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Abstract: Porous organic polymers (POPs) have received great attention worldwide 

and become attractive for capture and storage of carbon dioxide (CO2) and radioactive 

iodine (129I or 131I). Here we present modified tetraphenylmethane (TPM)-based POPs 

i.e. mPTPMs (synthesized via Buchwald-Hartwig cross-coupling of a tetrakis(4-

bromophenyl) methane core and selected aryl diamine linkers, followed by a 

crosslinking alkylation strategy using diiodomethane as a crosslinker). This new 

strategy offers mPTPMs with high surface areas up to 640 m2/g and uniform 

ultramicropore size of 0.6 nm, where porous properties are readily controlled by the 

substitutions of linkers and the crosslinker. Finally, as-synthesized mPTPMs exhibit 
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good CO2 uptake capacities (0.106 g/g at 273 K and 1 bar) and high iodine uptake 

capacities up to 3.94 g/g within only 2.5 h, representing fast and efficient adsorbents 

for wider environmental applications.  

Keywords: Porous organic polymers, Buchwald-Hartwig cross-coupling, crosslinking 

alkylation strategy, carbon capture, iodine capture 

 

1. Introduction 

Over the past two decades, the excessive emission of the greenhouse gas carbon dioxide 

(CO2) has contributed significantly to global warming and climate change. To stabilize 

atmospheric CO2 levels and prevent global warming, many efforts have been devoted 

to the development of viable CO2 capture and storage (CCS) technologies.1 Other routes 

to avoid CO2 emission include the development of nuclear technologies for energy 

generation. These technologies present other challenges in terms of safe storage of 

nuclear waste, and control of nuclear emissions from these processes. One specific 

aspect of relevance is the capture of radioactive iodine (I2), which has also received 

increasing research interest in the life sciences, marine and atmospheric applications.2 

Porous organic polymers (POPs), a class of highly crosslinked amorphous polymers 

with intrinsic nanopores, have recently emerged as a versatile adsorbent platform for 

the capture and storage of greenhouse CO2 and radioactive iodine (e.g. 129I or 131I),3,4 

owing to their facile molecular design, adjustable porosities, tunable surface areas, low 

skeleton densities, and good physicochemical stabilities.  

To achieve both rapid capture and high storage capacity for CO2 and I2, a dominant 

challenge in current POPs research, is the exploration of cost-effective and high surface 
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area adsorbents bearing high affinities (suitable pore size and functionalities) towards 

the guest molecules.5-7 Previous studies have shown that alternating the strut lengths, 

rigidities, and functionalities of the building blocks enable control over the pore size, 

surface area, and gas uptake of POPs.8-13 For example, tetraphenylmethane (TPM) as 

an important structural unit has been extensively studied for the construction of a range 

of POPs because of the default diamondoid framework topology imposed by the 

tetrahedral monomers.14-20 The unique 3D topology of TPM provides wide openings 

and interconnected pores to efficiently eliminate “dead space” from the aggregation of 

polymeric chains.21 Versatile TPM-based POPs have been obtained readily through 

template-free chemical processes by careful selection of building blocks and, 

commonly, suitable C-C coupling reactions,14-21 typically, Sonogashira, Suzuki, and 

Yamamoto cross-coupling. As expected, many of them exhibit high surface areas and 

tunable porosities via the careful selection of second building blocks. However, for 

capture and storage of CO2 and I2, these C-C coupling approaches provide mostly 

materials with limited capacities and selectivities. 

In order to improve capacities and selectivities, suitable basic or polar moieties can be 

deliberately incorporated into the POP backbone. In contrast, the formation of C–N 

bonds by Buchwald-Hartwig (BH) coupling between amines and aryl halides has 

become a powerful technique to synthesize POPs.22-25 This useful method provides a 

simple route to nitrogen-containing polar and redox-active porous materials, showing 

great potential for the improvement of CO2 and I2 capture efficiencies22 as well as 

electrochemical energy storage.24,25 To realize higher surface areas for POPs 

synthesized via BH coupling, bigger core sizes and longer strut lengths of aryl building 

blocks are usually required. Under these circumstances, a trade-off between nitrogen 
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content and surface area is usually found although the nitrogen content of these POPs 

is still superior to the most of the materials obtained by C-C coupling approaches.  

 

Scheme 1 Modification strategy applied for PTPMs and mPTPMs. 

2. Results and discussion 

Inspired by these developments, and keen to continue to exploit the BH cross-coupling 

strategy for POP production, here we extend the nitrogen-containing POP family via 

the synthesis of novel TPM-based POPs through the BH cross-coupling of the 

tetrakis(4-bromophenyl)methane (TBPM) core and selected aryl diamine linkers with 

small size, short strut length, and high nitrogen content (up to 38.5 wt%), i.e., p-

phenylenediamine (PPDA, L1), m-phenylenediamine (MPDA, L2), o-

phenylenediamine (OPDA, L3), and 2,5-diaminopyridine (DAPD, L4, Scheme 1). This 

approach, exploiting careful choice of substitutions and functionalities of the diamine 

linkers, allow for the formation of 3D amine-linked TPM-based porous organic 

polymers (PTPMs) i.e. PTPM-1, 2, 3, and 4. Post-modification of PTPMs using 

diiodomethane as a crosslinker, defined here as a “crosslinking alkylation strategy” 

further leads to the formation of methylene- and iodomethylene-functionalized porous 

materials, i.e., mPTPM-1, 2, 3 and 4 (Scheme 1 and Figure S1). Although the PTPMs 

are insoluble in the reaction medium. However, the PTPMs could be readily dispersed 

in N,N -dimethylformamide. The porous structures of PTPMs also allowed the reaction 
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medium readily to penetrate the polymer networks. Both facts could ensure a successful 

alkylation. The post-modified mPTPMs show increased surface areas and decreased 

pore sizes, and maintain high nitrogen content (7-9 wt%) and adjustable electron 

densities (determined by the density functional theory calculations of their analogues, 

see details below), finally leading to efficient capture and storage of CO2 and I2.  

 

Figure 1 (a) Repeat units, (b) solid-state 13C CP/MAS NMR spectra, and (c-f) FT-IR 

spectra of PTPMs, mPTPMs, and corresponding monomers. 

Verification of the structures of PTPMs was achieved by X-ray diffraction (XRD), 

solid-state 13C cross-polarization magic angle spinning nuclear magnetic resonance 

(CP/MAS NMR), Fourier transform infrared (FT-IR), X-ray photoelectron 

spectroscopy (XPS), and thermogravimetric analyses. The possible repeat units of 

PTPMs are presented for the analyses (Figure 1a). XRD investigations confirm the 

amorphous structures of both PTPMs and mPTPMs (Figure S2). Solid-state 13C 

CP/MAS NMR spectra of all polymers showed five main resonances at ∼63, ~115, 

~130, ∼136, and ~140 ppm, attributed to the alkyl carbons of TPM group and aryl 
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carbons in the non-substituted and substituted phenyl groups originating from the 

starting materials, respectively (Figure 1b). An additional resonance at 146 ppm is 

found for PTPM-4 and attributed to the pyridine group. The FT-IR spectra indicate that 

the bands of phenyl C-Br groups of the TBM at 510 and 1010 cm-1 (C-Br stretching) 

and the primary amine group of the linkers at 3421 and 3334 (two sharp bands, –NH2 

stretching) are absent, strongly attenuated or presented as a single broad band in the 

spectra of the PTPMs (Figure 1c-f). The bands of distinct phenyl C-H vibrations with 

different substitutions (meta-, ortho-, and para-positions) at 752, 775, and 820 cm−1, as 

well as benzenoid and quinoid bands at 1499 and 1593 cm−1 are present in the spectra 

of the resulting materials. All this information indicates the success of the formation of 

PTPMs as the structurally indicated in Scheme 1. Upon chemically modified using 

diiodomethane, FT-IR spectra of mPTPMs present a new band at 1380 cm-1 (-CH2- 

bending vibration); a band at 1300 cm-1 (C-N stretching band) became less intensive, 

suggesting the successful crosslinking modification. However, all mPTPMs also 

display a new band at 619 cm-1 originating from –CH2I, indicating the crosslinking 

alkylation reaction may not be complete due to the rigidity and steric hindrance of 

PTPM networks. A full survey XPS spectrum of a typical mPTPM-3 presents two I3d 

peaks (Figure S3). A high-resolution I3d XPS spectrum shows two single peaks for 

I3d5/2 and I3d3/2 at ~620 and 632 eV (Figure 5c, see below), respectively, signifying 

that the iodine is chemically bonded to carbon.26 Moreover, the FT-IR bands near 1500 

and 1600 cm-1, characteristic of the stretching vibration of benzenoid and quinoid rings 

still present in modified polymers i.e. mPTPMs, are slightly shifted. The solid-state 13C 

CP/MAS NMR spectra indicate the alkyl carbons owing to TPM group and methylene 

group as well as aryl carbons owing to non-substituted and substituted phenyl groups 

retain in mPTPMs (Figure S4). The results suggest the secondary amines were 
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converted to tertiary amines upon crosslinking, which is in good agreement with 

previous studies concerning the N-alkylation of polyaniline.27 Upon heating to 800 oC, 

the PTPMs show good char yields from 68 to 82% owing to their highly crosslinked 

polymer network structure (Figure S5). The mPTPMs are generally much less stable 

than the parent PTPM materials: they show decreased char yields (60-74%) due to the 

decomposition of alkylated groups, confirming successful modification. The extents of 

post-crosslinking were roughly determined by calculating the C/N molar ratios of 

products on the basis of elemental analyses. The C/N molar ratios for PTPM-1, 2, 3, 

and 4 networks were calculated to be 9.62, 9.62, 9.88, and 7.13; after alkylation, the 

C/N molar ratios for mPTPM-1, 2, 3, and 4 networks were increased to 11.3, 11.57, 

12.07, and 8.11, respectively. According to the theoretical C/N molar ratios for 

mPTPM-1, 2, 3, and 4 networks (16.5, 16.5, 16.5, and 10.67), the post-crosslinking 

extents were therefore calculated to be 68, 70, 73.15, and 76%, respectively. The 

PTPMs exhibit a nanoparticle morphology, with diameters of 100-150 nm (Figure S6). 

After modifications, the particle sizes decreased to 50-100 nm (Figure S7). The 

diiodomethane could firstly penetrate into the inner of PTPM nanoparticles because of 

“voids” formed during the polymer growth as confirmed by transmission electron 

microscope (TEM) observations (Figure S8). The methylene as a “crosslinking arm” 

is bonded to the neighboring amine groups, which led to the observed shrinkage and 

decrease in particle size (Figure S9). 
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Figure 2 (a,b) N2 adsorption/desorption isotherms (77 K) and (c,d) DFT pore size 

distributions of PTPMs and mPTPMs. 

According to nitrogen adsorption/desorption isotherm measurements at 77 K, the 

PTPMs seem not to form a diamondoid cavity because their Brunauer–Emmett–Teller 

(BET) surface areas (100 m2/g) are much lower than the values obtained on general 

TPM-based POPs previously reported (Figure 2a and Table 1).14,18 The reason for this 

observed drop in surface area may be that BH coupling generated amine groups that are 

not sufficiently rigid to form a diamondoid-like polymer network. However, the amine 

groups offer suitable affinities towards target gases in this study. They furthermore 

provide possible sites for modification, therefore offering opportunities for the 

inclusion of further functionalities and, potentially, higher surface areas. Upon 

diiodomethane modification, the resulting mPTPM-1, 2, 3, and 4 show significant 

increases in BET surface areas of 513, 640, 278, and 293 m2/g (Langmuir surface areas 

are 972, 1154, 488, and 495 m2/g), respectively (Figure 2b and Table 1). The increased 
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surface areas are most likely owing to unique “cages” formed via bridging adjacent 

amine groups, as schematically indicated in Scheme 1. The pore size distributions 

(PSDs) of all the polymer samples were estimated using the quenched solid density 

function theory (QSDFT) model, confirming the presence of micropores for PTPM-1, 

2, and 3 with a pore width of ~1.2 nm, while micropores were not detectable for PTPM-

4 (Figure 2c and Table 1). Upon the modification, all the mPTPMs present enough 

micropores to be detected by nitrogen, indicating the increased microporosity. After 

modification, mPTPMs retain the micropores of ~1.2 nm width, while further 

micropores with a width of ~0.6 nm have become dominant (Figure 2d and Table 1). 

The total pore volumes determined are 0.41, 0.50, 0.21, and 0.20 cm3/g, with micropore 

volumes of 0.11, 0.15, 0.04, and 0.07 cm3/g for mPTPM-1, 2, 3, and 4, respectively, 

which are both significantly higher than the values obtained from the polymer 

precursors (see Table 1). Beyond that, both PTPMs and mPTPMs present mesopores 

with a pore width of ~34 nm attributed to the “voids” resulting from nanoparticle 

aggregation during the polymer growth.12 

Table 1 Porosities, CO2 and I2 uptake properties of PTPMs and mPTPMs. 

Sample 

SBET 

 

(m2/g) 

SLGM 

 

(m2/g) 

aSmicro 

 

(m2/g) 

bPV 

 

(cm3/g) 

cMPV 

 

(cm3/g) 

dCO2 

uptake 

(g/g) 

eI2 

uptake 

(g/g) 

PTPM-1 94 215 27 0.10 0.01 0.076 1.86 

PTPM-2 47 131 17 0.08 0.01 0.06 1.85 

PTPM-3 81 222 22 0.09 N/A 0.055 3.22 

PTPM-4 37 51 N/A 0.02 N/A 0.037 1.97 

mPTPM-1 513 972 265 0.41 0.11 0.085 3.12 
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mPTPM-2 640 1154 348 0.50 0.15 0.106 3.02 

mPTPM-3 278 488 111 0.21 0.04 0.071 3.94 

mPTPM-4 293 495 174 0.20 0.07 0.078 2.76 

a t-plot micropore surface area; b total pore volume at p/p0 = 0.995; c t-plot micropore 

volume; d CO2 uptake at 273 K and 1 bar; e iodine uptake at 358 K for 100 min. 

It is widely accepted that the CO2 uptake capacity at ambient conditions (273-298 K 

and up to 1 bar) is not only related to the total surface area of the materials but rather 

on the micropore volume with pore size up to 0.7 nm. The increased surface areas but 

decreased micropore sizes triggered exploration of their CO2 capture and storage 

capabilities using the mPTPMs. The CO2 adsorption behavior of PTPMs and mPTPMs 

were measured at 273 and 298 K from lower pressure to 1.0 bar (Figure 3 and Table 

1). At 273 K and 1.0 bar, PTPM-1, 2, 3, and 4 can store 0.076, 0.060, 0.055, and 0.037 

g/g of CO2, respectively. After diiodomethane modifications, mPTPM-1, 2, 3, and 4 

show enhanced CO2 storage capability, with values of 0.085, 0.106, 0.071, and 0.078 

wt%, respectively, under the same conditions. The trends of CO2 uptake capacities 

found for PTPMs and mPTPMs are in good agreement with their surface areas. 

Although the surface areas of mPTPMs are moderate, their CO2 uptake capacities are 

still superior to some TPM-based POPs with much higher surface areas (Table S1), 

indicating nitrogen-doped micropores play a curial role in the capture and storage of 

CO2.
28 Furthermore, to better understand the interaction between CO2 and the polymer 

networks, the isosteric heats (Qst) of PTPMs and mPTPMs were calculated based on 

the Clausius-Clapeyron equation by fitting the CO2 adsorption isotherms at 273 and 298 

K to the virial equation (Figure 3).11,29 Initial Qst values for CO2 adsorption are 33.8, 

36.8, 32.9, and 35.1 kJ/mol for PTPM-1, 2, 3, and 4 (Figure S10), respectively. After 

modifications, the Qst values of mPTPM-1 and 2 decreased (31.7 and 32.9 kJ/mol) 
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while those of mPTPM-3 and 4 increased (33.2 and 37.3 kJ/mol, see Figure S11). 

Smaller pore size, larger surface area, and higher basicity of adsorbents have been 

proven to increase the heat of adsorption.30 The alkylated crosslinking modifications 

not only decreased the micropore size and increased the surface area but also impaired 

the basicity of the polymers. The existence of trade-off explains the observed 

differences in Qst values. Overall, both PTPMs and mPTPMs maintain high Qst values 

that are superior to most TPM-based POPs previously reported (Table S1), indicating 

that mPTPMs may be exploited as potential adsorbents in CO2 capture and storage. 

 

Figure 3 CO2 adsorption/desorption isotherms of (a,c) PTPMs and (b,d) mPTPMs. 

As both PTPM and mPTPM materials exhibited porous characteristics, remarkable 

stability, and nitrogen-enriched π-conjugated networks, they were used as absorbents 

for I2 uptake. The volatile iodine capture capacities were obtained by gravimetric 

measurements. These polymer powders were exposed in a closed system filled with 

excess iodine vapor at 358 K and atmospheric pressure (see the experimental section in 

Supporting Information for more details). The iodine uptake capacities were recorded 
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at various time intervals, and the resulting kinetic curves are shown in Figure 4a,b. As 

the exposure continued, the PTPM-1, 2, and 4 exhibited quick uptake behavior in the 

initial 30 min and slow uptake within 45-60 min (Figure 4a). PTPM-3 showed an 

extended initial uptake stage (75 min) and equilibrium uptake stage (75-100 min) 

(Figure 4b). The total uptake capacities at 100 min are 1.86, 1.85, 3.22, and 1.97 g/g 

for PTPM-1, 2, 3, and 4, respectively (Table 1).   

With the diiodomethane modifications, both initial uptake and equilibrium uptake were 

extended for the mPTPMs. The total uptake capacities were improved to 3.12, 3.02, 

3.94, and 2.76 g/g at 150 min i.e. 2.5 h for mPTPM-1, 2, 3, and 4, respectively. Typical 

examples show that the colors of the polymer samples changed from grey or brown to 

dark black, supporting their good iodine uptake capacities (Figure 4c,d). Different from 

CO2 uptake, we found that the iodine uptake capacities of both PTPMs and mPTPMs 

do not correlate to the surface area or pore volume as determined by gas 

adsorption/desorption; this behavior is similar to that found for other POPs,31,32 metal-

organic frameworks (MOFs),33 and porous carbons.34 The reason for this behavior is 

that the iodine adsorption in nitrogen-enriched POPs is more akin to chemisorption than 

the physisorption (found for CO2 uptake). For chemisorption the functionalities of 

adsorbents play an even more important role than the surface areas. According to the 

adsorption kinetic data, the iodine uptake of the polymers fit pseudo-second-order 

kinetic models well, supporting the assumption of the strong interaction (Figures 

S12,13). The kinetic data show that the rate constant for adsorption in PTPM-3 is the 

lowest (Tables S3,4), however, the total I2 uptake is the highest. The adsorption rates 

are generally determined by the functionalities and interparticle voids of the surface of 

adsorbents. While the adsorptive uptake capacities are determined by the functionalities, 

interparticle voids, and surface areas of the bulk of adsorbents. The PTPM-3 exhibited 
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the highest electron density (determined by DFT calculations of its analogue, see 

detailed discussions below) and second highest surface area among the PTPMs, 

indicating the best accommodative capacities for iodine uptake. This mismatched 

adsorption behavior might be related to the necessary expansion or swelling of the 

polymer networks in order to accommodate the iodine molecules.23  The I2 uptake 

capacities of mPTPM-3 (up to 3.94 g/g within 2.5 h) are superior to most of the 

reported POPs (Table S2), although they are still some little lower than the values found 

on CaIPOF-1 (4.06 g/g),35 CTF-1@ZnCl2 (4.31 g/g),36 TatPOP-2 (4.5 g/g),37 and CMP-

LS5 (4.1 g/g).38 However, to achieve these values, these adsorbents took significantly 

longer time (12-30 h), leaving our mPTPM-3 as a fast and efficient adsorbent for I2. 

 

Figure 4 I2 adsorption curves of (a) PTPMs and (b) mPTPMs; appearance change of (c) 

PTPM-3 and (d) mPTPM-3 upon iodine adsorption; (e) desorption of I2 upon heating 
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I2@mPTPM-3 at 398 K; inset figure shows kinetic data, pseudo-second-order rate law; 

and (f) recycling percentage of mPTPM-3 (recycling parameters: 1.0 bar, 398 K and 

60 min).  

Previous studies showed that I2 desorption can be readily induced by heating the I2-

loaded samples at 393-473 K,39-41 providing a facile route to recover the adsorbents. 

Herein the I2 desorption and recyclability of the adsorbents were conducted by placing 

the I2-loaded samples at 358 K. Taking the I2@mPTPM-3 as an example, when heated 

in air at 398 K and 1.0 bar for 40 min, I2 desorption efficiency was found to be as high 

as 93.5% (Figure 4e). Interestingly, the thermal desorption also follows pseudo-

second-order kinetics (Figure 4e, inset). The recovered samples were again used for I2 

adsorption at 358 K and 1 bar to investigate their recyclability (Figure 4f). Upon 

completion of the first cycle, the mPTPM-3 adsorbent achieved 3.66 g/g uptake 

capacity, thus retaining ~93% of the initial capacity. After three cycles the mPTPM-3 

adsorbent retains ~90% of the initial capacity with an uptake capacity of 3.53 g/g. 

To better understand the interaction between I2 and the adsorbents, Raman and XPS 

analyses of PTPM-3 and mPTPM-3 upon iodine adsorption were conducted. Before 

the I2 adsorption, both PTPM-3 and mPTPM-3 display no obvious Raman peaks. After 

I2 adsorption, two new Raman bands present a typical “V-shape”, one near 111 cm-1 

and one near 166 cm-1 (Figure 5a,b).37 Bands in the 110-120 cm-1 range are assigned to 

the symmetric stretching mode of an I3
- species, while bands near 170 cm-1 are assigned 

to higher polyiodide anions, i.e. I5
-.42  
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Figure 5 (a,b) Raman, (c) I3d XPS and (d) N1s XPS spectra of PTPM-3 and mPTPM-

3 upon I2 adsorption.  

The existence of polyiodide anion I3
- and I5

- is further confirmed by X-ray spectral 

analyses. The I3d XPS spectra of I2-loaded polymers consisted of two couples of peaks 

at 632 eV and 620.5 eV for I5
− and 629.8 eV and 618.2 eV for I3

− (Figure 5c).43 The 

PTPM-3 and mPTPM-3 exhibit a single N1s XPS peak at 399.8 eV attributed to C-N 

bond.44,45 After adsorption, a new peak at 401.5 eV, originating from a quaternary 

ammonium cation (N+) appears in I2@PTPM-3 and I2@mPTPM-3 (Figure 5d),46,47 

indicating the presence of a charge transfer (CT) complex between the polymer 

networks and polyiodide anions. As the tertiary amine has a higher affinity to form CT 

complexes with I2 (compared with the secondary amine), it provides an explanation for 

the much improved I2 uptake capacities found upon the alkylation modifications. It can 

therefore be concluded that the I2 is chemically attached to the polymeric adsorbents 
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(see the adsorptive model in Figure S14), with such chemisorptive processes in 

accordance with the pseudo-second-order adsorption kinetics described above.  

As chemical interactions play a leading role in the iodine adsorption, obtaining insight 

into the electron densities of the nitrogen atoms of polymers can help to understand the 

mechanism of how choice of building blocks and alkylation influence iodine uptake 

capacities and adsorption. For this purpose, eight molecular models as analogs of the 

PTPMs and mPTPMs were used to predict the electron densities of the nitrogen atoms 

on the basis of DFT calculations (Figure 6, Figure S15, and Table S5). Clearly, the 

ortho-substitution and alkylation enhanced the electron densities on the nitrogen atoms, 

leading to the enhanced I2 uptake. The electron densities of nitrogen atoms are 

evaluated by the projections of its two-dimensional maps onto their long axes, noted as 

y axes in Figure 6a,c. The electron densities of nitrogen atoms were found to be 

approximately 20 and 23 e- Å-1 in the models for PTPM-3 and mPTPM-3, respectively, 

which agrees well with their highest iodine uptake capacities. We can therefore 

conclude that these findings provide useful guidance for future rational design of 

polymeric adsorbents for iodine capture.  
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Figure 6 Electron density profiles for analogs of (a,b) PTPM-3, and (c,d) mPTPM-3 

in DFT calculations. Chemical structures are shown in the insets of (b) and (d). 

3. Conclusions 

A series of nitrogen-rich porous organic polymers (POPs) were successfully 

synthesized through the Buchwald-Hartwig cross-coupling of a tetrakis(4-

bromophenyl)methane core and selected aryl diamine linkers. Post-synthetic 

modification using diiodomethane as a crosslinker was further explored to form 

methylene- and iodomethylene-functionalized porous materials. The mPTPMs 

constructed from the crosslinking alkylation strategy showed increased specific surface 

areas (640 m2/g) and decreased pore sizes (0.6 nm), and maintained high nitrogen 

contents (~9 wt%), finally leading to improved CO2 (0.106 g/g) and iodine uptake 

capacities (3.94 g/g). Kinetic studies indicated the CO2 and I2 uptakes follow physically 

and chemically adsorptive mechanisms, respectively. Upon crosslinking modifications, 

the increased surface and decreased micropore size correspond to the improved CO2 

uptake capacities, whilst the alkylation, as well as the ortho-substitution of the building 

a b

c d
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blocks, play a more critical role to enhance iodine uptake capacities. Furthermore, 

porous adsorbents presented here could be recovered with minimal (only 10%) loss of 

iodine uptake capacity. Our results demonstrate that optimization of starting building 

blocks, cross-coupling methods, and post-synthetic modifications offer promising 

adsorbents for capture and sequestration of greenhouse and harmful gases to address 

global environmental challenges. 
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1. Experimental Section 

1.1. Materials 

Tetrakis(4-bromophenyl)methane (TBM, >97%), p-phenylenediamine (PPDA, >98%), 

m-phenylenediamine (MPDA, >98%), o-phenylenediamine (OPDA, >98%), 2,5-

diaminopyridine (DAPD, >98%), bis(dibenzylideneacetone)palladium(0) (Pd(dba)2, 

18-24% Pd), 2-dicyclohexylphosphino-2’,4’,6’-triisopropylbiphenyl (XPhos, >98%), 

sodium tert-butoxide (NaOtBu, >98%), iodine solids (≥99.8%), and all the solvents 

with A.R and C.R. grades were purchased from Tokyo Chemical Industry Ltd., 

Shanghai. 

1.2. Synthesis of amine-linked porous organic polymers 

The amine-linked porous organic polymers were synthesized via a Buchwald-Hartwig 

coupling reaction. Typically, a Schlenk tube was charged with TBM (1 mmol, 1 equiv.), 

diamine (2 mmol, 2 equiv., p-phenylenediamine L1, m-phenylenediamine L2, o-

phenylenediamine L3, or 2,5-diaminopyridine L4), Pd(dba)2 (46 mg, 0.08 mmol, 8 

mol%), XPhos (57.2 mg, 0.125 mmol, 12 mol%), and NaOtBu (480.5 mg, 5 mmol, 5 

equiv.) and placed under a nitrogen atmosphere. Anhydrous toluene (150 mL) was 
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added and the reaction mixture was heated under stirring to 110 oC. After 24 h, the 

reaction was cooled to room temperature and products separated by centrifugation. The 

remaining solids were washed by chloroform, hot deionized water (65 oC) and methanol 

(3 × 200 mL), and then dried 72 h in a vacuum oven to yield the corresponding PTPM-

1, 2, 3, and 4 networks as dark-brown, brownish green, gray, and brown powders with 

yields of 86.9, 67.3, 77.3, and 73.5%, respectively. Anal. Found for PTPM-1: C, 80.8; 

N, 9.8; H, 5.7; Anal. Found for PTPM-2: C, 78.3; N, 9.5; H, 5.4; Anal. Found for 

PTPM-3: C, 77.9; N, 9.2; H, 5.6; Anal. Found for PTPM-4: C, 74.6; N, 12.2; H, 5.0. 

The C/N molar ratios for PTPM-1, 2, 3, and 4 networks were calculated to be 9.62, 

9.62, 9.88, and 7.13, respectively.1.3. Chemical modification of amine-linked porous 

organic polymers 

A crosslinking alkylation strategy was applied to modify the amine-linked porous 

organic polymers using diiodomethane as the linker. Typically, PTPM-1, 2, 3, or 4 

(110 mg) and potassium carbonate (691 mg, 5 mmol) were thoroughly mixed and 

ground for 10 min. The powder mixture and N,N-dimethylformamide (50 mL) was 

placed in a three-necked flask and then vigorously shaken for 60 min. Finally, 

diiodomethane (643 mg, 2.4 mmol) was added under a nitrogen atmosphere and the 

reaction mixture was heated under stirring to 152 oC. After 24 h, the reaction was cooled 

to room temperature and products separated by centrifugation. The remaining solids 

were washed by N,N-dimethylformamide, hot deionized water (65 oC) and methanol (3 

× 200 mL), and then dried 72 h in a vacuum oven to yield the corresponding mPTPB-

1, 2, 3, and 4 networks as reddish brown, brown, dark brown, and orange powders with 

yields of 61.5, 42.3, 56.4, and 50.6%, respectively. Anal. Found for mPTPM-1: C, 73.7; 

N, 7.6; H, 4.5; Anal. Found for mPTPM-2: C, 74.4; N, 7.5; H, 4.6; Anal. Found for 

mPTPM-3: C, 74.5; N, 7.2; H, 4.7; Anal. Found for mPTPM-4: C, 72.6; N, 9.3; H, 
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4.7. The C/N molar ratios for mPTPM-1, 2, 3, and 4 networks were calculated to be 

11.3, 11.57, 12.07, and 9.11, respectively. 

2. Characterization and Measurements 

2.1. Structure and morphology characterization 

Fourier transform infrared (FT-IR) spectra were taken on a Nicolet 670 spectrometer. 

Solid-state 13C cross-polarization magic angle spinning nuclear magnetic resonance 

(CP/MAS NMR) spectra were taken on an AVANCE400 spectrometer. X-ray 

photoelectron spectra (XPS) were obtained on a PHI5000 1 Versa probe-II 

multifunctional 2 scanning and imaging photoelectron spectrometer equipped with an 

Al Kα X-ray source. Powder X-ray diffraction (XRD) patterns were obtained on a 

Bruker D8 Advance diffractometer using Cu Kα radiation (2θ = 5-90o). Laser Raman 

spectra were characterized by an inVia Reflex spectrometer (532 nm, 0.05%, 1 s). 

Thermal gravimetric analysis (TGA) was carried out on a TGA Q500 apparatus under 

a nitrogen atmosphere in a temperature range 30-900 ℃ (heating rate 10 ℃/min). 

Scanning electron microscope (SEM) images were obtained on a HITACHI S-4800 and 

transmission electron microscope (TEM) images were obtained on a JEM-2100 TEM 

microscope.  

2.2. N2 and CO2 adsorption/desorption measurements 

N2 adsorption/desorption measurements at 77 K were performed after degassing the 

samples under a high vacuum at 343 K for at least 20 hours using a Micro VacPrep061 

machine. CO2 adsorption/desorption isotherms at 273 and 298 K were conducted on a 

Micro ASAP2046 machine after prior degassing under high vacuum at 343 K. The 

specific surface areas were calculated by applying the Brunauer-Emmett-Teller (BET) 
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model to adsorption or desorption branches of the isotherms (N2 at 77 K) using the 

Micro for ASAP2460 software package. The non-local density functional theory 

(NLDFT) model was used to calculate the pore size distribution. The heat of CO2-

adsorption was calculated via the Clausius−Clapeyron method on the basis of the CO2 

adsorption/desorption isotherms obtained at 273 and 298 K. 

2.3. Iodine adsorption/desorption measurements 

Iodine (I2) uptake experiments were performed based on gravimetric measurements; 

the procedure was conducted as follows. 10 mg of PTPM or mPTPM powder charged 

in an open thermoresistant plastic pan (1 mL) and 1 g of I2 solids were placed in a sealed 

glass vial (20 mL) and heated at 358 K and 1.0 bar to generate I2 vapor. After adsorption 

for a while (0-105 min), I2-loaded polymer powder was cooled down to room 

temperature and weighted. The I2 uptake capacities for PTPMs or mPTPMs were 

calculated by weight gains: cu = (m2-m1)/m1×100 wt%, where cu is the I2 uptake 

capacity, m1 and m2 are the mass weight of adsorbents before and after adsorption. I2 

release and adsorbent recycles were conducted as follows: typically, 10 mg of I2-

equilibrium mPTPM-3 (cu: 394 wt%) powder containing 7.98 mg iodine charged in an 

open thermoresistant plastic pan (1 mL) was placed in an open glass vial (20 mL) and 

heated at 398 K and 1.0 bar in an oil bath for 80 min. The I2 release efficiency was 

calculated by weight gains: er = (10-mt)/7.98×100 wt%, where er is the I2 release 

efficiency, mt is the mass weight of mPTPM-3 after heating. Recycling percentage (rp) 

of the adsorbents was determined as follows: 30 mg of I2-equilibrium mPTPM-3 (cu: 

394 wt%, 3.94 g g-1) powder charged in an open thermoresistant plastic pan (1 mL) was 

placed in an open glass vial (20 mL) and heated at 398 K and 1.0 bar for 80 min in an 

oil bath. The recovered mPTPM-3 powder was re-used for I2 adsorption. The rp was 
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calculated by weight gains: rp = cu/394×100 wt%, where rp is the recycling percentage 

and cu is the I2 uptake capacity of mPTPM-3 after heating recovery. Above-mentioned 

iodine adsorption, release, and recycling percentage of adsorbents were average values 

according to three measurements.    

2.3. Density functional theory (DFT) calculations 

Optimizations and vibrational frequencies of eight molecular models present in Table 

S5 were performed at BP86/def2-SVP level with Grimme’s protocol included for 

empirical dispersion correction.1-3 Based on the optimized structures, electron density 

maps were calculated by a grid size of 0.2×0.2×0.2 Å at BP86/def2-TZVP level with 

dispersion corrections. All calculations were carried out in TURBOMOLE 7.3 program 

package.4 

3. Supplementary Figures and Tables 

 

 

Figure S1 Appearances of PTPMs and mPTPMs. 
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Figure S2 XRD patterns of PTPMs and mPTPMs. 
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Figure S3 Full survey XPS spectra of PTPM-3, mPTPM-3, I2@PTPM-3, and 

I2@mPTPM-3. 
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Figure S4 13C CP/MAS NMR spectra of mPTPMs. 

 

Figure S5 TGA scans of PTPMs and mPTPMs. 
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Figure S6 SEM images of (a) PTPM-1, (b) PTPM-2, (c) PTPM-3, and (d) PTPM-4.  

 

Figure S7 SEM images of (a) mPTPM-1, (b) mPTPM-2, (c) mPTPM-3, and (d) 

mPTPM-4. 
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Figure S8 TEM images of (a) PTPM-1, (b) PTPM-2, (c) PTPM-3, and (d) PTPM-4. 

 

 

Figure S9 Schematic illustration of shrinkage effect found on the mPTPM adsorbents. 
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Figure S10 Heat of CO2-adsorption of PTPMs. 
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Figure S11 Heat of CO2-adsorption of PTPMs. 
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Figure S12 Pseudo-second order kinetic model of iodine uptake of PTPMs as a function 

of time at 358 K and ambient pressure. 
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Figure S13 Pseudo-second order kinetic model of iodine uptake of mPTPMs as a 

function of time at 358 K and ambient pressure. 
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Figure S14 A chemically adsorptive model (charge transfer complex) proposed for 

mPTPMs and I2 molecules. 
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Figure S15 Electron density profiles for analogs of (a,b) PTPM-1, (c,d) PTPM-2, (e,f) 

PTPM-4, (g,h) mPTPM-1, (i,j) mPTPM-2, and (k,l) mPTPM-4 in DFT calculations. 

Chemical structures are shown in the insets of (b), (d), (f), (h), (j), and (l). 

 

Table S1 Summary of surface areas and CO2 uptakes (273 k, 1 bar) of TPM-POPs 

POPs Surface area 

(m2/g) 

CO2 uptake 

(g/g-1) 

Qst 

(kJ/mol) 

Reaction 

method 

Ref. 

mPTPM-2 640 0.106 32.9 

Buchwald-

Hartwig 

This 

work 

PIN2 325 0.079 31.0 Schiff-base 5 

JUC-Z15 1570 0.078 22.6 Yamamoto 6 

JUC-Z17 2144 0.088 22.1 Yamamoto 6 

JUC-Z18 2334 0.090 16.5 Yamamoto 2 
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JUC-Z19 3137 0.109 15.7 Yamamoto 6 

CPN-1-Br 1455 0.110 31.0 Yamamoto 7 

IT-POP-1 245 0.075 32.9 

Sonogashira-

Hagihara 

8 

PAF-26-

COOH 

717 0.102 28.1 

Sonogashira-

Hagihara 

9 

LMOP-3 791 0.103 - Heck 10 

JUC-Z7 4889 0.114 15.9 Yamamoto 11 

JUC-Z8 4743 0.147 18.6 Yamamoto 11 

JUC-Z9 4053 0.151 19.6 Yamamoto 11 

JUC-Z10 3305 0.167 23.2 Yamamoto 11 

PAF-1 5341 0.090 15.6 Yamamoto 11 

PA-POF-1 478 0.110 23.7 Yamamoto 12 

D 1213 0.106 26.0 

Sonogashira-

Hagihara 

3 

PBO-M 745 0.116 34.4 

Condensatio

n 

14 

BCMP-1 788 0.066 - 

Sonogashira-

Hagihara 

15 

BCMP-2 490 0.067 - 

Sonogashira-

Hagihara 

15 
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Table S2 Summary of structures, surface areas and I2 uptakes of POPs 

POPs SBET 

(m2/g) 

Pressure T 

(K) 

Uptake  

time  

I2 uptake 

(g/g) 

Ref. 

mPTPM-1 513 1 bar 358 2.5 h 3.12 This work 

mPTPM-2 640 1 bar 358 2.5 h 3.02 This work 

mPTPM-3 278 1 bar 358 12.5 h 3.94 This work 

mPTPM-4 293 1 bar 358 2.5 h 2.76 This work 

NTP 1067 1 bar 348 48 h 1.80 16 

PAF-23 82 1 bar 348 48 h 2.71 17 

PAF-24 136 1 bar 348 48 h 2.76 17 

PAF-25 262 1 bar 348 48 h 2.60 17 

PAF-1 5600 40 Pa 298 10 h 1.86 18 

JUC-Z2 2081 40 Pa 298 10 h 1.44 18 

SCMP-Ⅱ  120 1 bar 353 3 h 3.45 19 

NOP-54 1178 - 348 24 h 2.02 20 

CaIPOF-1 154 1 bar 348 30 h 4.06 21 

CaIPOF-1 91 1 bar 348 30 h 3.53 21 

1’’ - 1 bar 343 10 h 0.452 22 

BDP-CPP-1 635 - 348 24 h 2.83 23 

BDP-CPP-2 235 - 348 24 h 2.23 23 

NBDP-CPP 658 - 348 24 h 1.50 23 

HCMP-3 82 1 bar 358 0.75 h 3.16 24 

SCMP-

600@1 

724 

1 bar 

350 24 h 2.04 25 
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SCMP-

600@2 

901 

1 bar 

350 24 h 1.48 25 

SCMP-

600@3 

1042 1 bar 350 24 h 1.67 25 

CTF-

1@ZnCl2 

1476 1 bar 348 24 h 4.31 26 

THPS-C 3125 1 bar 348 48 h 3.40 27 

CMP-LS4 462 1 bar 353 12 h 3.32 28 

CMP-LS5 1158 1 bar 353 12 h 4.40 28 

CMP-LS6 679 1 bar 353 12 h 2.44 28 

 

Table S3 Kinetic data of the iodine adsorption of PTPMs. 

PTPM slope y-intercept qe [g/g] k [g/(g*min)] R2 

1 0.4770 4.6069 2.0964 0.0494 0.9990 

2 0.4962 3.1279 2.0153 0.0787 0.9991 

3 0.2249 7.7138 4.4464 0.0066 0.9753 

4 0.4866 1.4814 2.0551 0.1598 0.9998 

 

Table S4 Kinetic data of the iodine adsorption of mPTPMs. 

mPTPM slope y-intercept qe [g/g] k [g/(g*min)] R2 

1 0.2695 6.9662 3.7106 0.0104 0.9991 

2 0.2783 7.0901 3.5932 0.0109 0.9980 

3 0.1969 7.8570 5.0787 0.0049 0.9966 

4 0.2496 15.6406 4.0064 0.0040 0.9946 
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Used equation: 

 

where qt is the adsorbed amount at time t, qe is the equilibrium uptake and k is the 

adsorption rate constant. y-Intercept is equal to 1/(k*qe²) and the slope is equal to 

1/qe. 

 

Table S5 Polymers, iodine uptakes, models, and electron densities in N atoms 

Polymers I2 uptake (g/g) Models Electron densities (e-/Å) 

PTPM-1 

 

 

1.86 

 

9 

PTPM-2 

 

 

1.85 

 

9 

PTPM-3 

 

 

3.22 

 

20 

PTPM-4 

 

 

1.97 

 

11 

t

qt
=

1

k ×qe
2
+

1

qe
× t
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mPTPM-1 

 

 

3.12 

 

16 

mPTPM-2 

 

3.02 

 

17 

mPTPM-3 

 

 

3.94 

 

23 

mPTPM-4 

 

2.76 

 

12 
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