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Conjugated microporous polymer nanotubes (CMPNs) with a surface
area of up to 1368 m? g~! were synthesized by a simple one-step
crosscoupling reaction and employed as a platform for investigation of
CO, and |, adsorption. A high adsorption capacity of up to 208 wt% for
reversible |, capture was achieved.

Conjugated microporous polymers (CMPs) are synthesized
using metal-catalysed crosscoupling chemistry to form
networks with extended w-conjugation and have been the
subject of much interest in a wide range of applications
including gas storage,"* hydrogen production,* catalysis,>®
supercapacitors,” light harvesting,'® absorption, separation™
and so on. Compared with conventional porous materials, the
porous characters of CMPs could be finely tuned by varying the
strut length of the monomers in the CMP network which have
been well-studied by Cooper et al'® In addition, previous
studies have shown that the choice of polymerization solvents
has an apparent influence on the surface area and pore volume
of the resulting CMPs." In our previous studies, we found that,
in addition to the surface area and pore volume,** the
morphology of CMPs is also affected greatly by the structure of
monomers as well as reaction solvents.” By employment of
suitable monomers and polymerization solvents, CMPs with
film or nanotube-like morphology can be obtained along this
line, in which we suggested that the 2D planar structures
formed strongly depended on the polymerization orientation of
the phenyl alkyne monomers, and tended to roll up or closely
connected to form a 1D cylindrical geometry.*>*® In fact, such
nanotube-like CMPs have been previously reported by Miillen
et al.’” These findings, however, open a new possibility for
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synthesis of nanotube-like CMPs via a simple one-step solution
polymerization. Compared with those amorphous CMP 3D
networks usually formed as unprocessable powders, such a
cylindrical geometry of CMPs potentially has a high design
flexibility in functionalization, thereby giving an opportunity for
the creation of low-dimensional soft materials for specific
applications.

So far, only a few examples of CMP nanotubes with low
surface areas (<400 m> g~') have been reported,®'” mainly
because of the difficulty in seeking suitable monomers and
reaction solvents to address much more rigorous requisites for
the polymerization orientation of the monomer for construc-
tion of such a hollow cylindrical geometry. Therefore, further
exploitation of new CMP nanotubes with excellent porous
character would be of special interest. In this regard, we report
here the synthesis of porous conjugated microporous polymer
nanotube (CMPN) materials using Pd(0)/Cu(i)-catalyzed homo-
coupling polymerization. CMPNs with surface areas of up to
1368 m” g~ ' were obtained. Using the CMPN samples as porous
medium, the relationship between the porous properties of the
CMPN samples and their uptake capacities for CO, and I,
capture was investigated. We suggested that the findings from
this study may provide guidance for rational design and devel-
opment of functional CMPs with cylindrical geometry in the
future, which would be advantageous for further expanding
their application aspects.

In this work, three kinds of CMPNs were synthesized by the
palladium-catalyzed = Sonogashira-Hagihara crosscoupling
reaction according to the literature'® (ESIt) and their structures
are shown in Scheme 1. CMPN-1 was synthesized from 1,3,5-
tris(4-bromophenyl) benzene with 1,4-diethynylbenzene, which
shows a similar net structure to CMPN-2 obtained from 9,10-
dibromoanthracene with 1,3,5-triethynylbenzene. It should be
noted that CMP-3 (ref. 12) and network 3 (A; + B,)" reported by
Cooper et al. were synthesized with similar structure nodes to
CMPN-1 and CMPN-2, respectively. However, the tubular-like
morphology of the resulting CMPN-1 and CMPN-2 is totally
different from the amorphous powder appearance of CMP-3
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CMPN-3

CMPN-1

Scheme 1 Representative molecular structures of CMPN-1, CMPN-2
and CMPN-3 networks.

(ref. 12) and network 3 (ref. 13), which were synthesized using
different monomers as well as polymerization solvents. The
results indicate that the structure of monomers as well as
reaction solvents plays an important role in the morphology of
the resulting CMP products, which are in good agreement with
previous studies.*>** CMPN-3 was produced using 9,10-dibro-
moanthracene and 1,4-diethylenzene by employing the same
synthesis conditions, showing a linear structure composed of
9,10-substituted anthracene connected by a benzene moiety,
which was confirmed by FTIR (Fig. S11) and solid-state "*C
CP/MAS NMR spectra (Fig. S21).

All three CMPN samples show stable chemical properties
and are insoluble in common organic solvents. Thermogravi-
metric analysis (TGA) shows that three samples have a decom-
position temperature over 350 °C, whereas CMPN-3 has the
most thermal stability with a temperature over 400 °C (Fig. S37).
The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of three CMPN samples are
shown in Fig. 1. It is clear that all samples show a nanotube-like
morphology. The tips of CMPN-1 are open and it exhibits a
smooth and neat tubular surface with ca. 150 nm in diameter
and ca. 20 um in length (Fig. 1a and b). In contrast, both CMPN-
2 and CMPN-3 show hollow and hierarchical porous surface
morphologies with honeycomb-like pores in tube walls (Fig. 1c-
f). To the best of our knowledge, such a cylindrical geometry
with hierarchical porous feature of the CMPN-2 and CMPN-3
samples has never been reported.

The porosity of the polymers was evaluated by nitrogen
adsorption and desorption experiments at 77.3 K and the
nitrogen adsorption and desorption isotherms are shown in
(Fig. 2a). The details of the porosity parameters of CMPN
samples are also listed in Table S1.1 The BET surface areas and
total pore volumes were calculated to be 230 m* g~ and 0.14
em® g7 for CMPN-1 and 339 m” g~ " and 0.39 cm® g~ " for
CMPN-2 (Fig. 2a and S47), respectively. For CMPN-3, a large BET
surface area of 1368 m” g~ was obtained, which is higher than
those amorphous conjugated microporous polymers (CMPs,
500-800 m” g~ )" polymers of intrinsic microporosity (PIMs,
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Fig.1 SEMimages of (a) CMPN-1, (c) CMPN-2, and (e) CMPN-3. Scale
bar: 1 um. TEM images of (b) CMPN-1, (d) CMPN-2, and (f) CMPN-3.
Scale bar: 200 nm.

500-1065 m?> g ')** and poly(aryleneethynylene) (PAEs, 512
1018 m”> g ').*> Also, CMPN-3 possesses a high total pore
volume of 2.36 cm® g™, which is one of the highest values
reported for CMPs to date. Compared with the nitrogen
adsorption and desorption isotherms of CMPN-1 and CMPN-2,
a large adsorption-desorption hysteresis of CMPN-3 was
observed, indicating that CMPN-3 possesses a larger average
pore size than that of CMPN-1 and CMPN-2 which was
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Fig. 2 (a) Nitrogen adsorption and desorption isotherms of CMPN-1,
CMPN-2 and CMPN-3 at 77.3 K. (b) CO, adsorption (hollow curves)
and desorption (solid curves) isotherms of CMPN-1, CMPN-2 and
CMPN-3 at 273 K and (c) 298 K. (d) Isosteric heats of CO, adsorption of
CMPN-1, CMPN-2 and CMPN-3.
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confirmed by the porous property analyses where the adsorp-
tion average pore width was calculated to be 2.4 nm, 4.6 nm and
6.9 nm for CMPN-1, CMPN-2 and CMPN-3, respectively. Three
CMPN samples have relatively narrow pore size distribution,
with the pore widths centering around 2 nm (Fig. S41). In
addition, though CMPN-3 has the largest surface areas and total
pore volume, the micropore volume for CMPN-2 (0.07 cm?® g™ %)
is greater than that of CMPN-1 (0.05 cm® g™ ') and CMPN-3
(0.03 cm® g7 ).

Taking advantage of excellent porous characters and
remarkable stability, the as-synthesized CMPN samples should
be ideal absorbents which can be expected to be used under
harsh conditions. Moreover, results obtained from our previous
studies using various CMPs for adsorption of H,,>** CO, (ref. 8a)
and organic solvents''>'® show that the increase of micropore
volume would result in an increase in gas uptake while a larger
mesopore volume leads to higher adsorption capacity for oils or
organic solvents. In this case, such a difference in pore sizes and
micropore volumes of the CMPN samples in comparison with
their surface areas makes them multifunctional absorbents for
different purposes. Recently, the development of porous
absorbents with larger surface areas for efficient CO, (ref.
21-25) and I, (ref. 26-30) capture has attracted considerable
attention because of severe global climate change and envi-
ronmental issues in the nuclear energy. In this regard, CO, and
I, were used as two different guest molecules to evaluate the
adsorption performance of the CMPN samples.

The CO,-uptake capacities of the CMPN samples at 273 K
and 298 K were investigated under low pressure by volumetric
methods. As shown in Fig. 2b and c, all the samples show
reversible CO, uptake with nearly no hysteresis between the
absorption and desorption isotherms, implying that CO, is
reversibly physisorbed. At 273 K and 1 bar, the CO, uptake
reaches 73.4 mg ¢~ for CMPN-2, which is higher than that of
CMPN-1 (42.9 mg g~ ') and CMPN-3 (38.2 mg g~ '). A similar
trend of CO, uptake was also observed at 298 K and 1 bar
(Fig. 2¢), though there is an obvious decrease in CO, uptake for
all three CMPN samples (28.2 mg g~ for CMPN-1, 47.0 mg g~ "
for CMPN-2 and 28.8 mg g~ ' for CMPN-3).

To better understand the adsorption performance of the
CMPN samples, we determined the isosteric heat of adsorption
(Qst) for CO, from dual-site Langmuir fits of the CO, isotherms
at 273 K and 298 K (Fig. 2b and c¢).>*** It is clear that, with
increasing CO, uptake, the Qg for CMPN-2 decreased smoothly
from 30.2 k] mol " to 24.7 k] mol* while the Q, dropped
dramatically from 28.2 k] mol™" to 20.9 k] mol " for CMPN-1
and from 26.5 k] mol ! to 18.6 k] mol~* for CMPN-3, respec-
tively (Fig. 2d). The trend of the CMPN samples in terms of Qs is
in the order of CMPN-2 > CMPN-1 > CMPN-3 for the entire CO,
loading range. That is, the better CO, uptake for CMPN-2
among three samples is dominated by its highest Qg volume as
well as the largest micropore volume (Table S17), instead of
their surface areas, which is consistent with previous
studies.”™* Taking into consideration the fact that only a few
examples of CMP nanotubes**™” have been developed so far and
no study involving their adsorption performance for CO,
capture has been reported, these findings may provide direct
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insight into the relationship of porous property-CO, uptake of
the CMPN samples, which would be of importance for further
design novel CMP nanotubes towards effective CO, capture.
To further investigate their adsorption performance, I,
which is a dangerous radioisotope in nuclear waste,***° was also
employed as host molecules for the uptake measurement.
CMPN samples were exposed to nonradioactive iodine vapor
and the I, capture was conducted at 343.3 K and ambient
pressure (ESIT). The I, sublimed into the porous samples over
time at ambient temperature and the equilibrium uptake for the
three samples reached quickly (1 h). An apparent color change
in the CMPN samples from brown to almost black was observed
(Fig. S51). The equilibrium I, uptake was measured to be 97
wt%, 110 wt% and 208 wt% for CMPN-1, CMPN-2 and CMPN-3
(Fig. 3a). To the best of our knowledge, the I, uptake for CMPN-3
is one of the highest values for all porous adsorbents reported to
date.>**® In contrast to that of CO, uptake, the I, uptake for
three samples is directly proportional to the BET surface areas
and total pore volumes of samples. Also, the TEM image of I,
loaded CMPN-3 shows that the I, crystals were trapped both on
the CMPN-3 surface and inside the tube of CMPN-3 (Fig. 3b),
which is responsible for high uptake by combination with the

2001 (a)
£ 150,
Z 100]
3 50l ~-CMPN-1
& -~ CMPN-2
04 -o- CMPN-3
00 05 1.0 1.5 20 25
Time (h)
3.0
551(© —1 —55
’ —9 —60
2.09 —20—75
1.5
2 —33—-85
< 1.04 —45—-96
0.5 time (min)
0.0
200 300 400 500 600
Wavelenth (nm)
0.60 (f) Rm
50.55—
2,50
s
£0.451
w2
0.40-
0.35

00 04 08 12 16
strain (%)

Fig. 3 (a) Gravimetric uptake of iodine as a function of time at 70 °C.
(b) TEM image of I, loaded CMPN-3 showing that I, crystals were
trapped on the CMPN-3 surface and inside the tube of CMPN-3. (c)
Temporal evolution of UV/vis absorption spectra of the I, released
from the loaded CMPN-3in 3.5 mL of EtOH. (d) Film of CMPN-3 with a
size of 3 cm in diameter. (e) Bending of the CMPN-3 film. (f) The curve
of stress—strain of the CMPN-3 film.
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largest pore volume and high affinity of the I, to w-conjugated
CMPN network.*® On the other hand, I, release could occur if
the I, loaded sample, in this case CMPN-3 (Fig. S61), was placed
in organic solvents, for example ethanol. In contrast to
conventional adsorbents, the delivery of I, in ethanol increases
linearly with time (Fig. 3c and S71), indicating that the I, release
is better governed by the host-guest interaction which facili-
tates the regeneration of the absorbent for reuse. These findings
make the CMPN samples valuable and recyclable absorbents for
reversible I, capture.

Interestingly, unlike the amorphous CMP 3D network
usually formed as unprocessable powders,** the tubular-like
shape of the as-synthesized CMPN samples makes possible the
facile fabrication of film materials for specific applications. To
this end, the dried CMPN sample, in this case CMPN-3, was
placed in a mould and kept under a pressure of 10 kPa for 10
min to afford a flexible, free-standing film with a size of 3 cm in
diameter and 300 pm in thickness (Fig. 3d and e). It is worth
noting that both the size and thickness of the film can be tuned
by varying the size of mould or quantity of the sample. Dynamic
mechanical analysis shows that the as-prepared film has a
modulus of 0.57 MPa (Fig. 3f). The formation of such film
materials takes great advantage over the porous absorbent
powders in practical operation for I, capture (Fig. S87), which
would be of technological significance for realizing them into
real applications. Furthermore, based on its inherent hydro-
phobic/oleophilic chemistry (Fig. S91) and high chemical and
thermal stability, such a CMPN-based film can be anticipated to
be used under harsh conditions by further improving its
mechanical strength, which may have great potential for
addressing environmental issues in various applications such
as separation, purification, water treatment, oil spill cleanup
and so on.

Conclusions

In summary, CMP nanotubes with a large surface area of up to
1368 m* g ! were synthesized by a simple one-step cross-
coupling Sonagashira-Hagihara polymerization and were used
for reversible CO, and I, capture. The resulting products show
adsorption capacity for I, capture with a maximum uptake of
208 wt%, which is one of the highest values of all porous
absorbents reported to date. Owing to their unique cylindrical
geometry, robust and stable physicochemical properties,
excellent porosity and better processability, these materials
might be extended to use as porous medium or film materials
for a wide range of applications such as energy storage,
catalysis, separation, water treatment and so on.
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