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In recent years, there has been considerable interest in porous
coordination polymers (PCPs) composed of transition-metal
ions and bridging organic ligands because of their potential
applications in many areas, including storage, separation, and
exchange processes.'! In contrast to conventional micro-
porous materials such as zeolites and activated carbon
materials, PCPs have pore surfaces that can be rationally
designed and functionalized by their constituents.'! The
versatile pore features of PCPs, such as redox activity, Lewis
acidity, basicity, hydrophobicity, chirality, result from the
precise arrangement of transition metals and organic func-
tional groups, and should be of key importance for the
creation of unique nanosized reaction fields based on the PCP
materials.”! Thus, functionalized PCPs bearing specific inter-
action sites in/on nanochannels have been envisioned for
useful catalytic applications in organic and polymer syntheses,
which allow several advantages: 1) reaction acceleration;
2) regulated and controlled reactions (stereo- and regiocon-
trols); 3) substrate specificity. All of these properties are
similar to those of enzyme reactions in biological systems.
However, the use of PCP nanochannels with such remarkable
effects has been very limited to date.”
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Much attention has also been directed to the electronic
and optical properties of poly(substituted acetylenes) for a
wide range of applications such as conducting materials,
nonlinear optics, polymer sensors, and components in molec-
ular electronics.”! In particular, the controlled polymerization
of substituted acetylenes by using several types of catalysts
(such as metal complexes, anions, cations, radicals) has been
investigated with the aim of increasing catalytic activity,
decreasing the formation of cyclic trimer by-products (sub-
stituted benzenes), and controlling the stereostructure (the cis
and trans chain sequence) because the characteristic proper-
ties of poly(substituted acetylenes), such as conjugation
length, supra-structures, and processability, can be precisely
adjusted by changing the substituents and stereoregularity.*
In addition, the design and understanding of well-defined
nanostructures based on such m-conjugated polymers is one of
the most challenging goals in contemporary polymer and
solid-state sciences for their future application in the creation
of nanosized molecule-based devices."

Recently, we first demonstrated the use of PCP nano-
channels as a field of polymerization,”” which lead not only to
a controlled reaction but also to new model systems for well-
ordered single polymer chains in the nanochannel struc-
tures.® In this study, we have performed controlled and
selective polymerizations of substituted acetylenes in one-
dimensional specific nanochannels of [Cu,(pzdc),(L)], (1;
pzdc = pyrazine-2,3-dicarboxylate, L = pillar ligands)?**! with
basic carboxylate oxygen atoms as catalytic interaction sites
on the pore walls.

A pillared-layer microporous compound, [Cu,(pzdc),-
(pyrazine)], (1a), with one-dimensional channels (4.0x
6.0 A?) has basic surface oxygen atoms that act as specific
adsorption sites for acetylene molecules (HC=CH), as a
consequence of a double hydrogen-bonding interaction.!
The HC=CH molecule is strongly fixed in the confined
nanochannel of 1a (1a>DHC=CH), which results in electron
delocalization between the hydrogen atoms of the HC=CH
molecule and the carboxylate oxygen atoms.”® In addition, as
is often the case with metal oxides, abstraction of one proton
per HC=CH molecule has been realized on such Lewis base
sites of solid surfaces, even at room temperature.!'”) These
facts inspired us to postulate that the introduction of more-
acidic monosubstituted acetylenes (i.e., acetylenes bearing an
electron-withdrawing substitution group) in the channels of 1
would produce reactive acetylide species by C—H bond
dissociation, which would subsequently initiate anionic poly-
merization of the substituted acetylenes. Moreover, the
narrow nanochannel structure would direct the selectivity
towards a polymerization with frans addition because of the
prohibitive steric demand for the formation of trisubstituted
benzenes and cis polymers. Thus, we carried out the
polymerization of methyl propiolate (MP) in the nanochannel
of [Cu,(pzdc),(4,4-bipyridine)], (1b; channel size 8.2x
6.0 A?). In this experiment, the reaction of neat MP with
the sky-blue complex 1b for 12h at room temperature
provided a dark-green powder composite (1b>polyMP).' In
the solid-state UV/Vis reflection spectrum of 1bD>polyMP
there is an additional absorption around 450 nm, which can be
attributed to the m-conjugated polyMP (Figure 1a). The
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Figure 1. a) Solid-state UV/Vis reflection spectra, b) XRPD patterns
under reduced pressure, and c) N, adsorption isotherms at 77 K, for
1b and 1bDpolyMP.

resultant polyMP filled about 40 % of the void space of the
nanochannel, as estimated by thermogravimetric analysis
(TGA). The X-ray powder-diffraction (XRPD) pattern of
1bDOpolyMP shows that the channel structure of 1b in this
composite is preserved during polymerization (Figure 1b). A
distinct change in the relative peak intensities and peak
broadening after the polymerization are ascribed to the
inclusion of the guest polyMP in the nanochannel of 1b
(Figure 1b)."'2l Moreover, a dramatic decrease in the
capacity of 1bDpolyMP at 77 K to adsorb nitrogen compared
with 1b is consistent with the encapsulation of polyMP in the
channels (Figure 1 ¢).[0-412]

Accommodated polyMP was released from the host
framework 1b by extraction with N,N-dimethyl formamide
(DMF) at 80°C.I"¥l The extracted polymer exhibited a weight-
average molecular weight (M,,) and number-average molec-
ular weight (M,) of 4800 and 850, respectively, as measured by
gel permeation chromatography (GPC) in DMF with poly-
styrene standard. The IR spectrum of the polymer shows a
characteristic peak pattern of polyMP and provides informa-
tion on its stereostructure (Figure 2a)." In the spectrum of
the recovered polyMP, a peak around 700 cm™!, which is
specific to the cis form of polyMP, is hardly visible >
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Figure 2. a) IR spectrum of polyMP prepared in 1b shows character-
istic bands of polyMP. Inset: IR spectra of neat MP (blue), MP in 1b
5 min after the introduction of MP (red), and polyMP prepared in 1b
(green), in the region for stretching vibrations of substituted acety-
lenes. b) UV/Vis absorption spectra of polyMP prepared in 1b (solid
line) and monomer MP (dashed line) in chloroform.

whereas the presence of a band at 970 cm™' suggests that the
trans geometry is dominant in this polymer.’*¥l Electronic
conjugation in the polyMP backbone is strongly dependent on
its stereostructure, which has a considerable effect on color
and band gap. The red—brown color of the recovered polyMP
is characteristic of trans geometry, and a band at a longer
wavelength (>480 nm) in the absorption spectrum of the
polymer also supports the dominance of the highly conju-
gated trans form of polyMP (Figure 2b).F 1314

The overall polymerization is characterized by the nano-
channel-promoted polymerization in PCP (Figure 3 a). In this
reaction, acidic MP is adsorbed into the nanochannel and

a)

initiation

deprotonation

hydrogen bonding

R = electron-withdrawing group

interacts with the basic oxygen atoms on the pore surface. As
a consequence of the acid-base interaction, C—H bond
dissociation of MP produces a reactive acetylide species
that initiates regulated polymerization (trans-selective poly-
merization) in the narrow nanochannel. To explain this
reaction mechanism, we have conducted IR measurements
of neat MP, MP in the channel of 1b, and polyMP prepared in
1b in the region of the C=C stretching of substituted
acetylenes (inset in Figure 2a). Compared to the neat MP
(Peec=2129 cm™"), MP embedded in the nanochannel of 1b
shows a band at distinctly lower wavenumber (major and
shoulder bands at 2111 and 2090 cm™', respectively), which is
attributed to hydrogen bonding between the acetylene
hydrogen atom of MP and the carboxylate oxygen atoms of
the pore wall.l'¥l These shift values are found to be larger than
that observed previously for 1a>DHC=CH, thus indicating the
very strong interaction between those two moieties.”™ Clear
evidence of initiation in this polymerization was obtained
from the spectrum of polyMP prepared in 1b. Although the
spectrum does not show the band around 21002130 cm™', a
weak band appears at 2219 cm ™', in the region of disubstituted
acetylenes. This new band, which is absent in polyMP
prepared by other methods, is assignable to the polymer
terminal unit from the acetylide initiator. In addition to this
spectral evidence, molecular-mechanics structure optimiza-
tion by using a universal force field (UFF)!'®! also reproduced
a specific hydrogen-bonding interaction between the MP
monomer and the carboxylate moiety of the host 1b
(Figure 3b). The —C=CH group of MP is clearly oriented
towards the carboxylate oxygen atoms on the pore wall, and
the acetylenic hydrogen atom and the oxygen atoms are close
enough for an efficient hydrogen bonding (2.8 and 2.9 A),
which is consistent with the experimental results.

In a control experiment, MP was treated with sodium
benzoate as a discrete model catalyst at room temperature
and the mixture was left for one month, which gave only a
trace amount of product. An increase in the reaction temper-
ature to 70°C resulted in a small quantity of yellow oily
mixture (< 5%) of cyclic trisubstituted benzenes as the major
products and less-conjugated polyMP of cis geometry as a
minor product, which contrasts with the result obtained in the
nanochannels of 1b. Our polymerization system with PCP is
of considerable interest owing to several significant features

Figure 3. a) Mechanism of the nanochannel-promoted polymerization of acidic acetylenes in porous coordination polymers. b) Optimized
structure of MP (green) incorporated in a nanochannel of 1b. The distances between the MP hydrogen atom and oxygen atoms (red) of the pzdc
ligand are 2.9 (H—O1) and 2.8 A (H—02). Hydrogen atoms of the host are omitted for clarity.
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such as a dramatic acceleration of the polymerization, no
production of trisubstituted benzenes as by-products, and
trans-selective polymerization. In this case, the basic carbox-
ylate oxygen atoms are precisely arranged at appropriate
positions of the narrow nanochannels, which enables a strong
interaction between the monomer and carboxylate group and
results in trans-selective polymerization.

To elucidate this polymerization specific to the channel
properties of PCPs, we examined the reaction of MP in
channels of different sizes of 1 (1a, 4.0 x6.0 Az; lc, L=12-
di(4-pyridyl)ethylene, 10.3x 6.0 A% and the reactivity in a
nonfunctionalized channel (without basic surface carboxylate
moiety) of [Cu,(tp),(tren)], (2, tp=terephthalate, tren=
triethylenediamine, 7.5x 7.5 A2).”) The pillared-layer com-
plex 1c with large pores was newly synthesized for this
experiment.’*¥1 As expected, the polymerization of MP
proceeded only in the channel of 1¢ (M, =2760, M, =710),
which shows that the monomer recognizes precisely the
channel size as well as the surface functionality of PCPs.
Investigations with different acetylene monomers have
revealed distinct monomer selectivity, which is in agreement
with the proposed polymerization mechanism. The reaction
of acidic monosubstituted acetylenes (cyanoacetylene and 2-
ethynylpyridine) with 1b yields the corresponding polyacety-
lenes in the same manner;'>>! in contrast, neither less-acidic
monosubstituted acetylenes (phenylacetylene and 1-hexyne)
nor non-acidic disubstituted acetylene (tetrolic acid
methyl ester) is polymerized in the channels of 1b. This
result indicates that the strong hydrogen-bonding interac-
tion (acid-base) between the monomers and the channel
surface is a key factor to this unique spontaneous polymer-
ization.

In conclusion, we have demonstrated that truly designable
PCPs with specific basic interaction sites in the nanochannels
allow the highly accelerated, stereocontrolled, and monomer-
selective polymerization of substituted acetylenes. This meth-
odology should contribute to the development of PCP
materials for their application as unique and attractive
catalysts that are distinct from inorganic zeolites. In addition,
precisely aligned PCP nanochannels filled with n-conjugated
substituted polyacetylenes should be a promising new class of
host—guest nanostructures for applications such as nanoscale
electronics and for fundamental investigations of these
polymers in the isolated, single-chain state.

Experimental Section

1DpolyMP: General polymerization procedure: In a pyrex reaction
tube, 1b (300 mg) was dried by evacuation at 110°C for 5 h. After the
vessel was filled with nitrogen, methyl propiolate (0.4 mL) was added
and the reaction mixture was left at room temperature for 12 h. A
thorough washing of the reaction mixture with CHCI; to remove
unconverted monomer and surface polymer left the dark-green
powder composite 1b>polyMP.

Recovery of polyMP: 1bDpolyMP (600 mg) was suspended in
DMF (30 mL) and heated at 80 °C for two days. After the mixture had
been filtered, the solvent of the filtrate was removed by evaporation
and the filtrate poured into Et,O. The resulting precipitate was
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collected by filtration, washed with Et,O, and dried under reduced
pressure to give red—brown polyMP (16 mg).
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