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EFFICIENT THERMAL CONVERSION OF POLYYNE-TYPE
CONJUGATED POLYMERS TO NANO-STRUCTURED POROUS
CARBON MATERIALS

M. Kz'jz'ma*, D. Fujiya, T. Oda and M. Ito

Institute of Materials Science, Graduate School of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba,
Ibaraki 305-8573, Japan

Some aromatic based conjugated polymers having carbon—carbon triple bonds moiety were synthesized and carbonized. The poly-
mers were efficiently carbonized by heating up to 900°C under an argon atmosphere, affording porous carbons in high yields. The
polymer characteristics were appropriate to form nano-structured carbons in the pyrolytic carbonization process. The carbon mate-
rials were consisted of 2—4 nm sized graphitic crystallites and had slit-shaped micropores with ca. 0.7 nm pore width. Structural de-

fects in the pre-carbon materials caused generation of mesopores with ca. 4 nm pore width after carbonization.
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Introduction

Recently, various nanocarbons classified into nano-
sized carbons and nano-structured carbons [1] have
been developed since findings of fullerenes and car-
bon nanotubes. For instance, micro to nano-structured
carbon-electrodes for lithium ion battery, electrical
double layer capacitor, and fuel cells are very useful
materials to answer recent demands for efficient
storages and conversions of energy, because regula-
tion of micro to nano-structures in materials is signifi-
cant to bring out essential functions of material. How-
ever, a lot of effort is necessary for practical mass-
production of nano-sized carbons. In addition, sys-
tematic preparation methods for nano-structured car-
bons have little been developed. Conventional pyro-
lytic conversion of polymeric materials to carbon has
the merit of preparing carbon materials in an appro-
priate form in a large mass with simple procedures.
Some approaches for synthesis of porous carbons by
means of the pyrolytic process have been attempted
[2-7]. In general, in order to bring about nano-struc-
tures in carbon materials by the pyrolytic carboniza-
tion method by design, the polymers having rigid
skeletons must be efficiently converted to carbon in a
simple mechanism as illustrated in Fig. 1. The poly-
mer materials must uniformly undergo selective elim-
ination or shrinkage, and must have rigid character so
as not to be closed the pore spaces during the carbon-
ization process by softening or melting. If unexpected
reactions occur during the process, the porosity will
fall into disorder.
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Some aromatic based mt-conjugated polymers such
as poly(p-phenylene) PpP, [8] poly(p-phenylenevinyl-
ene) PpPV, [9] and poly(m-phenylenebutadiynylene)
PmPB [10-12], have been recognized as a good pre-
cursor for graphitic carbon materials by pyrolytic car-
bonization. They all have rigid character with high car-
bon content over 94%, which seems to be appropriate
for the starting material in the thermolytic nano-structur-
ing process. The pyrolyzed PpP at 700°C have kept the
mesoporosity of PpP but the porosity was low [13],
while PpPV was inappropriate to form porous carbons.
Recently, we have reinvestigated the carbonization pro-
cess of poly(phenylenebutadiyne)s PPBs, finding that
the microporous carbonaceous material was produced
in high yield (ca. 90%) only by heating up from room
temperature to 900°C under an argon atmosphere [14].
Thus the conjugated polymers having carbon-carbon tri-
ple bonds moiety are thought to be a potential starting
polymer for preparation of nano-structured porous car-
bons. In this paper, carbonization reactions of some
polyyne-type conjugated polymers are investigated fo-
cusing on the process of pore formation under the
pyrolytic conditions, and nano-structures of the carbon-
ized materials are characterized.

Experimental

Materials and preparations

PPBs (PmPB, PpPB) were prepared by oxidative con-
densation of corresponding diethynylbenzene (m-, or p-)
in the presence of CuCl and N, N ,N’,N’-tetramethy]I-
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Fig. 1 Image for formation of nano-structures in thermolytic carbonization of polymer materials

ethylenediamine in tetrahydrofuran according to the
procedure by Hay [10]. Poly(p-phenyleneoctatetrayny-
lene) PpPO was prepared by similar procedures [15].
Purification of polymer was carried out by precipita-
tion and washing from MeOH solutions containing
aq. HCl, and aq. NH3, respectively, as described in the
previous paper [14] The polymer was dried under
vacuum. Diethynylbenzenes (p- and m-) were pur-
chased from Tokyo Kasei Co. Ltd. Poly(phenylene-
ethynylene)s PPEs were prepared from corresponding
dibromobenzene (p-, or m-) and diethynylbenzene (p-
or m-) by Sonogashira coupling using a Pd-Cu cata-
lyst in triethylamine [16]. Solvents were purified by
usual manners and other chemicals used in this work
are in reagent grade.

The polymer in a form of powder or disk-like
pellet (=13 mm) prepared under a pressure of 4 MPa
was carbonized in a quartz tube by heat treatment
with a constant heating rate from room temperature to
900°C under an argon atmosphere with a furnace,
EKRO-12K (Isuzu). The typical procedure of carbon-
ization was as follows; a polymer disk-pellet sample
(30~60 mg) was heated up from room temperature to
300°C at a heating rate of 1°C min' and from 300 to
900°C at a rate of 10°C min!, which was allowed to
cool down to room temperature after reaching 900°C.

Measurements

Thermal analyses were carried out by an Extra 6000
TG/DTA (Seiko) using a sample (3~5 mg) in a form
of powder at a heating rate of 10°C min' under an ar-
gon atmosphere. The powder XRD spectra were mea-
sured with a Rint 2100 (Rigaku) with Cu-K,
(1.6418 A) radiation. Scanning and transmission
electron microscope (SEM and TEM) images were
acquired with a JSM-5610 and a JEM-2010F (Jeol),
respectively. The pore structure of the sample was
characterized with N, adsorption isotherm at 77 K by
using a SA3100 (Coltar).
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Results and discussion

General properties of polyyne-type conjugated
polymers

The chemical structures of polyyne-type conjugated
polymers investigated in this paper are summarized in
Fig. 2. PPBs (PpPB and PmPB) were prepared from cor-
responding diethynylbenzene by Hay method, whose
end group was ethynyl (—C=C-H), which was con-
firmend by IR. Molecular terminal of poly(p-phenylene-
octatetraynylene) PpPO similarly prepared was basi-
cally butadiynyl (—C=C-C=C-H) but the protective
triethylsilyl residue remains a little. In the cases of
poly(phenyleneethynylene)s ~ PPEs,  considerable
amount of bromide was remained as the terminal resi-
due, which was confirmed by elemental analysis. A ran-
dom copolymer consisting of p-phenyleneethynylene
and m-phenyleneethynylene moieties abbreviated as
PpmPE was prepared from p-diethynylbenzene and
m-dibromobenzene.  Poly(2,5-pyridinediylethynediyl)
abbreviated as P,sPyE was similarly synthesized from
2,5-diethynylpyridine and 2,5-dibromopyridine. These
polymers have general characters of rigid molecules
consisting of strong bonds and almost insoluble in
common organic solvents. Powder X-ray diffraction
spectra of these polymers suggest they are crystalline
to some extent with chain distances between
0.35-0.50 nm. In order to confirm the

H PpPE
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PpPO PysPyE

Fig. 2 Chemical structures of polyyne-type conjugated polymers
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Table 1 Comparison of bond dissociation energies between sp*-C—X bonds and sp-, sp*-C—X bonds in typical organic molecules®

sp*-C—X bonds

sp-, sp>-C—X bonds

The broken bonds BDEs/kJ mol™ The broken bonds BDEs/kJ mol™
CH;-H 439 CeHs—H 472
HC=C-H 557
CH;—CH; 377 H,Ce «CH;, 728
HC=CH 960
CHs-Br 294 CeHs—Br 336

“Boldface means the dissociated part of molecule. BDEs data are quoted from a book [17]

thermochemical stability of the conjugated polymers,
typical bond dissociation energies (BDEs) [17] are
compared in Table 1. Wide-used polymeric materials
are mainly consisting of sp’-hybrid C—X bonds, while
conjugated polymers are consisting of only sp- or
spz—CfX bonds, where X means C, H, and other at-
oms. The sp- or sp”-C based multiple bonds are appar-
ently stronger than the sp*-C based single bond. BDEs
of m-conjugated linkages in an alternate bond system
are within those of the multiple bonds and the single
bonds, which is dependent on degree of conjugation
in the molecule. Thus, it is considered that, intrinsi-
cally the polyyne-type conjugated polymers have a
good thermal stability.

Investigations of carbonization process

Typical curves of thermogravimetry/differential ther-
mal analysis (TG/DTA) for polyyne-type conjugated
polymers are shown in Fig. 3. From TG results, the
mass loss at 900°C for PmPB was within 10%, but the
loss for PpPO and PpPE were above 20%. DTA re-
sults show that PmPB has a sharp exothermic peak
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Fig. 3 TG/DTA curves of — — PmPB, - - - — PpPO,

—-—-—PpPE
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around 200°C, which is characteristic of PPBs. The
shape and the peak temperature of the exothermic re-
action depend on chemical structures of PPBs
[14, 18]. PpPO has a similar exothermic peak, while
PpPE shows only mild heat flows.

At first, it is focused on initial thermal reaction
around the exothermic peak (<ca. 300°C). It has been
well-known that some polyacetylenic compounds
(R—(C=C),—R) undergo topochemical polymeriza-
tion, when the acetylenic compounds (#>2) take ap-
propriate configuration in a solid-state [19]. Thus,
PPBs and PpPO in the solid-state undergo the similar
reaction around the exothermic peak, affording a
cross-linked polymer. However, the absolute values
of heat of reaction (AH.y,) per molar acetylene unit
for PPBs and PpPO are almost identical to 30 kJ
smaller than those for the topochemical process. The
AH.,, can be estimated by subtracting BDE of C=C to
C=C from total bond energies newly formed by the
cross-linking reaction, thus degree of cross-linking
reaction affects AH.y,. This result suggests that the
cross-linking reaction partially occurs between poly-
mer chains. The incomplete reaction is confirmed by
previous investigations [ 14]. Contrary to the cases for
PPBs and PpPO, PpPE undergoes mild cross-linking
reaction around 200-300°C. From these results, it is
found that all polyyne-type polymers partially
cross-link utilizing the carbon-carbon triple bond moi-
ety at low temperature region until 300°C in the heat-
ing process, affording a polymer network. Since the
polymer network is only consisting of sp- and sp*-car-
bon linkages, thermal stability of the material retains.

Next step of the carbonization reaction occurs in
the range of 300—600°C. Slight increase of mass in the
range of 200—-400°C for PmPB is due to oxidation of the
sample by residual oxygen in the analyzer, which means
that the cross-linked polymer network material becomes
extremely sensitive to O,. On the other hand, consider-
able mass loss was observed for PpPO and PpPE, which
is mainly due to elimination of molecular terminal resi-
dues. In this stage, fine carbon network consisting of
sp’-carbons with phenylene cores is formed by succes-
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sive elimination of unstable
aromatization, and recombination.

The last step of the carbonization occurs above
600°C. Slight decrease of mass in this region is due to
elimination of hydrogen. Condensation of aromatic
components and construction of graphitic crystallites
take place during the last heating process until 900°C.
The high-yield carbonization behavior of these poly-
mers is ascribed to formation of the thermal stable in-
termediates of the cross-linked polymer network and
successive carbon network.

Graphitic crystallites of the carbonized samples
were confirmed by tunneling electron microscopy
(TEM). Dimensions of the crystallite domain perpendic-
ular (L) and parallel (L,) to the basal plane and graphitic
interlayer spacing dyy, are estimated from the XRD
spectra of the carbonized samples (Table 2). The L val-
ues are estimated from the (002) and (110) diffraction
peaks in the XRD spectra according to the Scherrer
equation (L=kA/BcosO), where £ is the form factor (1.84
for L. and 0.94 for L,), A is the X-ray wavelength, B is
the peak width at half maximum in radians, and 0 is the
peak Bragg’s angle [20]. It is noteworthy that dimen-
sions of graphitic crystallites and dy, values are almost
same in all cases, and d, is considerably wide by com-
parison with those for usual graphitic carbons.

organic residues,

Generation of porosity

In order to investigate the generation process of po-
rosity, surface analysis of carbonized samples was
carried out by N, adsorption method. Adsorption iso-

200 T T T T T T T T T

——900°C
~ ——600°C
—8—500°C
—0—400°C
—4—300°C

V,/mL g {(STP)

P/P,

Fig. 4 N, adsorption isotherms of the heat-treated PmPB samples
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therms of the PmPB disk-pellet samples heat-treated
at 300, 400, 500, 600, and 900°C are shown in Fig. 4.
Increase of adsorbed volume (V) at low relative
pressure (P/Py) is due to monolayer adsorption and
micropore filling of N,, while those at higher P/P,
(>ca. 0.5) are due to multilayer adsorption of meso- to
macropores accompanying capillary condensation.
The isotherm of PmPB heat-treated up to 300°C
is classified as type III, suggesting the material is es-
sentially non-porous [21]. The isotherms above 500°C
belong to type I but include type IV character, because
a gradual increase of V4 in high P/P, region and an
adsorption-desorption hysteresis are observed, which
suggests that materials are microporous but have
mesopores in some degree. Adsorbed volume is in-
creased as higher heat-treated temperature. These re-
sults suggest that 1) the cross-linked polymer network
material has a basis of meso- to macropore structures,
2) formation process of the carbon network brings
about basis of microporous structure, and 3) construc-
tion of graphitic crystallites promotes the porosity.

Furthermore, correlations of mass decrease, vol-
ume contraction, and changes of specific surface area by
Brunauer—-Emmett-Teller (BET) method (Sger) with
heat-treated temperatures of the PmPB pellet sample are
summarized in Fig. 5. Changes of the parameters can be
related to the three steps in the thermolytic carboniza-
tion reaction of PPBs, which elucidates generation pro-
cess of porosity as illustrated in Fig. 6.

In the first step of the thermolytic carbonization,
exothermic cross-linking reaction of the conjugated
polymers is occurred at the C=C bond moiety. The
starting polymers with uniform structures of alternate
phenylene and C=C bond have a good crystallinity
showing close packing of rigid polymer chains
(0.35-0.50 nm), which undergoes topochemical-like
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Fig. 5 o — Mass, 0 — volume, ® — and Sggr changes of the
heat-treated PmPB samples
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Microporous carbon

Carbon network
. (Crystallite formation)
(Appearance of porosity)

Fig. 6 Schematic formation process of microporous carbon
from conjugated polymers having carbon—carbon triple
bonds under heating up conditions

partial 1,4- and 1,2-additions, forming the amorphous
cross-linked polymer network material. This reaction
proceeds without mass loss but accompanying consi-
derable contraction of volume.

In the second step, the fine carbon network is
formed. Elimination of unstable organic residues, re-
combinations, aromatization, and aggregation are oc-
curred at around each phenylene moiety homoge-
neously dispersed in the material. This step accompa-
nies mass loss but little volume contraction. Accumu-
lation of the phenylene moieties causes generation of
inner space but the rigid network frame almost keeps
the volume of the material, where basis of micro-
porous structure is determined.

In the last step of the carbonization, hydrogen
elimination from aromatic moieties and constructions
of graphitic crystallites are occurred. The large con-
traction of volume is due to formation of crystallites.
The gap space between each crystallites corresponds
to slit-type micropores of carbon materials. Further
heat-treatment of the samples above 1000°C gives
rise to decrease of the porosity because of develop-
ment of crystallites at high temperature, although the

carbonized materials from the polymers have hard
characters.

Pore structures of carbonized materials

Surface characterization data of some carbonized
polymers pyrolized at 900°C are summarized in Ta-
ble 2 together with crystallographic parameters. Po-
rosity of samples largely depends on pretreatment
manners, forms of sample, kinds of polymers, heating
conditions and so on. There was no significant differ-
ence of porosity (Sggr, micropore volume (Vimicro),
micropore width (w) and mesopore volume (Ves0))
and crystallographic parameters between the carbon-
ized samples prepared from PpPB and PmPB under
same conditions. The porosity develops to some ex-
tent, when the sample anneals at 900°C. Exception-
ally, the low Sggr for PpmPE is ascribed to softening
(or partial melting) during the carbonization process.

The characterization of micropores was carried
out by o plot method [22] and the typical plots are
shown in Fig. 7. The w of the carbonized materials es-
timated by the subtracting pore effect (SPE) method is
about 0.7 nm. The w for PPEs seems to be smaller
than those for PPBs.

Carbonized samples prepared from pellet or pow-
der usually have mesopores to some extent in addition
to micropores. The analysis of mesopores is carried out
by Dollimore-Heal (DH) method [23]. Distribution
curves of mesopore sizes for some carbonized samples
suggest that pore radius (R,) is similar to be about 2 nm
(Fig. 8). It is thought that some structural defects in the
polymer network or the carbon network develop to
mesoporous spacings during the carbonization process.
The pore width (about 4 nm) is similar to the sizes of
graphitic crystallites. The defects might be induced by
disordering of polymer chains, elimination of a leaving
group during the carbonization, and so on. A reason for
high ratio of Vieso/ Viota for PPEs is that PPEs have bro-
mide residues (about 10 mass %) in the molecular termi-
nal. In fact, the removal of bromine from PPEs brings
about decrease the mesoporosity. In contrast, introduc-
tion of eliminating moieties into the polymer material
must increase the mesoporosity. PPyEs whose typical

Table 2 Carbonization results, structural parameters and surface analysis data

Polymer Form® Yield/% VC‘:)“‘/% L/nm L/nm  dyp/nm SBET/m2 g’1 Vimiero/mL g’1 w/nm Vmeso/mL g’l
PpPB P 90° 18° 3.53°  2.94° 0.39¢ 1019¢ 0.360° 0.69° 0.202°
PmPB P 92 28 241 2.65 0.40 470 0.169 0.70 0.057

P 70° - - - 1180° 0.395° 0.70° 0.112°

F 89 21 2.16 2.36 0.38 529 0.219 0.71 0
PpPE P 78 15 2.65 2.35 0.40 623 0.222 0.54 0.290
PpmPE P 82 24 2.44 2.40 0.41 71 0.028 0.67 0.015

“Form of samples, P — pellet, F — film; *Volume contraction; “Data of sample annealed at 900°C for 3 h

J. Therm. Anal. Cal., 81, 2005
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Fig. 8 DH plots for carbonized samples from ® — PmPB pow-
der, © — PmPB pellet, and m — PpPE pellet

example is shown in Fig. 2 are converted to mesoporous
carbons accompanying eliminations of terminal bromide
and nitrogen through the carbonization process. For exam-
ple, the carbonized P,sPyE has Sggpr =422 m? g’l, Vinicro™=
0.138 mL g ', and Vipe= 0.395 mL g ', respectively.

Conclusions

In conclusions, the conjugated polymers having car-
bon—carbon triple bond moieties were good precur-
sory materials for nano-structured carbons. The poly-
mers were carbonized in high yields by the simple
heating up process from room temperature to 900°C
under anaerobic conditions. During the carbonization
process, rigid polymer materials effectively changed
to the cross-linked polymer network below around
300°C, which successively converted to the carbon
network materials in the next heating process until
around 500°C. In the final step of the carbonization
process, the nano-sized graphitic crystallites were se-
lectively formed and the slit-shaped micropores with
pore width (ca. 0.7 nm) were generated. On the other
hand, presence of defects in the intermediate materi-
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als caused formation of mesopores with pore width of
ca. 4 nm that was similar size of graphitic crystallites.
It is thought that nano-structured carbon materials can
be prepared with controlling of crystallite sizes and
pore structures by design and further investigations of
the thermolytic carbonization method.
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