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Encapsulated conducting polymers are attractive materials sinc
they may exhibit increased mechanical, thermal, and chemical
performance compared with the pure polymer. We report (i) the
first polymerization of alkynes within MCM-41, (ii) the first
polymerization of alkynes, catalyzed by zinc(ll), (iii) the filling
of the voids by polyalkynes in these mesopores, and (iv) the
characterization of the encapsulated composites.

Earlier reports in this field include the formation of polyalkynes,
polypyrrole, polyaniline, and polythiophene, and focused on
characterizatiod? For any application, a crucial issue is the
polymer content of the resulting composite. For example, to
achieve equivalent charge-storage capacity with current battery
materials, at least 25% polymer content is requiréd major
limitation to date in the use of hosts has been the low loadings
which have been achievéd.

Polyethyne is structurally the simplest conducting polymer, but
it is difficult to process. When suitably doped, it has both the
highest conductivity and the highest charge/weight storage
capability? but its air-instability makes it unsuitable for most
commercial applications. MCM-41, prepared first in 1992as
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been exchanged with nickel(ll), zinc(Il), and other transition metal
ions!*We have now prepared an aluminum MCM-41 (Si/Al 13,
pore size 3.2 nm) and introduced Ni(ll) or Zn(ll) by ion exchange
with aqueous salt solutiort8 When these mesoporous alumino-
silicates are evacuated to remove water and oxygen at'G00
(0.1 Torr, 24 h), followed by exposure to alkyne vapor at 1 atm
at various temperatures and time periods, an exothermic uptake
of reagent produced dark brown or gray proddéombustion
elemental analysis of the resulting solids shows the presence of
carbon in varying amounts (see Table 1), hydrogen values being
as expected for the polymer and traces of residual water. In many
cases, the carbon content after polymerization is about 60% of
that of the original AL/MCM-41 containing the hexadecylam-
monium template agent (carbon content ca. 40%), with the best
case being 75%. This filling by the template represents the
maximum possible packing of any embedded organic guest.
Therefore approximately three-quarters of the pore volume can
be filled with polymert”

Although some polymer is formed at low temperatures with
ethyne, heavy pore loading is achieved above UG0For com-
parison, ethyne polymerization was also attempted with AI/MCM-
41 (no Ni(ll) or Zn(l1) ions) and Ni(ll) or Zn(ll) exchanged S{D
Al,O3 (25 wt %, 200 M g%, no mesopores), but neither gave
polymerization. This shows the requirement for Ni(ll) or Zn(ll),
and the positive influence of porosity and confinement on ethyne
polymerization. Zn(lI)/MCM-41 treated with ethyne at 258G
for 24 h generated the greatest polymer occupancy. Zn(ll) ions
have been reported not to catalyze such polymerization,
furthermore their Lewis acidity (as has been suggédtednnot
be the sole factor, as many other M(ll) or M(Ill) ions when
incorporated failed to produce polymer. These data do not permit
firm conclusions on a mechanism, but the failure to correlate with
Lewis acidity, the fact that metal ions in porous media are

been extensively used as a catalyst support, because of its largeSubstantially softer than might be expectéend the observation

uniform pore-size and ordered structure. Its high pore volume
(>1 cn? g1 contrasts with that of a typical zeolite (0.4 and 0.2
cm? gt for Y and Mordenite, respectively), so MCM-41 should

of ESR signals from the polymer lead us to suggest a homopolar
or free-radical mechanism, rather than an ionic process.
These composites show electronic spectra and FT Raman

allow much higher polymer loading than conventional zeolites. Spectra characteristic of polyalkyne, although for a few solids
It has been shown already that small amounts of polyethyne good quality Raman spectra could not be obtained owing to the
or polypropyne may be synthesized within the micropores of H- strong fluorescence. Figure 1 shows the influence of the reaction
or metal cation-exchanged zeolites. However, the polymer loading temperature on the electronic spectra of the composites. Above
achieved in previous work was too low (below 10%) or not 150 °C the optical spectrum shows a continuous increase in

specified®2 We now report substantial filling of the much larger
pores of MCM-41 materials.

Our studies of polymerization in zeolites [¥3, mordenite,
ZSM-5] show complete channel filling when the materials have
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absorbance toward longer wavelengths as reported for increasing
length polyethyne oligome?f$:2! The absorbance at ca. 800 nm
is characteristic of well-polymerized neutral polyethyhe.

The Raman spectra of polyethyne/MCM-41 composites totally
coincide with those previously reported for the pure poly-
mer+11.22.23(see Figure 2a). For polyethyne the peaks appearing
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Table 1. Reactants, Conditions, and Analytical Data for Polymer/
M(I1)-MCM-41 Composites [M= Ni or Zn]

exposure
metal ior? monomer tempC period C(H) (wt %Y
Ni(ll) ethyne room temp 3 min 5.9
room temp 24 h 7.4 (2.24)
75—-100 3 min 6.5
100 h 4.4
130 2h 13.8 (2.40
150-165 3 min 25.4(1.96
290-300 3 min 24.1(1.94
propyne room temp 3 min 8.4
90 3 min 9.8 (2.91)
150 3 min 11.7
220 3 min 25.0 g2.33)
phenyl- 100 3 min 12.2
ethyne 200 3 min 11.8
300 3 min 15.3
methyl- 200 3 min 9.8
propiolate 300 3 min 10.1
Zn(Il) ethyne room temp 24 h 1.78
100 24 h 4.59
150 60 h 10.28
200 24 h 15.30 51.89;
250 24 h 29.00 (2.96

aFor Ni polymerizations, the exotherm is significantly larger than
that for Zn, and more difficult to control, leading to a wider variation
in apparent productivity ® H analyses may be high owing to residual
water or absorbed water at low loadings.
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Figure 1. Diffuse reflective electronic spectrum of Ni(ll) exchanged Al/
MCM-41 after reacting with ethyne at the indicated temperatures.
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Figure 2. FT-Raman spectra of polyethyne (a) and polypropyne (b)
embedded in Ni(ll)JA1/MCM-41 obtained from reaction at 1%D.
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at 1480 (vs) {(C=C) symmetry, mixed with €H in-plane
deformation], 1295 (m)(C—C0], and 1111 cmt (s) [C—H in-
plane deformation, mixed withW(C—C)] are readily assigned
based on the literature date? Our polyalkyne/MCM-41 materi-
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Figure 3. MAS/CP 13C NMR spectrum of (a) polyethyne/MCM-41
(lower) and (b) polypropyne/MCM-41 (upper).

such samples reveals the formation of fibrous graphitic carbon
on the surface of the MCM-41 particles. The formation of such
fibers has not been previously observed at such low temperatures
and is responsible for the remarkably high bulk conductivity of
these materials (0.6S ci). However, TEM shows that for
polymerizations at or below 300C with careful temperature
control and loadings29 wt %, no observable external carbon
formed. XPS surface analysis of graphite-free polyethyne/MCM-
41 shows a polyethyne carbon peak at 284.7 &2(% total
external atoms], accompanied by minor peaks (288.8 and 291
eV) attributable to highly oxidized C produced by oxidation of
the surface polymer undetectable by Raman spectroscopy.

Representative polyethyne/polypropyne Ni(ll)/MCM-41 samples
have been analyzed by IR ati€ CP/MAS NMR, both showing
the presence of polyalkyne in agreement with FT Raman and
electronic spectra (Figures 1 and 2). The €8 NMR spectra
(Figure 3a and b) show a strong, broad signad &t30.0 [sp
carbons] and a barely detectable feature araud@ (area ratio
ca. 30:1), and a peak at aa.15 for Me in polypropyne (Figure
3b). Theod 40 band is associated with defects in the polymer,
and has been observed in zeolite encapsulated pof/theras
stated that polyethyne can contain “up to 4098 Bpbridized
carbon”, which was responsible for thie40-peak. Thus, our
polymerization procedure with Ni(ll)-exchanged AI/MCM-41
produces a polyethyne containing substantially fewer defects than
previously reported polymerizations in acid or basic zeolites.

Ni(Il)-Al/MCM-41 also polymerizes phenylethyne and methyl
propiolate (see Table 1). However, the steric requirements of
substituents attached to the polyyne backbone produced looser
packing of the polymer chains, resulting in substantially lower
polymer loading. High loadings could only be achieved for ethyne
and propyne at higher temperatures. For substituted polyalkynes,
the most significant Raman feature is the absence of th€ C
stretch and the presence of a band at ca. 1480 characteristic
of a conjugated polyyne backbone. Only samples with phenyl-
ethyne polymerized at low temperatures show some residual
monomer [IR band at 2100 crj.

In summary, we have shown for the first time that simple
alkynes can be polymerized within modified MCM-41. For
polyethyne and polypropyne, complete filling of the mesopores

als do not undergo detectable spectroscopic variations in air after’@s been attained, producing a material with a high content of

several months.
At temperatures in excess of 30€ (or when the initial

exotherm of the reaction is not controlled) combustion elemental ,;,

low-defect polymer.
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content up to 50 wt %, well above the maximum possible loading
in the mesopores. Transmission electron microscopy (TEM) of
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Supporting Information Available: Details of evidence that Ni and
Zn are active sites, incorporation of metal ions into the mesopores,
structural integrity of the composite, Al content of the mesopore following
cation exchange, catalyst activity, ESR spectra, and filling of the pores
in mesoporous and microporous media (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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