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Abstract

Porous polymer networks (PPNSs) is an emerginggoay of advanced porous materials that are ofésteor
carbon capture due to their high physicochemicabibty and convenient functionalization proces®réin, a
series of alkylamine tethered PPN-200 (PPN-200-DEFRN-200-TETA and PPN-200-TAEA) were prepared
through a novel post-synthetic strategy. Due to pihesence of alkylamine groups, PPN-200-TAEA has CO
uptakes of 42 cfilg (at 298 K and 150 mbar) and 55%ugn(at 298 K and 1 bar), and a calculated, (519
selectivity of 289, which demonstrate its potentigbostcombustion carbon capture application.

1. Introduction

With the rapid increase of the global populatiod &me industrialization, the consumption of endsggrowing
explosively. Currently over 85% of the global enedemand is being supported by fossil fuels, whigh
continue to play an important role in the foreséedbture.(1-4) The burning of the fossil fuelseates large
amounts of C@into the atmosphere, which has made the €fcentration in the atmosphere increase from 280
ppm to 390 ppm since the beginning of the industige.(5-8) The increase of the €€ncentration affects the
incoming and outgoing energy in the atmosphereiltieg in an increase of the average atmosphenipésature.
Though researchers are exploring cleaner forms@fgy (such as solar energy and hydrogen) (9-1dpiace the
fossil fuels, these are far from practical applarat Subsequently, strategies for carbon captudesaguestration
(CCS) are urgently required.(12, 13) In real agtians, the combustion of fossil fuels in air gettes flue gas
consisting of a majority of Nwith 15% CQ and other minor components such a®HCO, NQ and SQ; thus,
CO,-uptake capacity at about 0.15 bar is more relevantealistic postcombustion applications. Aqueous
alkanolamines, such as monoethanolamine (MEA) isoisit have been utilized as postcombustion “wettsging”
methods in power plants due to their large,€&pacity and selectivity. However, this methodessffrom many
complications, such as high regeneration energigitp and the corrosive nature of amines.

As an alternative choice, the solid porous materéae very promising for CCS since they can oveectime
downsides of aqueous alkanolamine solutions. Duitiegpast decades, metal-organic frameworks (MQ&gg
been studied extensively due to their high surfame, tunable pore size, adjustable functionalitied the
potential in gas adsorption and separation.(14E48n though some MOFs with high densities of opetairsites
(Mg-MOF-74) or high amounts of amine loading (mn@®¥+-74) have shown high GQuptakes, the practical
application of most MOFs is limited by their podnysicochemical stability and, particularly, by sSémgy to
water.(17-19)

PPNs are another class of very promising candidetierials for carbon capture, which are construftech
rigid monomers through covalent bonds and possassgment porosity.(20-25) Due to their covalentamtions,
PPNs normally display exceptional chemical and watability, enabling them to be easily functiomati by
pre-synthetic or post-synthetic methods.(20-23) Titeoduction of alkylamines into PPNs can sigrafitly
enhance the Cadsorption and CgN, selectivity by utilizing the polarizability and gdrupole moment of CQO
which have been demonstrated by Zhou and co-wafkR@)sNevertheless, till now, there are few workatt
present novel methods of introducing alkylaminés PPNSs.
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Herein, a novel post-synthetic strategy was designeconstruct a series of alkylamine tethered PRNsch
demonstrated high carbon capture capability and/MOselectivity. First, PPN-200 was synthesized by
Suzuki-Miyaura cross-coupling reaction using L1 ahd-phenylenediboronic acid. The default diamoddoi
framework topology dia topology) constructed by the combination of tetddal unit and linear unit provides
widely open and interconnected pores to efficieetiyninate the “dead space”. More importantly, gx¢remely
robust scaffold of PPN-200 makes it an ideal ptatfdor introducing C@-philic groups under harsh reaction
conditions. By reaction with N-bromosuccinimide (8B PPN-200 was modified to give PPN-200Br. The
methylbromide groups can be further substitutedlkylamines (diethylenetriamine (DETA), triethyléeamine
(TETA) and tris(2-aminoethyl)amine (TAEA)) to praokiPPN-200-amines (PPN-200-DETA, PPN-200-TETA and
PPN-200-TAEA) (Scheme 1). The resulting alkylamiathered PPN-200s showed significant increasesOpn C
uptake capacities (~55 ¢fg at 298 K and 1 bar) and high @8, selectivity (289).
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Scheme 1. The synthetic route of PPN-200amines.

2. Experimental

2.1 Materials
All chemicals were purchased from Sigma-Aldrich Awros Organics and were used as received without
further purification.

2.2 Instruments
Fourier transform infrared measurements (FT-IR) evgrerformed on a SHIMADZU IR Affinity-1
spectrometer. Nuclear magnetic resonance (NMR)wlate collected on a Mercury 300 spectrometgrahd
CO, adsorption—desorption isotherms were measured) wsiklicromeritics ASAP 2020 system at different
temperatures. Powder X-ray diffraction (PXRD) wasfprmed with a BRUKER D8-Focus Bragg—Brentano
X-ray powder diffractometer equipped with a Cu edatube X = 1.54178 A) at 40 kV and 40 mA.
Thermogravimetric analysis (TGA) was conducted ohGA-50 (SHIMADZU) thermogravimetric analyzer
from room temperature to 600 °C at a ramp rate 6€Hnin in a flowing nitrogen atmosphere. Scanning
electron microscope (SEM) was performed on QUANBA #EG and energy dispersive X-ray spectroscopy
(EDS) was carried out by X-Max20 with Oxford EDSt&m equipped with X-ray mapping

2.3 Yynthesis of 2,2',4,4',6,6’-hexamethylbiphenyl
To a 1000 mL three-necked flask containing 7.0 ghafinesium pieces, degassed anhydrous tetrahydrofura
(THF, 600 mL) and a pinch of iodine were added ural@itrogen atmosphere. The resulting mixture was
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heated to 80 °C, and then 2-bromomesitylene (35was added dropwise. The reaction mixture was reflux
for another 3h. After it was cooled down to roommperature, a mixture of anhydrous Fe(l.1 g), 1,
2-dibromoethane (12 mL) and anhydrous THF (15 mba¥ wdded under a nitrogen atmosphere. Stirring was
continued for another 1 h, and then the reactios gueenched by the addition of hydrochloric acidgabic
solvents were evaporated under reduced pressuee.rédidue was extracted with dichloromethane. The
dichloromethane phase was dried over anhydrous M@8®@ filtered. Most of dichloromethane was removed

under reduced pressure, and then methanol was .addd,4',6,6'-hexamethylbiphenyl was collected a
white solid. (8.5 g, 31% yieldjH NMR (300 MHz, CDC}) 5: 6.93 (s, 4H), 2.33 (s, 6H), 1.86 (s, 12H).
2.4 Synthesis of 3,3',5,5-tetraiodo-2,2’,4,4",6,6'-hexamethylbiphgh(L1)
To a mixture of 2,2",4,4’,6,6'-hexamethylbiphenyl.q g), solid iodine (7.0 g) andsiDg (3.1 g) in a 500 mL
flask, CHRCOOH/H,O/H,SO, was added (240/48/7.2 mL). The resulting mixtuess wtirred at 90°C for 3 days.
The reaction mixture was diluted with large amoahivater. The precipitate was filtered and washetth wi
water. The pink solid was collected and dissolre@HCE, then washed with a saturated,®&®; solution to
remove iodine residue. The organic phase was dned anhydrous MgS{ filtered and evaporated under
reduced pressure to produce 3,3',5,5-tetraiodg£L4£,6,6'-hexamethylbiphenyl as a white solid (6@, 85%
yield). '"H NMR (300 MHz, CDC})) &: 2.05 (s, 12 H), 3.02 (s, 6 H).
2.5 Synthesis of PPN-200
3,3',5,5-tetraiodo-2,2',4,4",6,6'-hexamethylbiphdr(148.2 mg), 1,4-phenylenediboronic acid (66.4) higsF
(1.216g) and Pd(PRa (20mg) were charged in a three-necked round botlask, followed by three
evacuation and refill cycles with nitrogen on al8ck line. A 20 ml degassed mixture of dioxane/w#el in
volume) was added to the reaction flask throughamnula. The mixture was stirred at 100 °C under,a N
atmosphere for 48 h. After cooling to room tempamt the mixture was filtered and the solid washeas
with DMF (30 ml x 3), methanol (30 ml x 3),,8 (30 ml x 3), acetone (30 ml x 3) and dried inu@to
obtain PPN-200 (71.4 mg, yield 92.4%) as pale yeHolid.
2.6 Synthesis of PPN-200Br
PPN-200 (280 mg), N-bromosuccinimide (NBS) (0.852agd benzoyl peroxide (BPO) (100 mg) were
combined in anhydrous CLC(150 ml), and the mixture was refluxed for 48 HtefA cooling to room
temperature, the mixture was filtered, and thedsalas washed with DMF, methanol,® and acetone and
dried in vacuo to obtain PPN-200Br (380 mg, yiebda).
2.7 Synthesis of PPN-200-amines
PPN-200Br (80 mg) in 20 ml amine (DETA/TETA/TAEA)aw heated to 90 for 72 h. The resulting solid was
centrifuged and washed with DMF (30 ml x 3), metiigB0 ml x 3), HO (30 ml x 3), acetone (30 ml x 3)
and then dried in vacuo to afford the final prodPPN-200-DETA, yield 85%; PPN-200-TETA, yield 81%
PPN-200-TAEA, yield 96%)
3. Resultsand discussion
A high surface area is critical for PPN-200 to istgate its properties and is also essential fatgymthetic
modification. So we first optimized the synthetanditions of PPN-200 by a series of control experita (Figures
la-1c, Table S1). The first series of experimergsendesigned to determine an appropriate solvestersy We
chose different ratios of dioxane and water asestdb; ranging from 20:0, 18:2, 16:4, 14:6, 12:81@010. As
shown in Figure 1a, to obtain a porous polymewndts essential to utilize a mixture of dioxane aradew If pure
dioxane was used, we only observed nonporous posyminose Nadsorption was very close to 0, due to the poor
solubility of base in dioxane. But, if too much ematvas used, the decreasing solubility of L1 inrtfired solvent
led to the decreased,Mdsorption of PPN-200, which peaked at the rati@®2. After determining a suitable
solvent, the next step was to optimize the typeandunt of base. From the Figure 1b and Figurevikccan see
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that the porosities of PPN-200 synthesized by usis§ were much higher than those withCK;. With the
increase of the amount of CsF, thegddsorption of PPN-200 increased and peaked afli@adents; after that, the
N, adsorption decreased as more CsF was used (Higure

By combining best synthetic conditions, we deterdithe PPN-200 with highest, Mdsorption (486 fig)
under 1 bar with an adsorption/desorption hysterelsiop (Figure 1d). Its Langmuir surface area,
Brunauer-Emmett-Teller (BET) surface area, and peskime are 1483 ffy, 944 nilg, and 0.48 ciig,
respectively. Its pore size distribution was cadtedl by the Density Functional Theory (DFT) metliBigure 2b).
Its pore diameters are widely distributed from 1@Anore than 60 A, and no pattern could be idectifrom the
pore size distribution plot, which implies the aptoous nature of PPN-200. This can also be confiroygplowder
X-ray diffraction (PXRD) pattern (Figure S1) anagsaing electron microscope (SEM) (Figures S8-SI¢. most
prominent pores have diameters of 11 A and 14 A¢lwis consistent with the microporous nature oRFZRO.
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Figure 1. N sorption at 77 K with changing solvent (a), diffiet amount of KCO; (b) and CsF (c), (d) N
isotherm of optimized PPN-200.

After acquiring the highly porous PPN-200, we bnoated it by using NBS to form the active interméslia
PPN-200Br, which followed by substitution with egsealkylamines to yield PPN-200-amines (PPN-200BET
PPN-200-TETA and PPN-200-TAEA). The PPN-200Br afNF200-amines showed dramatic decreases,in N
uptake (Figure 2a), which confirm that the funcéiization occurs within the cavities. The occureemé amine
substitution was confirmed by TGA (Figures S3-&DS (Table S2) and infrared spectroscopy (IR) (Figb2),
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from which we can clearly find there was a broaekp@irom 3100 to 3500 ch) belonging to alkylamines. The
introduction of amine groups into PPN-200 resultedhaterials with excellent Cadsorption at 298 K and low
pressures (Figure 2c). The trend of improvemenC®@ adsorption under low pressure (0.15 bar) in teomns
tethered amine groups was TAEA > TETA > DETA. Thouge PPN-200-TAEA has the lowest Adsorption, it
presents the highest G@dsorption of all amine-tethered PPN-200s, whiddicates the CQuptake capacity is
closely related to the amount of amine insteachefgurface area. PPN-200-TAEA exhibits high,@Qdsorption:
42 cnilg (8.3 wt%) at 298 K and 0.15 bar and 55/gn{10.9 wt%) at 298 K and 1 bar. The £} selectivity of
PPN-200-TAEA in flue gas conditions was evaluatgdte ratio of the adsorbed gas quantity wherepgmial
pressure for C®is 0.15 bar and Nis 0.85 bar. The calculated single-component,/RO selectivity of
PPN-200-TAEA in flue gas at 298 K is 289 that gndficantly larger than other N-riched PPNs.
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Figure 2. (a) Misotherms of PPN-200, PPN-200Br, and PPN-200-asnifiy pore size distribution of PPN-200,
and (c) CQ adsorption of PPN-200Br and PPN-200-amines, (d) @@ N adsorption for PPN-200-TAEA at
298K.
4. Conclusion

In conclusion, we have successfully designed alrsixategy to synthesize a series of alkylaminetionalized
PPN materials (PPN-200-DETA, PPN-200-TETA, and PIR-TAEA), which demonstrated excellent carbon
capture properties. Among them, the Aptake of PPN-200-TAEA reaches 42yn(8.3 wt%) at 298 K and 0.15
bar and its calculated G@I, selectivity reaches 289. Given the outstandingsigoghemical stability and high
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CO, adsorption amount under 0.15 bar, the PPN-200-TA®A great potential for practical application in
postcombustion carbon capture.
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In this paper, a novel post-synthetic strategy was designed to construct a series of akylamine
tethered PPNs (PPN-200-DETA, PPN-200-TETA, and PPN-200-TAEA), which demonstrated
excellent carbon capture properties. Among them, the CO, uptake of PPN-200-TAEA reaches 42
cm®/g (8.3 wt%) and its calculated CO,/N, selectivity reaches 289. Given the outstanding
physicochemical stability and high CO, adsorption under 150 mbar, the PPN-200-TAEA has great
potential for practical application in a post-combustion CO, capture.



