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PIAMRFEZAT 2 9R3E. =R — 2 EH Dy, RIMEIFRE RS, R ERE &R m A REERR
RV REAE I BN — 2 STE HLZ LRI OE R AR STEL. BT/ a8 = Sh R AR S EA =S, @il N-P B —25 %R
HEH% T IR RIS 2 TR TrpPOP-1 A1 TrpPOP-2. #4845 B AR SRR . BRI 400 i
ST T RAE. EURRIBE SR 2 R B B R R G B B R AL I, TrpPOP-1 #1 TrpPOP-2 [ BET LR TS
A 790 K1 640 mPeg !, FEFLAESHIFE 0.63 A1 0.59 nm A7, LD B N ZILRE MR 5 /Ny TG EIFHIH
AR, Fil, BATREX A BN F SR ER S AR ) TR B REIEAT T W 7. TrpPOP-1 AR &
1E 77 K F1.0 bar 44 T4 1.30 wt%, S LB =AE 273 K A1 1.0 bar 4514 F N 16.2 wt%. #18} TrpPOP-2 % H i
HIWR FE27E 298 K 9 5.5 mgeg .
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Triptycene—Based Microporous Poly(diaminophosphazene)

Li, Hui” Jiang, Meiyang* Wang, Qiu“’ Li, Zhonghua”
Chen, Qi** Han, Baohang**

(“ National Center for Nanoscience and Technology, Beijing 100190)
(® School of Chemistry and Chemical Engineering, Central China Normal University, Wuhan 430079)

Abstract Porous materials have recently drawn much attention owing to their potential applications in gas storage, separa-
tions, and heterogeneous catalysis. As a D3,-symmetric rigid structure, triptycene and its derivatives can be used as suitable
building blocks to prepare porous materials with high porosities. Based on the air-stable hexaammoniumtriptycene hexachlo-
ride and hexachlorocyclotriphosphazene, porous polymers (TrpPOP-1 and TrpPOP-2) were prepared via one-step polymer-
ization through N-P linkage. The two polymers were characterized at the molecular level by *C NMR and *'P NMR as well
as IR. The two polymers possess type I nitrogen gas sorption isotherm according to the IUPAC classification. Both
TrpPOP-1 and TrpPOP-2 show permanent microporous nature with the Brunauer-Emmett-Teller specific surface area of
790 and 640 m’sg " and exhibit narrow pore size distribution, with dominant pore size locating at 0.59 and 0.63 nm, respec-
tively. Porous polymers with a narrow pore distribution may interact attractively with small gas molecules through improved
molecular interaction. Their gas (hydrogen and carbon dioxide) adsorption capacities were measured based on the obtained
gas physisorption isotherms. The hydrogen uptake of TrpPOP-1 is 1.30 wt% at 77 K and 1.0 bar, and the carbon dioxide
uptake is up to 16.2 wt% at 273 K and 1.0 bar. The higher carbon dioxide loading capacity of TrpPOP-1 may be attributed to
its higher charge density at the nitrogen sites of networks that can facilitate local-dipole/quadrupole interactions with carbon
dioxide. Meanwhile, the adsorption capacity of the obtained materials for poisonous and harmful organic vapors such as for-
maldehyde was also investigated. TrpPOP-2 shows a better formaldehyde uptake, which is 5.5 mgeg™' at 298 K. Formalde-
hyde, as a volatile organic compound, is a major air pollutant indoor, therefore, the uptake performance of TrpPOP-2 for
formaldehyde would be very promising to remove harmful indoor air pollutant in the environment.

Keywords triptycene; gas storage; microporous polymers; poly(diaminophosphazene)
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[l b 200 5 3 AR 22 B & 2 (TUPAC) IR 47, ALk
— R RAEFLENT 0.5~2.0 nm IZFLMEL BFLANL
REMFENT Lo N B AR EI(PIMs). AT
EWI(HCPs) HHUHFLE B YI(CMPs) A LA B HLE 22
EAEWI(COFs)& 124,

WA —REAA Dy, NITEXFRE 2L WA
Vi, RIS E A 2R R A H TR I SR 1 e A HE A
N—RMFANL L IR B A, AN (1 = 4
T A2 3 35 Fh SR A 1) S B2 v] LA 21 5 1 BE I R FL 58
EW, ERIRTEY E AT RS Lt bl
MEHRFHEIIO 8 R AN A T
A TR, Kaderi RBIAPIRTh& R T HT 2,3.6,7,
13,14-75 28 4 = W 475 11 2R 5 K 1 2 1R B FL A ML 22 FL A
Bl MR AAAE = A AR T B BRI AR S PR R
(5.12 mmolsg ™!, 273 K, 1.0 bar), 7EHAl/Nr TSR E
A FGE) BT B 5 T R, RS — Rt
K 2R e v BRATTR A P i i i 4 A
N 1] 4 PR A A I IR e 55 ) 1) LA WL SR & X 8%
45K, McKeown iREHPIE R T — RV T AR KE
DL SR FEE 1 e 5 8 0 M Sk Ao B DA 1 — 00 1 3R
MRS, HAEMEFZFMHTHE T ENMW
Brunauer-Emmett-Teller (BET) bt 2 [ £ K &0 W B
e, WFFLah o I e 4 1K B DA K SO R ARk o] 3
# BET LLR A 618 ) 1760 mPeg ™' Z (A28, &%
B S 2 A A o] DU S R AL T, T
e S B ) 2 BEAS NG AL 28 S50 = A kAL, BT
LA X 28 S B 25 ) T U R AL R B 7= A, LT AN ¥
2% PIMs L2 PIMs H A B vy 1) LU 3R T A RN 4 K
MESA AR, R HRIE T L= 8505 B 28
FURRZ LR A&, 1ZA KR BET LRI
EF] 1990 mieg”!. ML I ANEIEEPIE I &R
e W B A T M R T = 0 (1 B A ik v] BA
W 2 SRR i B — e W AR L Th e, A
UG WG AR TT A R T —RIET AR
SEAEI IS R UILE .

MG AR — KA R 7 OUREE . X E
HEFIH, B AN TR TEN-A IR &Y, ©F
BRI, BN F300R = SR I Je i 40 1 SR
i, HASEA =BG (HCCP) & —Fh S i Ak, Hah
Ky o ) U - BE S At S A% R AR DA /& e B, gk i
AR RS AT AR, ek n] AR MBI P AR B &
WUSF). A e R — R T AL R S VIR SR G, E
PR AZ G AY TR B I AN IR SR A ) A R il AR 2 R
P22 Landskron ERZHP O IhiE T /S S = G
1 3,3- AR IL(DAB)I4E & RN AR T 2 Z 1)
ZILEH TN A EEE S, P DAB fEAEHRT
75 A @G HCCP MVEARIR. AT HRERLE
A et Re A e . B 225 B R AL A AL 2 fL
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AR FRATFE S E — 2R L = WA 4 7N s BT 05 B i
BURTG /NI =W NI e A ML & &R
W2 FLE A Y (TrpPOP-1 1 TrpPOP-2), JEXEATHIL
SPEER A 2 AL BT T RAE, WS T e TN
FAMMEA S AR AR I B R

2 FR5E
2.1 HRIOHI & REEMFRIE

2,3,6,7,13,14-7N R JE = WIS ER IR EL A0 7S SR = G
TEVEFIME e A 585 OBy, Ol R — g R AR R T
TrpPOP-1(& 1). S B Atk ig BEAE 9 7R A A 2 7).
TR RIS R, TRATEL 2,3,6,7,13,14- 755 2 =i
TR ERA 1,2,4,5- DR FLIRERIR 3 A8 IR &
TRA AR, FIFELEMERE 5 7S SR =BG 55 OB
Hil#% 3% TrpPOP-2. Wi R AWM BHES P REGEER
TEAAE, BT KUK 2 0% AP FIn — 5
fi. ORI, HEE, NER. —FIETNEE.

PR AR RE R P A 25 465 oy 3 e 1 A A B B R ot e A Tl
TEJEAT T FALE. TrpPOP-1 A1 TrpPOP-2 [ [E A AZ HE TR 1
AR A 1 2 o P 2 RN S 1T, N A B R ik 1
A LARIL, WRIBTRIAE 6 54 IEATELE sp’ 24K TR SR
THIRFIEVE. 6 142 F1 134 1245 [R5 A5 5 U8R — 05 48
A 75 7 F IR AR IE 0. JK 2645 AR UE SE T b4 e} o =
W5 GE A BT I A AT, SR R R A% LR B, 0
—7 KA 1 S0 R N=P—N T BRI, AT
UESE T 3 =BG G5 B A7 e, DA L[4 1 s
AUE B N S = RS 5 7N U = 2 ) R B 1)
KA.

LT AMETE (R AE AR SE T RAWIIZEH, WK s2
FiR, 3408 LL A 1625 cm™ " Ak AW T 73 531l %of 3 N—
H M ZEHREN AT RS, 1050 A1 882 cm ™" A kW AT e |
XfR. P—NH—P #&30, 1196 F1 1435 cm ' fIEMRE T
P=NH—P k). BATES BT EHEL(SEM). &
43 W 3% S LT BB (HR-TEM) AR K X 56 26 407
(XRD)FH T T ] 2% 4L 1 TSR AN S8 #4674 T 7 8
— S I X AE. TrpPOP-1 F1 TrpPOP-2 [f] SEM Al
HR-TEM(E 3 A1 S3) o s b 2 AN — [ AER IR,
I HHA K E MG HURILBR, X522 5T — G L2 LA
BHETESHE P02, XRD $R B S4)40 T 8w
X PR R 27 A E 454,

2.2 MREMZ IR S AR MR

LELEZIR S/ EZ{REE S bR [Frw o R SaiEa)
S BB B SRR A AT TS, B 4 O TrpPOP-1 Al
TrpPOP-2 £ 77 K T IZEAR M-I S5t 26, AR
IUPAC 432583 TrpPOP-1 MW &R N 1 A,
TrpPOP-2 WSR2 NI AR R &4 &, IR
EWAE/NT 0.05 BIFEXS 77T (P/Py<0.05) R Rk
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Figure 2 Solid-state °C and *'P MAS NMR spectra of TrpPOP-1
(Spin side bands are indicated by #)

FRS RSB, TTERE 5 AR R 7736 A R A S
W B S PR A AE AN B L 3, — BLOR RS X R
Fafasy, DL EARR X SRRl 3 B LA B A
W 5t B It A L7 56 4 nT 5 B AR AR AR AR E I 2 AL
SEH.

PRAE 2 BT AR R R PR A5 2R AR
0.01~0.1 Y& A I 55115 TrpPOP-1 A1 TrpPOP-2
(1) BET LR AN, 43514 790 A1 640 m*eg ' (& S5).
BT TrpPOP-2, TrpPOP-1 5% ¥ =) BET LLE A,
AREH TR RN 2 S, [FR R EWARETE BN 1)
4514, SEM Sz TEM a4 Al SCHFIX ANHED. 72 To A8
SERI I 2 FUA B FRATTAR MEAS BRS B 1 FL AR KN o0 AT,
I A5 R L R V7 bR B R AR (NLDFT) i 57 1
TEREMMILES AR, WK 5 Fis, TrpPOP-1
TrpPOP-2 ) 3 Z LA 53 A5 HIAE 0.63 F10.59 nm. 1

Acta Chim. Sinica 2015, 73, 617—622

© 2015 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

B 3 TrpPOP-1 f{] SEM (a)fl HR-TEM (b)
Figure3 SEM (a) and HR-TEM (b) images of TrpPOP-1

P/IPy=0.99 T, it AR EMKE TrpPOP-1
A TrpPOP-2 EFLZE 514 0.25 Al 0.20 em’sg . DAL
Hom R, 1w A HLERAR T RN K BEFI )
KA, ny DLR 45 P ] 2% 22 SLADRL R FLIE S5 84 A1 b 2R T
L ALEEAASMEILRE S, R 1 hoH T Hi
LIRSV Z S48 BET WERmAA. Mflb®
TR FLAE AR AT TR SR S8 A B R I P 5 . [
FEUAN & = w5 i 1E A& 5L Hl, TrpPOP-1 Hl
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Figure 4 Nitrogen adsorption-desorption isotherms of TrpPOP-1 and
TrpPOP-2 measured at 77 K (the adsorption and desorption branches are
labeled with solid and open symbols, respectively).
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Figure 5 The pore size distribution profiles of TrpPOP-1 and
TrpPOP-2 calculated by NLDFT

% LI &) PECONF-1 (Sppr=499 m’sg ") PECONF-2
(Sper=637 m*sg WAL, HAE K BET LR, X
B 1) P = 0 3k 2 B = o ) A 24 5 A ) 2 B
JOXT TR 5 v b AR AR 2 AL R O R L

ZILESINE BRI R R B LR A
PAREE K IOFLZR, 53RN0 1 80 ] e A7 AR B SR R A B
TEH. JEERFRM, KRR T 5N HLZ LA R AT
RESEILE P M B A P SRR R A E RS
BARSY T 8] AR AR AR AR AR EAE A, M4 4 R <
PRIR B R, DRIk, BRATE BRI T X PR 2 LA R
AP PERE, B 6 2R G ITE 77 K A4+ T HIA
A P 2R, p R B SR 2R T S 24 e JIAE) 1.0
bar I, FFh IR G E S E & H A BN 1.30

£ 1 TrpPOP-1 1 TrpPOP-2 (11 FLIEFN S AR B 14 fig

Table 1 Porosity properties and gas uptake capacities of polymers

wt%o il 1.11 wit%, FIPIE B RA —E ME WA
fiifie 77, FLUR B & bl e bR T AR 1 3G . ARG B
Fim L v] LLE W, £&m KX TrpPOP-1 Fl
TrpPOP-2 15 5 P28 P 1 K%

141
121
101
0.8r
06¢f
04r
0.2r
0.0r

uptake/wt%

Hydrogen
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Absolute pressure/mmHg
B 6 TrpPOP-1 #l TrpPOP-2 7 77 K AN iR 2k

Figure 6 Hydrogen adsorption isotherms of TrpPOP-1 and TrpPOP-2
at 77K

BATE 5T TrpPOP-1 Al TrpPOP-2 1£ 273
K(E 7)f1 297 K(K S6) T i — S ALRRIK FtBE 71, W& 6
fioR, 18 273 K %M F, 454K 7135 %] 1.0 bar B,
TrpPOP-1 1 TrpPOP-2 % — S A0 B ¥ W it 2 & /5 43 L
I3 AN 16.2 wt% Ml 13.4 wt%e, W& [FIFEtBEAT R LR
T AR B 36 RT3 0. TrpPOP-1 2 IrLAA 5 = (4 BET L
AR AT A B T8 H 2% S5 R T 00 5 A s
P T 25 R, DR B T SR A T ) A R R LA
TrpPOP-1 %t — S A fr W Bt & 2EAH [R] 2644 (273 K
1.0 bar) I —2& SR IE (1) HA 55 H R AR 1 2 FLA R
AHEC AL T EoKSP, i bt & s T SRR 2 LR S
) CPOP-5 (11.8 wt%, Sger=1050 m’sg ")fl CPOP-6
(11.5 wt%, Sper=950 mZeg ") B (UK T &5 43 b & 1 X
e, W RE AL R AR cPOP-1PT. BT
AHEE KRR, TrpPOP-1 SR LA K EY
PECONF-1 (~8.2 wt%)#l PECONF-2 (~12.5 wt%)#HLL,
TEAARI 26 AT 8 o ) AR BR T B . ol T3t
— B THEEMS ZH I mMIEM, RATET
TrpPOP-1 1 TrpPOP-2 7£ 273 F1297 K I A LBk
W B EdE, FIF Clausius-Clapeyron J7FEARPHHHE T
EATI A B B ) TR B R, i ST PR,
TrpPOP-1 1 TrpPOP-2 (1) S A0 5555 LU 25 W Bt #4533l
430.0 F130.2 kJemol ', X Ak A I — S AL BRI B
MEGTOAMEN — 2 LM R, WHZHKEAEY
HCP(20~24 kJemol NPl B3 FFmkme 5 £ 5L A1 K

Polymers SBET"/(mz-gfl) Smicmb/(mz-gfl) Vlomf/(cm‘q-gfl) Dominant pore diameter/nm CO, uptake’/wt% H, uptakef/wt%
TrpPOP-1 790 550 0.25 16.2 1.30
TrpPOP-2 640 430 0.20 134 1.11

I BET J7 ikt ek %80/ W P — I B 52 4 (00 B 3 20 -5 P e R T AR, © R £-plot J7 15388 3 S0 W B — 3 B 25 L 28 O R B 95 20t B AL EE R T AR © PLPg
=0.99 S TS S FLEAS. FIFH NLDFT J7 ki B0 W B — M B 58 26 52 (R FLA%. € IR 2% 1E9 1.0 bar 1273 K./ PR 2% F 9 1.0 bar A1 77 K.
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Figure 7 CO, adsorption isotherms of TrpPOP-1 and TrpPOP-2 at
273K

BILP-1 (26.5 kJemol ") ", CPOP-7 (26.9 kJemol '),
CPOP-1 (27 kJemol )%, Jf A5 — s fLE &)
FEH25~33 kJemol ) IR B #A K /AR 24500,

HF AT i [ R E NG 3, BN 2SR
B AT BRI B e B, | NS5y B
— TR M EY R A R . N TSR AR H
i1, R 2 LAY R 5T H R R I iRGE IR A 2
DL BRATTUR A A RO K A WL FLA R R
S S AR FOIR B4 £ FE 3 TrpPOP-1 AT TrpPOP-2
VENR ZRaweiE 2 LML, BB &N BET LRHA,
PRI T772:, BATEERIT T IX B 2 LA R H i
B RE 7). Wk 8 FioR, TEEIR T TrpPOP-1 [ H
W Bt 2550 3.0 mgeg ' £ 44, T TrpPOP-2 X FFES F I
Bt 5.5 mgeg ' WTLLEH, ZAMRHGLLRTBIEA
ST R OO F R PR RE ) 3 R R R, NREMEM L
HEM AT BE 1 T414% TrpPOP-2 A2 UG K2,
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Figure 8 Formaldehyde adsorption isotherms of TrpPOP-1 and
TrpPOP-2 at 298 K
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AR AR, LA SORT = S AR PR 12 R A 9 45
EFHF R EYH, TrpPOP-1 HAA %S BET LR,
H o E R I ERELE N 16.16 wt% (1.0 bar, 273 K),
AR R B PGk F 30.0 kJemol ! A, AR M
FEEHN 1.30 wt% (1.0 bar, 77 K). I TREME S5
MR &, TrpPOP-2 XTI H1 & 73+ 1) W Bt 58 71 20 & T
TrpPOP-1. UL I %45 3 9 38 L 1 45 HLERAA 2 1 1K
AN K FERIGE RIS 0] DR T ) 4% 22 LA R FLIE
SRR LESILED MR SH, ]
DTG g 18] 1 S A 27 8 g 5 i R B 1

4 SCIGERS
41 TrpPOP-1 &K

0 2,3,6,7,13,14-7N & 2 = WA Hh R £E 30 mg (0.05
mmol). /N FIF = F w5 18 mg (0.05 mmol). AEEE 0.2 mL
BT 4mL ZHETHH, BEWE TS H 15 min J5,
FEMRE AR S —IR. 125 CHAEF R 24 h 5 ¥R
RLREINGK A, g, 7K BE k. P K & Y 00k iR A
TEF RS, REE TS 80 CTIE, &5
152 FCHE RS o ZKORA DY S0 43 I $2 Y 24 h, B8
120 C FFJE 12 h, 5305 74 20 mg.

4.2 TrpPOP-2 HIA AL

0¥ 2,3,6,7,13,14-75 2 5 = W7 £h R £ 33.8 mg (0.06
mmol). NEI=FBEHE 27.8 mg (0.08 mmol). 1,2,4,5-
DU FEZR R R 25 8.5 mg (0.03 mmol)FIEAE 0.2 mL % T
4 mL ZHEAH, IREVERAS 15 min 5, EREA
FHA VR A LS — IR 125 CEET [N 24 h Ji B [ S 8]
NIKH, ShIE, FKBEE A T K = O Sk g A — S
F vk, ARG B THAET 80 CTE, mIEERK
PR A FH 7KRH DY SR 43 IR EL 24 hy, ASH1 120 C
N 12 h, 19 BIRR A A 23 me.

Bt

A TAEA 2B E K B 2R B2 3 4 (Nos. 21274033,
21374024) 1 £} £ #H B K #E K B B 5 H (No.
2014CB932200) 1) 7 B, et sigf. [E e e T
K22 4R SR B O A PR W B T 25 7 (R 35 3.
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