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Porous organic polymers with labile leaving groups offer direct access to reactive functional groups, otherwise
not permissible during network formation. In a one-step, open air, self-coupling reaction of tris bromomethyl
benzene, we report highly porous, bromine rich C-C bonded porous polymers. Due to the steric nature of the
monomer, restrictive crosslinking allowed pendent bromine groups to remain unreacted and provided rapid
exchange into amines, nitriles, and thiols. This simple but powerful strategy yielded two isostructural but varying
porosity and pendent group density polymers, allowing a comparative gas uptake study. Despite having lower
surface area, the porous polymer formed at low temperature showed higher amination due to higher density of
bromine groups. The polymers with more pendant groups resulted better CO, uptake performances than higher
porosity polymers with less pendant groups. Although post-modification decreased surface area of materials,
amine functionalization greatly improved the CO, uptake capacity. The ethylenediamine appended version
exhibited 4.7 times increase in CO, uptake capacity with highest CO5/Nj selectivity of 729 (298 K), and with an

isosteric heat of 97 kJ mol ™! at zero coverage.

1. Introduction

Carbon dioxide recovery and storage is essential for curbing global
warming, but current capture technologies are not yet optimized for low
cost, scalable applications [1-3]. Solid nanoporous adsorbents such as
metal organic frameworks (MOFs) [4-8], microporous organic polymers
(MOPs) [9-12], and covalent organic polymers (COPs) [13-15] have
been investigated as promising CO; adsorbents because they offer
tunable pore sizes and functionalities, high surface areas, and low
regeneration energy. The surface chemistry (i.e. functional moieties)
dictates the strength of CO5 binding, which is commonly estimated from
isosteric heat of adsorption (Qg). Stronger CO, binding gives both
higher adsorption capacity and higher selectivity over nitrogen, the
other but major component of flue gas [14,16-18]. Functional groups

such as hydroxyl, carboxylic acid, sulfonic acid, sulfide, phosphonium
and a number of nitrogen-based moieties such as alkylamines, aromatic
amines, amidoximes, benzimidazole, and azo groups have been suc-
cessfully studied for COy capture [19-23]. Among these, alkylamines
exhibit strongest binding to CO, via chemisorptive carbamate formation
[15,24-26]. Alkylamine incorporated porous materials were reported to
have Qg values as high as 100 kJ mol ! and CO,/N, selectivities in the
order of thousands [15,18,24]. The effect of amine surface density on
CO4 adsorption performance was also studied on porous materials such
as mesoporous silica [27,28], and amine modified polystyrene polymer
[29]. Majority of nanoporous sorbents lack the surface adsorption sites
like nitrogen-based moieties for selective CO, binding, which leads to
much lower CO, adsorption capacities than desired. To gain more
effective adsorbent capacity, the surface of the nanoporous networks
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Scheme 1. (a) Conventional multi-step synthesis of functional nanoporous polymers. (b) Our one-step Friedel-Crafts synthesis of bromomethyl tethered porous

network polymers and their Sy2 post-modification with CO,-philic moieties.
should be derivatized with COs-philic moieties
post-modification techniques [30,31].

CO»-philic moieties can be incorporated into porous materials by
either physical impregnation or covalent bond formation through post-
synthetic functionalization (Scheme 1) [32-34]. Covalently introducing
functionalities has a significant advantage of higher thermal and
chemical stability over impregnation [35-37]. But unlike homogeneous
molecular synthesis, heterogeneous post-modification of nanoporous
solids require tedious processing, concentrated reactive species, high
temperatures, and prolonged reaction times for a successful grafting.
Even then the process often fails to fully transform the solid due to mass
transport limitations. Also, in every step of the modification, the surface
areas of the materials decrease dramatically [14,15,18]. A compromise
is to start with robust nanoporous polymers with C-C bonded frame-
works, since they can withstand harsh conditions [38,39]. In compari-
son to others, Friedel-Crafts (FC) alkylation is one of the most promising
methods when considering the vast availability of inexpensive pre-
cursors, and unsurprisingly used for generating nanoporous polymers
having C-C bonded frameworks [9,40,41]. In a FC route, multifunc-
tional benzyl halides with rigid frameworks are commonly used as
monomers with anhydrous Lewis acid catalysts (e.g. FeCls) to form
polymer networks. To obtain highly crosslinked and porous structure,
the reactions are usually carried out at higher temperatures.

Here we report a new strategy based on FC self-coupling to prepare
labile bromomethyl anchored C-C bonded nanoporous polymer net-
works in a single step without post-synthetic modification (Scheme 1).
By varying the reaction temperature, the degree of crosslinking and the
density of surface groups were tuned, which allowed us to study the
effect of surface anchored group density on post-functionalization.
Tethered bromomethyl groups were readily modified by bimolecular
nucleophilic substitutions (Sy2) using ethylene diamine, diethylenetri-
amine, thiol and nitrile groups. The CO»-philic moieties enhanced COy
adsorption capacity of the porous networks and resulted in higher Qg
values and CO5/Nj selectivities.

through

2. Experimental
2.1. Materials

Anhydrous iron (III) chloride (FeCls, 99.0%), sodium hydrosulfide
hydrate (NaSH, 70%), 1,2-ethylene diamine (EN, 99.0%), 2,2'-dia-
minodiethylamine (98.5%, also named as diethylenetriamine, DETA),
sodium cyanide (NaCN, 97.0%) were purchased from Samchun Pure
Chemicals, Korea. 1,2-dichloroethane (DCE, 99.5%), methanol (MeOH,
99.8%) and chloroform (CHCls, 99.8%) were purchased from Daejung
Chemicals, South Korea. 1,3,5-tris(bromomethyl)benzene (97%) was
purchased from Sigma Aldrich, USA. Deionized water (DIW) was used

from a Mili-Q (18.2 MQ-cm at 25 °C) system. Prior to use, 1,2-dichloro-
ethane was dried and distilled over P40;¢ under nitrogen. All the other
solvents and chemicals were used without further purification.

2.2. Experimental procedures

2.2.1. Synthesis of covalent organic polymer 190L (COP-190L)

2 mmol (735.84 mg, 356.88 g mol’l) of 1,3,5-tris(bromomethyl)
benzene was dissolved in 20 ml dry dichloroethane under Ny atmo-
sphere. 6 mmol (1.0 g, 162.2 g mol™!) of anhydrous FeCl; was added to
the solution. Reaction was stirred for 30 h at room temperature (RT).
After the reaction, 20 ml MeOH was added to the flask to quench the
excess FeCls. The precipitates were washed thoroughly with MeOH and
then CHClj3 until the filtrate was clear. The solid product, COP-190L, was
dried under vacuum at 120 °C overnight. The dried mass of COP-190L
was 398 mg (169% yield based on fully self-coupled polymer where
no bromines are left unreacted).

2.2.2. Synthesis of COP-190H

2 mmol (735.84 mg, 356.88 g mol™ 1) of 1,3,5-tris(bromomethyl)
benzene was dissolved in 20 ml dry dichloroethane under Ny atmo-
sphere. 6 mmol (1.0 g, 162.2 g mol™ 1) of anhydrous iron (III) chloride
was added at once. Reaction was stirred for 30 h at 78 °C. After
completion, the reaction mixture was allowed to cool to room temper-
ature, and then 20 ml MeOH was added to the flask to quench the excess
FeCls. The precipitate was washed with MeOH and CHCls thoroughly
until the filtrate was clear. The resultant solid was dried under vacuum
at 120 °C overnight. The dried mass of COP-190H is 375 mg (159% yield
based on fully self-coupled polymer where no bromines are left
unreacted).

2.2.3. Synthesis of COP-190L-en, COP-190L-deta, COP-190H-en, and
COP-190H-deta

200 mg of COP-190 was added into 50% (v/v) of 20 ml amine so-
lution in acetonitrile, and the mixture was stirred at 100 °C for 48 h. The
solids were filtered and washed for five times with MeOH and then
washed thoroughly with water until the supernatant was neutral
(monitored by a pH paper). The product was dried under vacuum at
120 °C overnight. The porous polymers are named as COP-190L-en and
COP-190H-en for ethylenediamine (EN), COP-190L-deta and COP-
190H-deta for diethylene triamine (DETA) grafted polymers.

2.2.4. Synthesis of COP-190H-CN and COP-190H-SH

200 mg of COP-190 and 500 mg of sodium cyanide (NaCN) or so-
dium hydrosulfide (NaHS) were added to the flask (sodium cyanide or
sodium hydrosulfide was ground using mortar to make a fine powder).
(Caution: Both NaCN and NaSH are toxic, grind inside a fume hood,
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Fig. 1. (a) Synthesis of COP-190 and post-modification with ethylenediamine (EN) and diethylenetriamine (DETA). N, adsorption (solid circles) and desorption
(empty circles) isotherms of (b) COP-190L, COP-190L-en, COP-190L-deta, and (e) COP-190H, COP-190H-en, COP-190H-deta at 77 K. Micropore size distributions of
(c) COP-190L, COP-190L-en, COP-190L-deta, and (f) COP-190H, COP-190H-en, COP-190H-deta calculated using a NLDFT method. Mesopore size distributions of (d)
COP-190L, COP-190L-en, COP-190L-deta, and (g) COP-190H, COP-190H-en, COP-190H-deta calculated using BJH method.

and always wear a proper mask during grinding). After adding 50 ml of
DMF, the reaction mixture was stirred at 120 °C under nitrogen for 48 h.
The reaction was quenched by slowly adding 30 ml of methanol, fol-
lowed by filtering the solid and washing with water (15 ml each). The
product was further sonicated in 6 M HCI for 30 min and soaked in HCI
overnight. (Caution: The acid addition process must be carried out
inside a fume hood. Hydrogen sulfide and hydrogen cyanide byprod-
ucts are highly toxic. Wear a mask) The solid, once again, was filtered
and thoroughly washed with water. The product was dried at 120 °C
under vacuum for 12 h. The resulting polymers were named as COP-
190H-CN for nitrile functionalization, and COP-190H-SH for thiol
functionalization.

2.3. Characterization methods

Porosity characterization of polymers was carried out from nitrogen
adsorption isotherms using a Micromeritics 3FLEX accelerated surface
area and porosimetry analyzer at 77 K. Prior to measurement, samples
were degassed at 423 K for 6 h under vacuum. The specific surface areas
were derived from Brunauer-Emmett-Teller (BET) and Langmuir
models. Micropore size distributions were calculated from adsorption
data by a Micromeritics 3FLEX software using non-local density func-
tional theory (NLDFT) with slit pores. Mesopore size distributions were
calculated from desorption data by the Micromeritics 3FLEX software

using a Barrett-Joyner-Halenda (BJH) method. The CO; and N
adsorption and desorption isotherms were measured at 273 K and 298 K
by using a 3Flex surface characterization analyzer, Micromeritics Inc.
Heat of adsorption data were calculated from CO5 adsorption isotherms
up to a pressure of 1.1 bar at 273 K and 298 K using Clausius-Clapeyron
equation. The COy/N; selectivities were calculated according to the
Ideal Adsorbed Solution Theory (IAST) for CO3 (15%):N3 (85%). The
absolute component loadings were fitted with a single site Langmuir-
Freundlich model.

Elemental composition was measured from energy-dispersive scan-
ning (EDS) analysis of polymers on FEI Sirion scanning electron mi-
croscopy with an accelerated voltage of 10 kV. Fourier Transform
Attenuated Total Reflectance-Infra-Red spectra (FT-ATR-IR) were
recorded with a Shimadzu IRTracer, Gladi-ATR 10 model FTIR spec-
trometer. A sample (2-5 mg) was placed beneath the tip and over the
laser and scanned for 20 times. Thermo-gravimetric analyses were
performed on a Shimadzu DTG-60A by heating the samples from 30 °C
up to 800 °C at a rate of 10 °C min~! under air. Solid state CP-MAS 3C
NMR spectra were achieved on the 400 MHz Bruker Advance III spec-
trometer with the spinning speed of 14 kHz. The SEM and EDS images
were recorded on the FEI Magellan 400 scanning electron microscope.
All samples were sputter coated with 5 nm-thick Iridium layer before
being observed top surface and elemental mapping in a scanning elec-
tron microscope (Magellan 400, FEI, USA) at accelerating voltage of 20
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Table 1

Summary of gas adsorption data and elemental composition of COP-190 derivatives.
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Materials BETsa (m% g™ 1) Langsa % g D) Ve (em® g Vigiero (em®g™1)  CO, uptake at 298 K (mmol g~ 1) Elemental composition (weight %)
Conditions 77 K, Ny 77 K, Ny 0-60 nm 0-2 nm 0.15 bar 1 bar C N (o] S Br
COP-190L 284 334 0.10 0.08 0.25 0.94 51.4 - 6.9 - 41.7
COP-190L-en 119 136 0.12 0.04 1.18 2.26 76.2 5.6 10.4 - 7.7
COP-190L-deta 22 28 0.036 0.0014 0.63 1.41 77.3 5.9 9.7 - 6.9
COP-190H 787 839 0.23 0.21 0.42 1.58 65.2 - 8.8 - 26.0
COP-190H-en 456 494 0.142 0.137 0.89 2.19 83.3 3.4 8.7 - 4.6
COP-190H-deta 72 80 0.047 0.011 0.72 1.79 83.8 3.7 9.0 - 3.5
COP-190H-CN 661 709 0.21 0.20 0.61 2.11 73.6 5.0 13.2 - 8.2
COP-190H-SH 773 827 0.25 0.23 0.61 2.28 72.5 - 10.8 7.7 9.0
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Fig. 2. Solid-state '>C NMR spectra of COP-190 derivatives before and after ethylenediamine (en) functionalization. (a) COP-190L and COP-190L-en, (b) COP-190H

and COP-190H-en.

kv.
3. Results and discussion
3.1. Synthesis and characterization of COP-190L and COP-190H

In a one-step procedure, a commercially available 1,3,5-tris(bromo-
methyl)benzene was self-coupled to produce covalent organic polymer
(COP-190), through a FC alkylation in the presence of FeCls (Fig. 1).
Hypothetically, a fully self-crosslinked 1,3,5-tris(bromomethyl)benzene
would have all core benzene molecules to be substituted at all six carbon
positions with benzyl molecules, which is sterically and energetically
unfeasible. Therefore, the network polymer, inadvertently, will contain
unreacted benzyl bromides that can be functionalized by a rapid Sn2
reaction to incorporate new functional groups. COP-190 was synthe-
sized at 78 °C named as COP-190H (“H” for high temperature), and at
room temperature as COP-190L (“L” for low temperature) (Fig. 1). High
temperature synthesis produced higher crosslinking and porosity, but
less pendent groups. In contrast, lower temperature synthesis gave lower
porosity but more pendent groups.

The porosities of synthesized COP-190 networks were studied using
nitrogen (N3) adsorption isotherms at 77 K (Fig. 1, S1-S3) and the results
are summarized in Table 1. As anticipated, COP-190H showed a high
Brunauer-Emmett-Teller (BET) surface area of 787 m> g’1 and total pore
volume of 0.23 cm® g~!, while COP-190L showed only 284 m? g~! and
0.10 cm® g1, Both materials exhibited mesoporous and microporous
morphologies, but COP-190H has more microporous structure. COP-
190H possesses 91 wt % microporous volume while COP-190L showed
only 80 wt %. Elemental composition of COP-190L revealed 41.7 wt % of

bromine, while COP-190H has only 26.0 wt %, confirming that lower
temperature synthesis forms products with more unreacted bromines
(Table 1). Elemental analysis also revealed appearance of oxygen
pendent groups on both COP-190L and COP-190H. Oxygen was likely
introduced through hydrolysis of benzyl bromide, and oxidation of
benzyl alcohol and aromatic C-H species, with the help of Lewis acid
and oxidant FeCls. Broad O-H stretching band around 3400 cm™! in
FTIR spectra also confirms the presence of R—-OH species in the syn-
thesized polymers (Figs. S4 and S5). Solid-state **C NMR spectroscopy
measurements of pristine COP-190H and COP-190L polymers show
characteristic aromatic carbon peaks around 130 ppm, and aliphatic
peaks of cross-linked —~CH»- at 45 ppm, and unreacted —CH»-Br at 33 ppm
(Fig. 2). In addition, spectra also revealed small peaks at 192 ppm (ke-
tone), 183 ppm (aldehyde), and 166 ppm (carboxylic acid), supporting
the findings of elemental analysis and FTIR measurements.

3.2. Amine functionalization of COP-190L and COP-190H

COP-190L and COP-190H were then reacted with ethylenediamine
(EN) to afford COP-190L-en and COP-190H-en, and with diethylenetri-
amine (DETA) to give COP-190L-deta and COP-190H-deta (Fig. 1a). The
post-modified porous polymers exhibit characteristic N-H stretching at
3300 cm™ !, NH, bending band at 1650 cm™!, C-N stretching at 1280
cm’l, C-H stretching at 2900 cm’l, and CH; bending around 1380 em !
(Fig. S4 and Fig. S5). After amination, bromine content decreases
dramatically confirming the substitution reaction, but small fraction of
bromine still left unreacted on COP-190 networks (Table 1). In COP-
190L, bromine content drops from 41.7 wt % to 7.7 wt % and 6.9 wt
% for COP-190L-en and COP-190L-deta, respectively. On the other hand,
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Fig. 3. CO, adsorption (solid circles) and desorption (empty circles) isotherms. COP-190L, COP-190L-en, and COP-190L-deta at (a) 273 K, and (b) 298 K. COP-190H,

COP-190H-en, and COP-190H-deta at (c) 273 K, and (d) 298 K.

in COP-190H, bromine content drops from 26.0 wt % to 4.6 for COP-
190H-en and to 3.5 wt % for COP-190H-deta. Also, due to the more
bromomethyl anchoring groups available in COP-190L, more EN and
DETA were introduced, evidenced by 5.6 wt % nitrogen in COP-190L-en,
5.9 wt % nitrogen in COP-190L-deta as compared to 3.4 wt % nitrogen in
COP-190H-en, and 3.7 wt % nitrogen in COP-190H-deta. Thermogra-
vimetric analysis of both amine modified and unmodified COP-190 de-
rivatives show similar thermal stabilities up to the 300 °C, suggesting
amines are covalently bonded rather than impregnated to the surface
(Fig. S7). In addition, in both modified and unmodified COP-190, due to
the desorption of adsorbed water, there is a 10-13 wt % mass loss up to
120 °C, which is common for nanoporous polymer networks [42,43].
One of the main challenges in post-synthetic functionalization of the
nanoporous polymer networks is pore filling or clogging that causes
significant loss in porosity [44]. Here, we investigated the change in
pore size distribution (PSD) before and after the amine
post-modification reaction and observed that not only size of reacting
amines but also the density of surface anchoring groups affects the
porosity of resulting material (Fig. 1). After diethylenetriamine (DETA)
reaction, the pores at 0.5 nm and 0.8 nm disappeared for both
COP-190L-deta and COP-190H-deta, respectively, suggesting pore
filling by attached groups. When using smaller molecule than dieth-
ylenetriamine, such as ethylenediamine (EN), 0.5 nm and 0.8 nm pores
were blocked in COP-190L-en, but COP-190H-en showed only small
decrease in pore volume. Similarly, the pores at 1.2 nm vanished after
post-amination of COP-190L-deta, but only small decrease in pore vol-
ume is observed in COP-190H-deta. We attribute this to lower density of
anchoring bromomethyl groups in COP-190H, where pore volumes and
sizes are affected less. The pores at 1.2, 1.5, 1.8 nm for both COP-190L

and COP-190H, at 4.8 nm for COP-190L and at 4.0 for COP-190H shrunk
in size and exhibited decrease in volume. In COP-190L with more
anchoring groups, the reduction in pore size and volume is much higher.
We also noticed higher decrease in pore sizes for larger pores as opposed
to smaller ones. For instance, after EN functionalization of COP-190L,
the pores at 4.8 nm shrunk by 0.7 nm, while pores at 1.8 nm shrunk
by only 0.2 nm. We believe this is due to the different density of
anchoring groups on different pore sizes or infiltration of amines into the
smaller pores are harder than the larger ones. Smaller pores are formed
as a result of higher crosslinking with lower density tethering groups in
the vicinity.

3.3. The CO2 adsorption study of amine functionalized COP-190L and
COP-190H

In CO; adsorption capacity, both surface chemistry and porosity are
known to play major roles [1]. Although introduction of amine groups
enhances CO;y adsorption, decrease in surface area usually has an
adverse effect in performance. BET surface area of COP-190L dropped
from 284 m? g~! to 119 m? g~ for COP-190L-en and to 22 m? g™ for
COP-190L-deta, and COP-190H surface area dropped from 787 m? g!
to 456 m? g~! for COP-190H-en, and to 72 m? g~* for COP-190H-deta
(Table 1). Despite significant losses in porosities, CO5 adsorption per-
formances greatly improved and COP-190L having more anchored
groups showed greater improvement than COP-190H with less substi-
tution. For instance, at 298 K and 0.15 bar, the relevant conditions for
COq, capture from flue gas, adsorption capacity of COP-190L increased
4.7 times from 0.25 mmol/g to 1.18 mmol/g in COP-190L-en, but ca-
pacity of COP-190H only increased 2.1 times from 0.42 mmol/g to 0.89
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Fig. 4. CO; heats of adsorption data for (a) COP-190L, COP-190L-en, and COP-190L-deta, (b) COP-190H, COP-190H-en, and COP-190H-deta. IAST CO4/N3 (15:85)
selectivities for (¢) COP-190L, COP-190L-en, and COP-190L-deta, (d) COP-190H, COP-190H-en, and COP-190H-deta.

mmol/g in COP-190H-en (Table 1 and Fig. 3). Although EN and DETA
modified derivatives have similar nitrogen contents, DETA derivatives
gave lower CO; uptake which is, most likely, due to lower surface area.

The adsorption performance of the porous materials primarily de-
pends on (1) porosity (surface area, size of the pores), and (2) nature and
(3) density of surface chemistry. With the surface chemistry being
similar, due to the higher porosity, COP-190H exhibited a higher CO5
adsorption capacity than COP-190L. In the same way, COP-190L-en
showed a higher capacity than COP-190L-deta, and COP-190H-en hav-
ing a greater capacity than COP-190H-deta. However, the density of
surface adsorptive functional group was observed to outweigh the
porosity when the less porous COP-190L-en exhibited a higher adsorp-
tion capacity than COP-190H-en. On the other hand, in the low porosity
regime, the difference in surface area became the determining factor as
demonstrated by the higher capacity of COP-190H-deta (72 m?/g, 0.72
mmol/g at 0.15 bar) than COP-190L-deta (22 rnz/g, 0.63 mmol/g at
0.15 bar). Among these materials, COP-190L-en showed best CO,
adsorption performance (1.18 mmol/g at 0.15 bar and 2.26 mmol/g at 1
bar), because it has relatively higher surface area (119 mz/g) with
higher density of amine functionalized surface.

After post-modification of COP-190 with amine molecules, chemi-
sorption of CO, is apparent from rapid increase in uptake at lower
pressures and the noticeable hysteresis in adsorption-desorption profiles
(Fig. 3). COz binding strength was estimated from Qst values using
adsorption data collected at 273 K and 298 K (Fig. 4). Irrespective of
different porosity and density of functional groups, COP-190 networks
with the same type of chemistry showed similar Qst values, as expected.
At zero coverage, parent COP-190L and COP-190H polymer exhibited
Qst values of 34 kJ mol™! and 31 kJ mol ™, respectively. After EN
modification, Qst values increased to 97 kJ mol~! and 100 kJ mol " for

COP-190L-en and COP-190H-en, respectively. After modifying with
DETA, Qst increased to 73 kJ mol ! for both COP-190L-deta and COP-
190H-deta. These high values are the result of strong chemisorptive
binding of CO; originated from incorporated amine functionalities.

CO2/Nj selectivity from a simulated flue gas mixture (15% CO5 and
85% Ny) is vital in assessing the performance of adsorbents. Selectivities
were calculated from CO, and N, adsorption isotherms at 298 K using
IAST method for 15% CO, and 85% N (Fig. 4). Both EN and DETA
incorporation enhanced the selectivity of COP-190 derivatives. COP-
190L with more anchored groups showed greater improvement than
COP-190H, and EN modified COP-190 derivatives showed better
improvement than DETA-modified ones. COy/N> selectivity increased
from 69 to 729 (>10x) in COP-190L-en, and to 278 (>4x) for COP-190L-
deta. In COP-190H having lower density of amines, selectivity increased
from 52 to 171 (>3.2x) for COP-190H-en, and to 121 (>2.3x) for COP-
190H-deta.

3.4. CO2 adsorption study of thiol and nitrile functionalized COP-190H

Nanoporous materials with polar thiol and nitrile chemistries were
reported to enhance CO, performance through weak physisorptive
binding [45,46]. They are also found to be useful in water treatment
applications [46,47]. We, therefore, studied both thiol and nitrile
functionalization of COP-190H, and their CO5 capture performances
(Fig. 5). Sodium hydrosulfide and sodium cyanide were reacted with
COP-190H through well-known Sy2 mechanisms to give COP-190H-CN
(for nitrile) and COP-190H-SH (for thiol). Elemental analysis and FTIR
spectra show successful nitrile and thiol functionalizations. After
post-modification, 7.7 wt % sulfur was observed in COP-190H-SH, and
bromine content decreased from 26.0 wt % to 9.0 wt % (Table 1). In
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Fig. 5. (a) Nitrile (CN) and thiol (SH) functionalization of COP-190H. (b) N5 adsorption (solid circles) and desorption (empty circles) isotherms of COP-190H, COP-
190H-CN, and COP-190H-SH at 77 K. (c) Micropore size distributions for COP-190H, COP-190H-CN, and COP-190H-SH, calculated using NLDFT method. (d)
Mesopore size distributions for COP-190H, COP-190L-CN, and COP-190L-SH, calculated using BJH method.

COP-190H-CN 5.0 wt % nitrogen was detected, and bromine content
decreased to 9.0 wt %. Characteristic nitrile stretching at 2200 cm ™ is
also evident in FTIR spectra of nitrile grafted COP-190H-CN (Fig. S6).
Due to smaller size of thiol and nitrile groups, porosity is not expected to
decrease as much as EN and DETA modified COP-190 networks. Indeed,
COP-190H-SH and COP-190-CN exhibited BET surface areas of 773 m?
g ! and 661 m? g™, respectively, giving only 2% decrease for thiol and
16% decrease for nitrile (Fig. 5 and Table 1). Moreover, as expected,
pores size distributions of COP-190H-SH and COP-190-CN were also not
affected as much, showing only slight decrease in pore volume and size
(Fig. 5). Incorporation of nitrile and thiol groups also improved the CO,
capture performance, resulting higher adsorption capacities, Qst values,
and CO4/Nj selectivities. Qst values increased from 31 kJ mol ™! to 42
kJ mol™ in COP-190H-CN and to 37 kJ mol™! in COP-190H-SH, and
IAST CO2/Ny (15:85) selectivities increased from 52 to 76 for
COP-190H-SH and to 91 for COP-190H-CN (Fig. 6). Although nitrile
groups exhibited stronger binding energy than thiols, CO, adsorption
capacity increased by only 26% in COP-190H-CN as compared to 41% in
COP-190-SH (Fig. 6 and Table 1). We attribute this to the lower surface
area of COP-190H-CN. Due to the weaker interaction of nitrile and thiol
groups with CO,, regardless of higher surface area, improvement in CO,
uptake performances is much lower than EN and DETA functionalized
COP-190 networks.

4. Conclusion

In summary, we have demonstrated a facile method to prepare
nanoporous polymers with anchored benzyl bromides, and their post-

modifications for enhanced CO, capture. Porosity and density of
anchored groups were successfully tuned by changing the reaction
temperature. Tethered bromides were substituted by amine molecules,
ethylenediamine and diethylenetriamine, for improving COy capture
capabilities from flue gas mixture. Amine decorated COP-190 networks
gave a significant improvement in CO3 capacity, heat of adsorption, and
COy/Ny selectivity. COP-190L having more anchored bromomethyl
groups showed greater improvement than COP-190H, and ethylenedi-
amine pendent groups showed better improvement than diethylenetri-
amine ones. In addition, we have showed successful replacement of
bromides to produce nitrile and thiol appended nanoporous COP-190
networks. Our results demonstrate the effect of surface functional
group density on CO, adsorption performance, which leads to better
understanding of sorbent properties. The ability to tune the surface
functionality coverage of porous polymers may enable the synthesis of
better sorbents for CO, separation from industrial flue gas mixtures.
Furthermore, the one-step formation of a functional porous polymer
with labile leaving groups provides tremendous opportunities for a wide
range of applications such as vapor capture and catalysis, areas of which
we’re currently working on.
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