
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
ja

nu
ar

 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
1.

11
.2

02
5 

22
.4

4.
01

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Precise fabricatio
Department of Polymer Science and Engine

Engineering, Anhui Key Laboratory of Adv

Engineering, Hefei University of Technolog

E-mail: zqwu@hfut.edu.cn

† Electronic supplementary informa
10.1039/d1sc05361b

Cite this: Chem. Sci., 2022, 13, 1111

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 29th September 2021
Accepted 26th December 2021

DOI: 10.1039/d1sc05361b

rsc.li/chemical-science

© 2022 The Author(s). Published by
n of porous polymer frameworks
using rigid polyisocyanides as building blocks: from
structural regulation to efficient iodine capture†

Xun-Hui Xu, Yan-Xiang Li, Li Zhou, Na Liu and Zong-Quan Wu *

Porous materials have recently attracted much attention owing to their fascinating structures and broad

applications. Moreover, exploring novel porous polymers affording the efficient capture of iodine is of

significant interest. In contrast to the reported porous polymers fabricated with small molecular blocks,

we herein report the preparation of porous polymer frameworks using rigid polyisocyanides as building

blocks. First, tetrahedral four-arm star polyisocyanides with predictable molecular weight and low

dispersity were synthesized; the chain-ends of the rigid polyisocyanide blocks were then crosslinked,

yielding well-defined porous organic frameworks with a designed pore size and narrow distribution.

Polymers of appropriate pore size were observed to efficiently capture radioactive iodine in both

aqueous and vapor phases. More than 98% of iodine could be captured within 1 minute from a saturated

aqueous solution (capacity of up to 3.2 g g�1), and an adsorption capacity of up to 574 wt% of iodine in

vapor was measured within 4 hours. Moreover, the polymers could be recovered and recycled for iodine

capture for at least six times, while maintaining high performance.
Introduction

Porous polymers, which combine the advantages of polymers
and porous materials, have attracted ever increasing research
attention on account of their structural diversity and broad
applications, for instance, in the elds of gas separation and
storage, chemical catalysis, pollutant removal, energy storage,
and irradiative iodine adsorption.1–9 Porous polymers were
commonly fabricated by using rigid small molecules as building
blocks.10–12 Thanks to the structural diversity of organic frame-
works and connecting methods, a variety of porous polymers
have been readily developed.13–16 However, due to the limited
dimensions of the available building blocks, the pores present
in the reported porous polymers are intrinsically quite small,
usually less than 10 nm in size.17–24 Indeed, constructing porous
polymers with pores of large and tunable size is quite difficult,25

given that the preparation of large and rigid macromolecules as
frame blocks is very hard and usually requires tedious and
complicated synthetic processes.26 Therefore, developing
macromolecules or polymers as rigid building blocks for
fabricating porous polymers with large and pre-determined
pore sizes is an interesting research goal. In fact, these kinds
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of porous polymers should have distinct properties and func-
tions that are inaccessible by the traditional porous polymers
fabricated from small building blocks.

The recently developed living polymerization techniques
yielded polymers with well-dened structures, desired molar
mass (Mn), and low dispersity (Mw/Mn). However, most of the
reported polymers have a exible backbone.27,28 These polymers
are unsuitable to be used as frame blocks in the construction of
porous polymers because such building blocks do not have
sufficient rigidity to support the desired frameworks.29 An
exception to the described situation is polyisocyanides, which
possess a rigid rod-like backbone because they are composed of
carbon–carbon single bonds and bear substituents on every
backbone atom.30–32 The steric effect of the pendants results in
polyisocyanides adopting a rod-like structure, which twists into
a helical shape. Recently, we reported a new kind of alkyne–
Pd(II) complex that can efficiently catalyze the living polymeri-
zation of a diverse range of isocyanide monomers and afforded
the synthesis of stereoregular polyisocyanides with predicted
Mn and very low Mw/Mn.33 Taking advantage of these catalysts,
a variety of topological polyisocyanides were facilely
prepared.34–39 We, therefore, envisioned that rigid rod-like
helical polyisocyanides with a dened chain length and low
dispersity may be ideal building blocks for constructing porous
polymer frameworks. The well-dened polyisocyanide blocks
can produce semi-crystalline frameworks, which are distinct
from amorphous porous organic polymers.13–17 Owing to the
helical structure of polyisocyanide backbones and porosity of
the frameworks, these materials may have great application
Chem. Sci., 2022, 13, 1111–1118 | 1111
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Scheme 1 Fabrication of porous organic frameworks using poly-
isocyanides as frame blocks.

Fig. 1 (a) SEC curves of 4-poly-1m polymers with differentMns. (b) Plot
ofMn andMw/Mn values of 4-poly-1m polymers as a function of the 1-
to-Pd(II) ratio. (c) 31P NMR spectra of 4-Pd(II), 4-poly-120, and C-poly-
120. (d) CD and UV-visible spectra of 4-poly-1m polymers measured in
THF at 20 �C.
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potentials in many areas, for instance, the efficient capture of
iodine. Radioactive iodine compounds are usually discharged
as a result of the nuclear ssion process, and are deemed severe
radioactive pollutants.40–42 Among them, 129I is characterized by
a half-life of �107 years, and it has to be captured and stored
safely. On the other hand, 131I has a very short half-life (�8.02
days), and it should thus be rapidly trapped because it may
cause damage to the human metabolism.43–46 Given the high
volatility of iodine and the fact that it is characterized by
a degree of water solubility, a large amount of radioactive iodine
could be present in nuclear waste water and in air, which would
result in serious damage to the environment.47–49 Therefore, the
search for robust adsorbents that quickly capture iodine in
aqueous and vapor phases and exhibit large adsorption capacity
is a very worthwhile research effort.50–52 Recently, Yang et al.
reported conjugated macrocycle polymers based on macrocyclic
arenes, which have high iodine affinity with an uptake capacity
of 2.1 g g�1.53 Wang and coworkers reported porous polymers
based on calix[4]pyrroles. The iodine uptake value was up to
3.4 g g�1 in iodine vapor.54 Koner et al. synthesized a sp2/sp3-N-
rich polymeric network with an iodine adsorption capacity of
2.9 g g�1.55 However, to the best of our knowledge, polymer-
based porous materials for iodine adsorption have rarely been
reported. We postulated that using rigid polymers as building
blocks can help in obtaining high-efficiency and large-capacity
iodine adsorption porous materials.

In this article, we report the construction of polymer
frameworks using rod-like polyisocyanides as building blocks
and also explored the application of the frameworks to iodine
capture. First, a tetrahedral four-arm Pd(II)-catalyst was
prepared, which successfully initiated the living polymerization
of an isocyanide monomer, tert-butyl (R)-2-(((4-isocyanobenzoyl)
oxy)methyl)pyrrolidine-1-carboxylate (1), to afford four-arm
helical polyisocyanides 4-poly-1ms (the footnote indicates the
ratio of [1]0/[Pd]0) with the desired Mn value and low Mw/Mn

ratio. Importantly, by crosslinking the chain-ends of the poly-
isocyanide segments, the desired porous frameworks were
generated. Interestingly, the polymers with a smaller pore size
exhibited excellent performance in iodine capture in water as
well as in the vapor phase. Indeed, these polymers were
observed to be able to take up >98% of the iodine present in
a saturated aqueous iodine solution within 1 minute with only
2.5 mg mL�1 polymer loading and to adsorb 5.74 g g�1 iodine
present in vapor within 4 hours; in fact, these polymers acted
much faster and adsorbed much larger quantities of iodine
than most materials reported to date.40–52

Results and discussion

As can be evinced from Scheme 1, tetrakis-(4-ethynylphenyl)
methane was rst prepared and made to react with trans-
dichlorobis(triethylphosphine)palladium via catalysis with
cuprous chloride.33 The thus generated four-functional Pd(II)-
based catalyst (4-Pd(II)) was characterized by 1H NMR, 13C NMR,
Fourier-transform infrared (FT-IR) spectroscopy, and mass
spectrometry analyses, as well as by microanalysis (Fig. S1–S3 in
the ESI†). The isocyanide monomer 1 was tentatively
1112 | Chem. Sci., 2022, 13, 1111–1118
polymerized by 4-Pd(II) at 55 �C in CHCl3 at a [1]0/[Pd(II)]0 ratio
of 200. The polymer thus generated was precipitated using n-
hexane and isolated via ltration in 83% yield. Size exclusion
chromatography (SEC) analysis of 4-poly-1200 (see Scheme 1)
resulted in a unimodal and narrow elution peak. The Mn of 4-
poly-1200 was determined to be 73.5 kDa by SEC, with Mw/Mn ¼
1.20 (Fig. 1a). As indicated by low Mw/Mn, the reaction probably
followed a living polymerization mechanism. Thus, a series of
polymerization reactions were conducted at different concen-
tration ratios of 1 to 4-Pd(II). As expected, the generated 4-poly-
1m polymers all exhibited single modal SEC curves, and theMw/
Mn values were smaller than 1.22 (Fig. 1a). Furthermore, Mn

showed a linear relationship with a feed ratio of 1 to 4-Pd(II)
(Fig. 1b), underlining the living nature of the polymerization.
Therefore, a family of 4-poly-1m polymers with different Mn

values and narrow Mw/Mns were prepared just by tuning the
ratio of 1 to the 4-Pd(II) catalyst (Table S1, ESI†).
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc05361b


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
ja

nu
ar

 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
1.

11
.2

02
5 

22
.4

4.
01

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The 1H NMR spectrum of 4-poly-120 is similar to that of its
linear analog.30 Resonance signals attributed to the phenyl ring
and CO2CH2 groups of the pendants were clearly discerned at
7.86–6.91 ppm (ArH), 6.20–5.34 ppm (ArH), and 4.80–3.58 ppm
(CH and CH2) (Fig. S4, ESI†). The

31P NMR spectrum of 4-Pd(II)
was characterized by a singlet resonance at 17.9 ppm, which
disappeared completely aer the polymerization of 1 (Fig. 1c).
Concomitantly, a new resonance at 13.6 ppm was observed in
the 31P NMR spectrum of 4-poly-120, which corresponds to the
31P resonance of the terminal –Pd(PEt3)2Cl complex (see
Scheme 1). These data suggest that the four Pd(II) units on the 4-
Pd(II) catalyst have the same activity and all participated in the
living polymerization of 1; evidence also suggests that the Pd(II)
units resided on the terminals of the yielded four-arm poly-
isocyanides. The 13C NMR showed characteristic resonances of
the polyisocyanide backbones (Fig. S5, ESI†). The FT-IR spec-
trum of 4-poly-120 comprised a sharp absorption peak at
1600 cm�1, which is attributable to the vibration mode of the
C]N bond in the polyisocyanide backbone (Fig. S6, ESI†). The
optical activity of 4-poly-1ms was veried by circular dichroism
(CD) spectroscopy. The 4-poly-1m polymers characterized by
different chain lengths (or different degrees of polymerization
(DP)) exhibited intense CD bands in the polyisocyanide
absorption area, with the maximum intensity recorded for the
polymer with a DP value larger than 100 (Fig. 1d). The negative
CD signals around 364 nm that reect the helix-sense of the
polyisocyanide backbone suggest polyisocyanides were twisted
into a le-handed preferred helix due to the asymmetric
induction of the chiral monomer.39 Temperature-dependent CD
spectra were recorded from �10 to 60 �C in THF. However, no
obvious change could be observed, indicating that the helicity
was quite stable (Fig. S7, ESI†). This also conrms that the CD
signal was from the helical backbone and not due to the self-
assembly or the aggregate.34

Given the rigidity of polyisocyanide segments, 4-poly-1m
polymers can be regarded as tetrahedra composed of 4-arm
polymer ‘match sticks’. The active Pd(II) complexes at the living
chain-ends were crosslinked through the insertion of bifunc-
tional isocyanide (2) at 55 �C in CHCl3 ([2]0/[Pd]0 ¼ 1/2).
Although linker 2 is exible, the length is very short as
compared to the four-arm building blocks. Thus, intra-
molecular crosslinking is hard to take place due to the limited
length, which is also supported by the molecular modeling
(Fig. S8, ESI†). The porous polymers thus generated were
precipitated into methanol and collected in high yield via
Table 1 Structural and iodine adsorption capacity data of C-poly-1m po

Run Polymer Yieldb (%) SBET
c (m2 g�1) Vpo

1 C-poly-15 87 96.16 1.3
2 C-poly-120 93 29.72 8.2
3 C-poly-150 95 14.19 7.9
4 C-poly-180 92 9.46 7.4
5 C-poly-1100 90 8.89 7.1

a The porous polymers were fabricated according to Scheme 1. b Isolated yi
gravimetric capacity ¼ m(I2)/m(polymer).

© 2022 The Author(s). Published by the Royal Society of Chemistry
centrifugation (Table 1). Note that 4-poly-1ms have good solu-
bility in methanol, while the resulting crosslinked C-poly-1ms
are insoluble in this solvent and have higher viscosity. The 1H
and 13C NMR and FT-IR spectra of the crosslinked polymer C-
poly-120 were similar to those of the 4-poly-120 precursor (Fig. S6
and S9–S14, ESI†), which revealed that the chemical structures
of the polyisocyanide segments were maintained. Aer cross-
linking, the 31P resonance of 4-poly-120 at 13.6 ppm completely
disappeared and a new resonance at 14.1 ppmwas discerned for
the resulting C-poly-120. Based on the 31P NMR analyses, the
intermolecular crosslinking density is higher than 95%.
Thermal gravimetric analysis (TGA) data indicated that the
thermal decomposition of the crosslinked polymers occurred at
around 230 �C, in a temperature range similar to that of the 4-
poly-1m precursors (Fig. S15a, ESI†). However, the differential
scanning calorimetry curves of the porous polymers and of the
four-arm 4-poly-1m precursors were remarkably different from
each other. The glass transition temperature (Tg) of 4-poly-1200
was �75 �C; by contrast, no such transition was identied for
crosslinked C-poly-1200. The possible reason for this observa-
tion is that the crosslinked structure restricts the slipping of
molecular segments, causing the Tg of the polymer networks to
not be detected (Fig. S15b, ESI†). Powder X-ray diffraction
(PXRD) proles of 4-poly-1ms precursors showed only a broad
diffraction peak with the maximum 2q around 19� (Fig. S16a,
ESI†), while PXRD of the resultant C-poly-1ms showed a sharp
diffraction peak with a 2q around 3–6�, in addition to the broad
diffraction peak (Fig. S16b, ESI†). Interestingly, a clear trend
was observed from the PXRD proles. The 2q values of the sharp
diffraction peaks of C-poly-1ms decreased with the increasing
length of the polyisocyanide backbone. These results support
the formation of ordered porous polymers owing to the inter-
molecular linkage of the rigid polyisocyanide termini and also
suggest that the pore size was determined by the polyisocyanide
length.

In order to investigate the porosity of the synthesized poly-
mers, nitrogen adsorption isotherms were recorded (Fig. 2a).
The isotherm of C-poly-15 exhibited N2 adsorption at low pres-
sure (P/P0 < 0.2), which is indicative of the presence of micro- or
mesopores. C-poly-120 adsorbed N2 in the medium pressure
region, indicating that C-poly-120 has larger pores than C-poly-
15. A relatively sharp rise in N2 adsorption in the high pressure
region (P/P0 ¼ 0.8–1.0) was observed for C-poly-150, C-poly-180,
and C-poly-1100, suggesting that these polymers mainly
comprise meso- or macropores. The Brunauer–Emmett–Teller
rous polymersa

re
c (cm3 g�1) Pore-sizec (nm) Adsorption capacityd (g g�1)

� 10�1 2.21 5.74
� 10�2 4.03 4.31
� 10�2 8.25 3.97
� 10�2 10.21 3.75
� 10�2 14.08 3.59

elds. c These data were estimated fromN2 adsorption isotherms. d Iodine

Chem. Sci., 2022, 13, 1111–1118 | 1113
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Fig. 2 Nitrogen sorption isotherms (a) and pore size distributions (b) of
the herein synthesized porous organic frameworks recorded at 77 K.
Notably, in (a) the filled symbols denote gas adsorption while the
empty symbols denote gas desorption.

Fig. 3 Scanning electron microscopy images of the porous organic
networks of C-poly-15 (a), C-poly-120 (b), C-poly-150 (c), and C-poly-
1100 (d).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
ja

nu
ar

 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
1.

11
.2

02
5 

22
.4

4.
01

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(BET) specic surface area (SBET) of C-poly-15 was 96.16 m2 g�1

and its pore volume (Vpore) was 0.13 mL g�1, as calculated using
a nonlocal density functional theory approach (Table 1). The
value for the SBET was reduced to 29.72 m2 g�1 for C-poly-120,
14.19 m2 g�1 for C-poly-150, 9.46 m2 g�1 for C-poly-180, and 8.89
m2 g�1 for C-poly-1100, as the length of polyisocyanide blocks
progressively increased (Table 1). The pore size was also
observed to depend on the length of the polyisocyanide arms.
For instance, the pore size was 2.21 nm for C-poly-15, and it
increased to 4.03, 8.25, 10.21, and 14.08 nm for C-poly-120, C-
poly-150, C-poly-180, and C-poly-1100, respectively; in all cases,
the pore sizes had narrow distributions (Table 1 and Fig. 2b).
Interestingly, detailed analyses revealed that the pore size of the
mentioned species was linearly related to the length of the
polyisocyanide blocks (Fig. S17, ESI†). This can be ascribed to
that the pores were formed through the intermolecular cross-
linking of the polyisocyanide termini, and thus the pore size
directly relies on the length of the rigid polyisocyanide blocks.
Furthermore, the pore volume was also dependent on the
length of the polyisocyanide arm. It increased with the decrease
of the polyisocyanide length (Table 1). Because of the large pore
size, surface areas of the polymers with long polyisocyanide
backbones such as C-poly-150, C-poly-180, and C-poly-1100 are
relatively low.56 It is worthy of note that BET analysis of the
uncrosslinked 4-poly-15 suggests it has no porous structure
(Fig. S18, ESI†). These investigations demonstrated that the
crosslinked polymeric frameworks comprise permanent pores
and that the porosity can be controlled by varying the length of
the polyisocyanide blocks. Consequently, a series of polymer
frameworks with different pore sizes and narrow pore size
distributions were facilely obtained.

The microstructures of the porous polymers were investi-
gated by scanning electron microscopy (SEM). As can be evi-
denced from the SEM images in Fig. 3, C-poly-1ms with different
polyisocyanide lengths have different morphologies. C-poly-15
1114 | Chem. Sci., 2022, 13, 1111–1118
and C-poly-120, which were synthesized with relatively short
polyisocyanide blocks, exhibited rough surfaces decorated with
pores (Fig. 3a and b). As the length of the polyisocyanide
increased, the surface of C-poly-150 tends to be at (Fig. 3c).
Additionally, C-poly-1100, which is characterized by even longer
polyisocyanide segments, acquired a sheet-like morphology
(Fig. 3d). The SEM image of uncrosslinked 4-poly-15 is smoother
than that of crosslinked C-poly-15 (Fig. S19, ESI†). These
observations suggested that the morphology of these porous
polymers could be controlled by regulating the length of the
polyisocyanide segments. Because of the limited resolution, it is
hard to directly determine the intrinsic pore structure of the
polymer frameworks by SEM.

Since these polymers exhibited poor solubility in water and
in common organic solvents, their ability to adsorb iodine was
tested in water and n-hexane. Although some metal–organic
frameworks (MOFs) have been employed in experiments
whereby iodine was adsorbed from the vapor phase, given the
instability of MOFs in water, experiments in which iodine was
captured from aqueous solution have been rarely reported.57 A
preliminary experiment revealed that C-poly-1m polymers could
quickly capture iodine from a saturated aqueous solution (1.18
mM). Upon the addition of C-poly-15 (polymer loading: 2.5 mg
mL�1, Video 1 in the ESI†), the yellow iodine solution imme-
diately became colorless. The iodine concentration was reduced
to 2.99 ppm in 1 minute, based on UV-visible (UV-vis) absorp-
tion spectroscopy analysis, suggesting that over 98% of iodine
had been removed from water (Fig. S20a, ESI†). In order to
obtain quantitative details, the polymer loading was reduced to
0.25 mg mL�1, and the process of iodine capture was followed
by measuring the absorption spectra of the residual iodine in
water. As can be evidenced from the data in Fig. 4a, the UVvis
absorption of iodine decreased dramatically aer the addition
of C-poly-15, and the iodine concentration was reduced to
42.8 ppm aer 1 minute and to less than 6.5 ppm aer 20
minutes, suggesting a fast iodine capture. The iodine adsorp-
tion could be accelerated by increasing the loading of C-poly-15
(Fig. S20b–f,† ESI). Other C-poly-1m polymers also exhibited
a good iodine capture performance; in fact, the color of the
iodine solution faded rapidly aer addition of the polymers
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Time-dependent UV-visible spectra of a saturated aqueous iodine solution (1.18 mM) in the presence of porous networks C-poly-15 (a),
C-poly-120 (b), C-poly-150 (c), C-poly-180 (d) and C-poly-1100 (e) at 25 �C (polymer loading: 0.25 mgmL�1; insets: photographs of the solutions).
(f) Calculated iodine capture efficiency of C-poly-1ms at different time points.

Fig. 5 Color change (a) and UV-visible spectra (b) of iodine/n-hexane
(3.94 mM, 4 mL) recorded at different time points after the addition of
crosslinked polymer C-poly-15 (2.1mg). (c) Efficiency of the adsorption
of iodine from iodine/n-hexane by C-poly-15.
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(insets in Fig. 4b–e). Aer 20 minutes from the polymer addi-
tion, the residual iodine concentration was 14.1 ppm in the case
of C-poly-120, 34.8 ppm in the case of C-poly-150, 67.3 ppm in the
case of C-poly-180, and 86.5 ppm in the case of C-poly-1100.
Therefore, the iodine capture efficiency was 91%, 77%, 55%,
and 42%, for C-poly-120, C-poly-150, C-poly-180, and C-poly-1100,
respectively. Further analyses revealed that the iodine uptake
process exhibited the characteristics of a pseudo-second-order
mechanism, and the rate constant (kobs) values were 8.4 �
10�4, 6.2 � 10�4, 3.9 � 10�4, 3.5 � 10�4, and 3.4 � 10�4 g
(mg min�1)�1, respectively, for C-poly-15, C-poly-120, C-poly-150,
C-poly-180, and C-poly-1100 (Fig. S21, ESI†).58 Evidence thus
suggests that the rate and capacity of the iodine uptake
decreased as the pore size of the polymers increased. Probably,
C-poly-15 has an appropriate pore size for iodine uptake, so this
polymer exhibited the highest efficiency and largest adsorption
capacity among the tested samples (Fig. S22, ESI†). The excel-
lent iodine adsorption by the porous polymers was probably due
to the interactions between iodine molecules and the phenyl
rings and nitrogen atoms of the polymers; it was also assumed
to depend on the pore size. Since these polymers had relatively
low surface areas, the helical structure of the polyisocyanide
backbone also played a vital role in the efficient iodine capture.
The iodine adsorption kinetics of C-poly-15 in water was then
investigated by estimating the variation of maximum adsorp-
tion of I-3 (KI–I2).59 It was found that more than 98% of I-3 was
captured within 6 minutes, as disclosed by UV-vis absorption
spectroscopy (Fig. S23, ESI†). The equilibrium values of I-3
adsorption were tted well by the Langmuir isotherm model
(Fig. S24, ESI†).58 Based on the simulation results, the
maximum adsorption capacity of C-poly-15 for I-3 was deter-
mined to be as high as 3.2 g g�1.

Since C-poly-15 exhibited the highest iodine capture perfor-
mance in water, its ability to capture iodine in organic solvent
was also investigated. As can be evidenced from the photos
© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 5a, the dark red color of iodine-dissolved n-hexane
solution gradually faded, and turned nearly colorless within 30
minutes, following the addition of C-poly-15 with only 0.5 mg
mL�1 loading (Fig. 5a). Time-dependent UV-vis spectroscopy
data suggested that the concentration of iodine dropped rapidly
to 68.2 ppm within 30 minutes and to 28.8 ppm aer 1 h
(Fig. 5b). The iodine capture efficiency was thus 98% within 1 h,
conrming the highly efficient iodine capture by C-poly-15 in n-
hexane. According to the Langmuir isotherm model, the
adsorption capacity of C-poly-15 for iodine/n-hexane was 2.1 g
g�1 (Fig. S25 and S26, ESI†).59 Other porous polymers such as C-
poly-120, C-poly-150, and C-poly-1100 also exhibited excellent
iodine adsorption performance in n-hexane, although their
efficiencies and capacities were lower than the corresponding
parameters for C-poly-15 (Fig. S25 and S27, ESI†).59 The different
iodine adsorption behaviours of C-poly-15 in water and n-
hexane were ascribed to different equilibrium concentrations of
Chem. Sci., 2022, 13, 1111–1118 | 1115
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iodine in water and n-hexane and also due to the different
solvation effects of these solvents.60

Iodine capture in the vapor phase was performed by
exposing the powdered polymers to iodine vapor according to
the procedure reported in the literature (Fig. 6a).53 Briey, the
polymer samples (10 mg) were placed into pre-weighted small
glass vials, which were then transferred into larger vials con-
taining iodine (500 mg). The vials were then sealed and heated
to 80 �C in an oven at ambient pressure (Fig. S28, ESI†).
Following exposure to iodine vapor, the yellow-brown polymers
gradually became darker. The values for the iodine capture
capacity were calculated by weighing the samples every 20
minutes before and aer the adsorption experiment. As can be
evidenced from the data reported in Fig. 6b–e, it took just about
4 hours to reach the absorption maximum; moreover, the
adsorption capacity was 5.74 g g�1 for C-poly-15, 4.31 g g

�1 for C-
Fig. 6 (a) Process of iodine (I2) capture and release by C-poly-1m
polymers. Time-dependent iodine capture plots of C-poly-15 (b), C-
poly-120 (c), C-poly-150 (d), and C-poly-1100 (e) at 80 �C. Panels (b–e)
include photographs of C-poly-1m polymers taken before and after
their exposure to iodine vapor.

Fig. 7 (a) Time-dependent UV-visible spectra of the methanol solution k
phase (species dubbed I2@C-poly-15). In the inset are the reported pho
absorbance of UV-visible spectroscopy peaks at 290 and 358 nm associa
(c) Efficiency of cycles of iodine desorption from and adsorption onto th

1116 | Chem. Sci., 2022, 13, 1111–1118
poly-120, 3.75 g g�1 for C-poly-150, and 3.02 g g�1 for C-poly-1100.
The iodine adsorption capacity of C-poly-15 in particular was
extremely high at 574 wt%, which is a higher value than those
reported for most materials for which iodine adsorption has
been investigated.10,53–55 Probably, the small pore size of C-poly-
15 and the abundant phenyl rings and nitrogen atoms in the
said helical polymer synergistically promoted iodine adsorp-
tion. For comparison, the iodine adsorption was also performed
using uncrosslinked 4-poly-15 and linear analogue poly-15. The
adsorption capacities are much lower than that of the porous
polymers. For example, the uptake capacity of 4-poly-15 is just
0.28 g g�1 in water and 0.42 g g�1 in iodine vapor, respectively,
while the iodine adsorption capacity of the linear poly-15 is only
0.18 g g�1 in iodine vapor (Fig. S22 and S29†).

PXRD patterns of the C-poly-1m polymers recorded aer their
capture of iodine in the vapor phase to form a series of species
dubbed I2@C-poly-1ms included no obvious diffraction signals
in the 2q range from 3� to 25�, probably because the samples
were covered with the adsorbed iodine molecules (Fig. S30a,
ESI†). SEM images of I2@C-poly-1ms obtained similar to the
reported literature were indicative of the occurrence of
morphological changes stemming from iodine adsorption.53

The pores of the polymers were occupied by iodine and became
rougher (Fig. S31, ESI†). Moreover, the results of energy-
dispersive spectroscopy experiments indicated that a large
amount of iodine was present on the surface of I2@C-poly-1ms.
TGA conducted on I2@C-poly-15, I2@C-poly-120, I2@C-poly-150,
and I2@C-poly-1100 revealed that the mass losses were 85.3%,
80.5%, 77.5%, and 74.5%, respectively (Fig. S32, ESI†). These
results are consistent with the I2 capture capacity data for each
polymer determined as described above. Based on the TGA
results, the captured iodine was released from the polymers
below 200 �C in all cases, indicating that iodine had been
physically adsorbed. FT-IR spectroscopy measurements further
corroborated the idea that iodine had been physically, rather
than chemically, adsorbed onto the polymers, given that no
appreciable changes were observed in the spectra of the poly-
mers recorded before and aer iodine adsorption (Fig. S33,
ESI†).

Lastly, release of the captured iodine and the reuse of the
polymers for iodine adsorption were investigated. The release
of iodine from I2@C-poly-15 was conducted in methanol and
ept in contact with C-poly-15 that had adsorbed iodine from the vapor
tographs of the said methanol solution. (b) Changes over time of the
ted with iodine release from I2@C-poly-15 into the methanol solution.
e C-poly-15 polymer.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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monitored by UV-vis absorption spectroscopy (Fig. 7a). The
initially colorless methanol solution rst became yellow and
eventually turned deep brown (see the inset in Fig. 7a),
a process attributed to iodine release. The concentration of
iodine in methanol increased as the experiment progressed,
reaching an equilibrium level within 20 minutes; at this point,
>95% of iodine had been released from I2@C-poly-15, based on
the analyses of UV-vis absorption data (Fig. 7b). Since iodine
was physically adsorbed and can be readily released, the
porous polymer was recycled to be used in a new round of
iodine capture. Since C-poly-15 proved to be insoluble in
methanol, aer iodine release, the polymer was recovered via
ltration and washed with methanol several times. Indeed, the
same C-poly-15 sample was re-used for capturing iodine from
the vapor phase via the described recycling process for a total
of six times, and it was determined to maintain high efficiency
and large capacity (Fig. 7c). The recovered C-poly-15 could also
recycle captured iodine from aqueous solution with main-
taining good performance (Fig. S34, ESI†). Note that the iodine
release in water is much slower than that in methanol
(Fig. S35, ESI†), probably because methanol has a high solva-
tion effect and also due to the poor solubility of iodine in
water.48 Thus, the iodine release is not only a diffusion-
controlled mechanism but also rely on the solvation effect of
the used solvents.60

Conclusions

A series of tetrahedral four-arm star helical polyisocyanides with
controlled Mn and low Mw/Mn were prepared for the rst time.
The chain-ends of these polyisocyanides were then crosslinked
through the insertion of a bifunctional isocyanide linker; as
a result, porous polymer frameworks with dened pore sizes
and narrow distributions were generated. The porosity of these
polymers could be facilely regulated by tuning the length of the
helical polyisocyanide blocks. Remarkably, members of this
novel polymer family characterized by the appropriate pore size
were observed to efficiently capture iodine from aqueous solu-
tion and in vapor as well. More than 98% of iodine can be
removed from a saturated iodine aqueous solution within 1
minute, with an adsorption capacity of up to 3.2 g g�1 measured
for the herein developed porous polymer frameworks.
Furthermore, the most efficient iodine-adsorbing polymers
synthesized in the present study could capture iodine from the
vapor phase, exhibiting a capacity of 5.74 g g�1 over 4 hours;
these data indicate that the said novel polymer frameworks
exhibit relatively fast action and large iodine capacity with
respect to previously reported materials.

This study provides a new approach for the controlled
synthesis of novel polymer frameworks with tunable porosity
that relies on rigid polymers as building blocks; by the approach
described herein, a family of porous materials has been
generated that can be used for the efficient capture of iodine. In
view of the feasibility of modications of Pd(II)-based catalysts
and isocyanide monomers, the development of a diverse range
of distinct polymer frameworks with great application potential
can be anticipated.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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