen from Fig. 4, AH also depend sub-
stantially on the melting and crystallization conditions. It can be assumed that the crys-
talline structure of the net UHMMPE developed at higher temperature can not be fully
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Fig. 4 Heat of fusion of 1 — net UHMMPE, 2 - UHMMPE/PANI-DBSA composite and
3 — UHMMPE in the composite registered upon heating up to gradually rising
programmed temperature and subsequent quenching vs. final heating temperature

frozen by quenching. Both AH (Fig. 4, curve 1) and crystallographic parameters (Ta-
ble 4) decrease abruptly upon each subsequent heating up to about 170°C. Then, the
crystallinity and AH remain almost constant up to about 270°C but they start to grow
up upon heating up to higher temperature. We assume that thinner lamellae of
UHMMPE crystallites (7}, decreases) appeared in the amorphous region between pre-
existing thick lamellae during the quenching process. They are thermally unstable be-
ing destroyed during the following heating and melting, respectively. However, the
higher the final heating temperature, the greater the flexibility of UHMMPE macro-
molecular segments. Therefore, the mentioned above smaller crystallites appear again
upon the next fast cooling in a greater amount, resulting in increased AH at tempera-
tures higher than 270°C. It is seen that AH almost reaches its original value upon heat-
ing up to 450°C (Fig. 4, curve 1).

When UHMMPE is in composite with PANI-DBSA its crystallization behavior
is almost the same (Fig. 4, curve 3). However, a great jump in the crystallinity upon
heating at about 330°C is observed both for the UHMMPE and for the composite as a
whole (Fig. 4, curve 2). AH,q, for the composite is greater than for the matrix poly-
mer up to about 330°C. Then they are overlapping. It is another evidence that
PANI-DBSA forms its own crystals until the evolution of electrostatically bound as a
counterion DBSA (Fig. 2, curve 1). Above this temperature PANI itself can not crys-
tallize and AH,, and AH become equal.

Conclusions

It was found that during in situ preparation of PANI'DBSA complex in powdered
UHMMPE, the crystalline phase of the matrix polymer has been partially destroyed
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forming smaller crystallites. The complex has been distributed on the UHMMPE par-
ticles, resulting in an electrically conductive network. The average size of the amor-
phous regions of UHMMPE in the composite remains constant and does not change
during the second direct heating, in contrast to the net polymer. It can be supposed
that, during the melting of the UHMMPE crystals, PANI partially penetrates in the
amorphous phase of the matrix polymer due to the presence of DBSA acting as a
surfactant and compatibilizing UHMMPE and PANI molecules.

DSC results show that the composite studied is thermally stable up to approxi-
mately 270°C. Therefore, it can be supposed that UHMMPE/PANI'DBSA composite
can be processed without loosing conductivity at temperature higher than 7, of
UHMMPE.
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