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A new porous coordination framework,
[Cu3(BTN),(H,0)3]:xGuest (NJTU-1), with large aromatic
organic surface and remarkable meso-pore, was synthesized and
structurally characterized. It exhibits a second high BET surface
area of 2800 m*g' among the interpenetrated PCPs.
Additionally, this PCP also demonstrates high CH,; (excess
amount: 174 cm*g™), C,H, (220 cm>g™!), C,H; (299 cm™>g!) and
CO, (298 cm™g™) uptake capacities as well as good adsorption
selectivities of C,H, (12-145), C,H, (15.5-380) and CO,(7.1-31.6)
towards CH, at 298 K.

Due to the depletion of fossil oil and the threat of global
warming, a great deal of effects have been made to find the
clean energy carriers, such as hydrogen, methane and C2
hydrocarbons, as well as the reduction of carbon dioxide
emissions'. However, the major technical challenge for their
feasible applications is how to construct an effective and
economic storage system to trap the energy gas molecules.
Porous coordination polymer (PCP), emerging as a new class
of crystalline porous materials, has been considered as the
most promising candidate’. Compared with traditional porous
materials, such as activated carbons®, nanotubes®, and
zeolites®, PCPs not only exhibit a large gas-uptake capacity
but also structures that can be carefully tuned for trapping gas
molecule in nano-space’.

Recent studies of PCPs demonstrated that besides the large
surface area and pore volume, a stronger host-guest
interaction is also very important for realizing higher gas
uptake’. Generally, the introducing of dense and exposed
metal clusters®, decorating some specific functional groups (-
NH,, -CONH, etc.)7’ ° and narrowing the pore size'® were
believed as the effective methods for enhanced affinity
between PCP and gas molecule. Indeed, these strategies can
increase the gas-binding affinity; however, they also generally
lead to a decline in gas-uptake capacity because of the
decreased surface area and pore volume®'?. Furthermore, the
higher affinity between the host and guest will result in the
higher energy consumption during the regeneration®®. Thus, to
design and prepare the PCP with moderate adsorption heat for
high capacity of gas storage and separation remains a
challenge®® !

Very recently, we developed a strategy by using an organic
wall to prepare porous structures, [La(BTB)]12 and
[La(BTN)]'?, that possess high gas separation capability. The
organic sites in them provide moderate binding energy to
guest molecules. To continual our work, we present a
mesoporous framework derived from the organic linker of
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H;BTN (Scheme 1), [Cu3(BTN),(H,0);]-xGuest (NJTU-1:
NJTU denotes Nanjing Tech University), with a second high

s BET surface area of 2800 m?> g™' among the interpenetrated

PCPs. Additionally, this PCP also demonstrates high CH,
(excess amount: 174 cm3-g'1), C,H, (220 cm3-g"), C,Hg (299
em’ g!) and CO, (298 cm’ g™') uptake capacities as well as
good adsorption selectivities of C,H, (12-145), C,Hg (15.5-
380) and CO, (7.1-31.6) towards CH, at 298 K.

Scheme 1. Molecular structures of the ligands H;BTB and
H;BTN

Solvothermal reaction of H;BTN and Cu(NOs),-2.5H,0 in
DMF/H,0 under acidic conditions at 65 °C affords block-
shaped pale-blue single crystals of [Cu3(BTN),(H,0)s]
(NJTU-1) with high yield. A single-crystal
determination revealed that NJTU-1 crystallizes in the Im-3
space group. Each square [Cu,(COO),] paddlewheel was
bridged by four branched BTN ligands, and BTN ligand
was connected by three paddlewheels, resulting in a 3, 4-
connected net which is same as the prototypical Pt;04
framework, MOF-14'*. Strong n-m interactions between the
adjacent aromatic rings of the BTN ligands, displaced each
other by 3.79 A, hold the interpenetrated BTN units together.
The overall structure of NJTU-1 is packed by three types of
cages (Fig. 1), however, despite interpenetration, the tailored
diameter (~25 A) in two integrated pore still makes NJTU-1 to
be the rare interpenetrated PCP with mesopores, and which
can't be realized by MOF-14. The total accessible volume of
the fully desolvated NJTU-1 is ca. 74.6% (calculated by the
PLATON program), reflecting a high porosity. In addition, the
PXRD profile of NJTU-1 indicates that the framework retains
its crystallinity after activation (Fig. S3), and which was also

structure

s confirmed by the photo of the desolvated sample (Fig. S4).

The further lebail analysis of the PXRD demonstrated that the
cell parameter (a = 33.389 A) of desolvated NJTU-1 increased
a little than that of the single crystal data (33.175 A).
Therefore, we can conclude that the desolvated NJTU-1
maintained the structural integrity.
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Fig. 1 The packing view of three type cages in NJTU-1.
To confirm the rigidity and permanent porosity of NJTU-1,
the as-synthesized sample was treated with supercritical
s carbon dioxide (SCD) and then degassed under high vacuum
at room temperature to obtain the desolvated framework. The
N, and Ar adsorption of NJTU-1 (77 and 87 K) exhibit
reversible isotherms with stepwise adsorption behavior (Fig.
2), which are the characteristic for PCPs with meso-pores.
10 Remarkably, NJTU-1 can take up a large amounts of N, (688
cm® g'y at 77 K, 1 bar, which is higher than that of HKUST-1
(450 cm® g and MOF-14 (440 cm’.gh'. Thus, the
estimated apparent Brunauer-Emmett-Teller surface area
(BET: 2800 m*g"'; Langmuir surface 3030 m*g™') is almost
15 two times higher than that of MOF-14 (Langmuir surface
1502 m*-g™"), even the size of the ligand just extended very a
little (2.3A). More importantly, to the best of our knowledge,
NJTU-1 possesses the second high surface area among the
interpenetrated PCPs reported to date (NJU-Bai9: 4258 m* g’
0 1'%, The calculated pore size distributions according to the N,
isotherm are distributed around 11-15 and 17-30 A, indicating
that the multiple pore size distributions are consistent with the
dimensions of the cages in the crystal structure. In addition,
the total pore volume calculated from the maximum amount of
2 adsorbed N, reached to 1.08 cm’- g™
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Fig. 2 Low pressure gas adsorption isotherms of N, and Ar in

NIJTU-1 at 77 and 87 K. The insert figure shows the pore size

distribution (DFT model) based on the calculation of the N,
30 adsorption isotherms.

High surface area and functional aromatic rings of NJTU-1
prompted us to investigate its gas storage capacities. High
pressure adsorption isotherms of CH,, C,H, C,H¢ and CO,
were collected at 273 and 298 K, respectively (Fig. 3). The

3s excess CH, uptake of NJTU-1 achieved to 174 cm’ g at 55
bar and 298 K (210 cm®.g™" at 50 bar and 273 K) (Fig. 3b),

which is comparable with that of some well-known materials,
such as, PCN-14 (total uptake: 252 cm® g™ at 35 bar and 290
K)'" and USTA-20 (total uptake: 195 cm®g"' at 35 bar and

40 300 K)'®. In addition, the C,H, and C,Hg uptake amounts (220
and 299 cm’-g' at 298 K) of NJTU-1 make it a good
candidate for storage. Taking the
consideration of compressed C,Hs within the void pore in
NJTU-1, the total C,H, uptake of it can reach to 400 mg-g™" at

45 13 bar and 298 K. Thus, a container filled with NJTU-1 can
store about 12.6 times the amount of C,H¢ in an empty
container at 13 bar and 298 K. In addition, the functional pore
environment of NJTU-1 have also enabled high excess CO,
uptake (298 cm’-g™' at 298 K and 25 bar and 373 cm’- g at

s0 273 K and 20 bar), and which is very close to the performance
of MOF-210 (358 cm®-g™1)® and MOF-200 (330 cm®-g™))® at
20 bar and 298 K with much larger surface areas. Therefore,
these series of values reflect that NJTU-1 is a good and
efficient adsorbent for gas fuels.
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Fig. 3 High pressure CH,4 (a), CO, (b), C,Hy (c) and C,Hg (d)
isotherms for NJTU-1 at 273 (black line) and 298 K (red line),
respectively. All desorption data (fully reversible) are omitted
for clearly.

6 In order to explore the function ability of pores in NJTU-1,
the low pressure adsorption isotherms of different gases at
195 and 298 K were further investigated (Fig. 4a and c). The
gas uptakes of it exhibit significant chance for the selective
capture of C,H; C,H¢ and CO, from natural gases. Ideal

es adsorbed solution theory (IAST)' was employed to predict
multi-component adsorption behaviors from the experimental
pure-gas isotherms. The predicted adsorption selectivity for
equimolar CO, and C2 towards CH, mixtures in NJTU-1 as a
function of bulk pressure presented in Fig. 4a and c. As

70 expected, the selectivity of C,Hg to CHy is very high (ca. 154-
68) in the range of 100kPa at 195K. In addition, at 298K, the
predicted selectivities of C,H4/CH,4 (12-145), C,Hg/CH, (15.5-
380) and CO,/CH,4(7.1-31.6) are sensitive to the loading, and
which can be divided into two parts: a quick decrease of

75 selectivity at the low pressure region, and a gradually increase
at high pressures. Importantly, the predicted values of them
are larger than 8, indicates the practically feasible?’. Therefore,
compared with some important porous materials, such as
MOEF-177*!, MOF-210% and NU-100% et al, (high storage,

so but low selectivity) and MOF-74??, SIFSIX-3-Cu/Zn'® (high

6
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selectivity, but low storage), the integrated two characters of
higher storage and higher selectivity make NJTU-1 as an
excellent candidate for CO, capture.
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s Fig. 4. Low pressure gas adsorption isotherms (points) and the
dual-site Langmuir-Freundlich fit lines (line) of CH,, C,Hy,
C,Hg and CO, at 195 and 298 K, respectively (a and c). The
IAST predicted selectivity of C,H, C,Hg and CO, toward CH,4
(b and d).

o To better understand these observations, the adsorption
enthalpies of these series gases were calculated by virial
method®. As shown in Fig. S15, the adsorption heat of CO,
(25.1 kJ-mol™") at zero coverage is significant lower than that
of the frameworks with functional amide groups and open

s metal site?®, reflecting a moderate CO,-framework interaction.
Taking the structure into consideration, we attribute such
moderate Qy value to the weak dipole moment of the organic sites
from ligands™ as well as its significant large mesopore (~25 Ay,
Thus, the potential energy consumption for regeneration of

0 NJTU-1 will be lower than that of series important materials

for gas separation, such as, MgMOF-74, NiMOF-74, Cu-

TDPAT, CuBTC, PCP-1 (La-BTN) or NaX =zeolite (Fig.

S15b)'* %!, Additionally, due to the similar structure of NJTU-

1, HKUST-1, and MOF-14, their CO, adsorption heats were

further compoared. The reported Qy value of CO,in HKUST-1

varied from 29.2 to 35.0 kJ-mol' ' 27, meanwhile, the
calucated Q of CO, in MOF-14 reached to 26.3 kJ-mol! (Fig

S20). The increased adsorption heats should be explained as

the narrower pore size effect and also the higher density of

G

s open metal site in HKUST-1 and MOF-14'% even the

smaller organic sites were found in their corresponding
structure. In addition, NJTU-1 shows moderate affinity to C,H,
(19.7 kJ-mol") and C,Hg (20.0 kJ-mol'), and has the

relatively low CH, adsorption enthalpies (14.9 kJ-mol™"). Here,

s we can conclude that different host-guest interactions is the
reason for managing the selectivities in NJTU-15*7,

In summary, we have synthesized a new porous coordination
polymer by using a 3-connected ligand with large aromatic
ring. NJUT-1 represents a significant mesopore and second
high BET surface area of 2800 m’*g' among the
interpenetrated PCPs. Additionally, it also shows high CH,
(excess capacity: 174 cmS-g'l), C,H, (220 cmS-g"), C,Hg (299
em’ gy and CO, (298 cm® g') adsorption capacities as well
as good adsorption selectivities of C,H, (12-145), C,Hg (15.5-
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380) and CO, (7.1-31.6) towards CH, at 298 K. This work
demonstrates that the ligand expansion, especially through
large aromatic rings, is an effective method to boost the
surface area and gas uptake, thereby enhancing adsorption
selectivity with moderate energy. Therefore, the promising
future of the fine construction for functional porous materials
would be expected.
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% Crystal data for NJTU-1: C6H;5CuOs-xguest, M = 470.92, cubic, Im-3,
a=33.175(4) A, V = 36512(13) A’, Z = 24, D. = 0.514 g-cm”, GOF =
1.16 based on F?, Ry = 0.089, wR; = 0.3554 [for 5191 data I > 20(I)].
CCDC number: 1030658.

1. S.Q.Maand H. C. Zhou, Chem. Commun., 2010, 46, 44-53.

70 2. J.R. Long and O. M. Yaghi, Chem. Soc. Rev., 2009, 38, 1213-1214.

3.  S.Biloe, V. Goetz and A. Guillot, Carbon, 2002, 40, 1295-1308.

4. (a)Y. M. Shen and J. F. Bai, Chem. Commun., 2010, 46, 1308-1310;
(b)L. Y. Chen, J. F. Bai, C. Z. Wang, Y. Pan, M. Scheer and X. Z.
You, Chem. Commun., 2008, 1581-1583.

75 5. K. F. Czaplewski, T. L. Reitz, Y. J. Kim and R. Q. Snurr, Micropor.

Mesopor. Mater., 2002, 56, 55-64.

6. (a)S. Kitagawa, R. Kitaura and S. Noro, Angew. Chem. In. Ed., 2004,
43, 2334-2375; (b)R. Matsuda, R. Kitaura, S. Kitagawa, Y. Kubota,
R. V. Belosludov, T. C. Kobayashi, H. Sakamoto, T. Chiba, M.
Takata, Y. Kawazoe and Y. Mita, Nature, 2005, 436, 238-241; (c)H.
Furukawa, N. Ko, Y. B. Go, N. Aratani, S. B. Choi, E. Choi, A. O.
Yazaydin, R. Q. Snurr, M. O'Keeffe, J. Kim and O. M. Yaghi,
Science, 2010, 329, 424-428; (d)O. K. Farha, A. O. Yazaydin, L
Eryazici, C. D. Malliakas, B. G. Hauser, M. G. Kanatzidis, S. T.
Nguyen, R. Q. Snurr and J. T. Hupp, Nat. Chem., 2010, 2, 944-948;
(e)D. Q. Yuan, D. Zhao, D. F. Sun and H. C. Zhou, Angew. Chem. In.
Ed., 2010, 49, 5357-5361; (L. Ma, C. Abney and W. Lin, Chem.
Soc. Rev., 2009, 38, 1248-1256; (g)J. P. Zhang, Y. B. Zhang, J. B.
Lin and X. M. Chen, Chem. Rev., 2012, 112, 1001-1033; (h)G. K. H.
Shimizu, J. M. Taylor and S. Kim, Science, 2013, 341, 354-355; (i)H.
L. Jiang and Q. Xu, Chem. Commun., 2011, 47, 3351-3370; (j)M.
Hirscher, Angew. Chem. In. Ed., 2011, 50, 581-582; (h) B. S. Zheng,
R. R. Yun, J. F. Bai, Z. Y. Lu, L. T. Du and Y. Z. Li, Inorganic
Chemistry, 2013, 52, 2823-2829.

s 7. B.S.Zheng, J. F. Bai, J. G. Duan, L. Wojtas and M. J. Zaworotko, J.

Am. Chem. Soc., 2011, 133, 748-751.

8. (a)D. Britt, H. Furukawa, B. Wang, T. G. Glover and O. M. Yaghi,
Proc. Natl. Acad. Sci. USA., 2009, 106, 20637-20640; (b)S. C.
Xiang, W. Zhou, J. M. Gallegos, Y. Liu and B. L. Chen, J. Am.
Chem. Soc., 2009, 131, 12415-12419; (c)Y. S. Bae, C. Y. Lee, K. C.
Kim, O. K. Farha, P. Nickias, J. T. Hupp, S. T. Nguyen and R. Q.
Snurr, Angew. Chem. In. Ed., 2012, 51, 1857-1860.

9. (a)A. Demessence, D. M. D'Alessandro, M. L. Foo and J. R. Long, J.

Am. Chem. Soc., 2009, 131, 8784-+; (b)J. G. Duan, Z. Yang, J. F.

Bai, B. S. Zheng, Y. Z. Li and S. H. Li, Chem. Commun., 2012, 48,

3058-3060.

(a)Y. E. Cheon, J. Park and M. P. Suh, Chem. Commun., 2009, 5436-

5438; (b)O. Shekhah, Y. Belmabkhout, Z. J. Chen, V. Guillerm, A.

Cairns, K. Adil and M. Eddaoudi, Nat. Commun., 2014, 5. 4228-

4235

C. Wang, D. M. Liu and W. B. Lin, J. Am. Chem. Soc., 2013, 135,

13222-13234.

10.

11.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 0000 | 3



CrystEngComm

20

20.

21.

25

22.

23.

24.

25.

35 26.

217.

40

45

J. G. Duan, M. Higuchi, S. Horike, M. L. Foo, K. P. Rao, Y.
Inubushi, T. Fukushima and S. Kitagawa, Adv. Funct. Mat., 2013, 23,
3525-3530.

J. G. Duan, M. Higuchi, R. Krishna, T. Kiyonaga, Y. Tsutsumi, Y.
Sato, Y. Kubota, M. Takata and S. Kitagawa, Chem. Sci., 2014, §,
660-666.

Z. Liang, M. Marshall, and A. L. Chaffee, Energy Fuels 2009, 23,
2785-2789.

B. L. Chen, M. Eddaoudi, S. T. Hyde, M. O'Keeffe and O. M. Yaghi,
Science, 2001, 291, 1021-1023.

R.R. Yun, Z. Y. Lu, Y. Pan, X. Z. You and J. F. Bai, Angew. Chem.
In. Ed.,2013,52,11282-11285.

S. Q. Ma, D. F. Sun, J. M. Simmons, C. D. Collier, D. Q. Yuan and
H. C. Zhou, J. Am. Chem. Soc., 2008, 130, 1012-1016.

. Z.Y. Guo, H. Wu, G. Srinivas, Y. M. Zhou, S. C. Xiang, Z. X. Chen,

Y. T. Yang, W. Zhou, M. O'Keeffe and B. L. Chen, Angew. Chem.
In. Ed., 2011, 50, 3178-3181.

(a)Y. S. Bae, K. L. Mulfort, H. Frost, P. Ryan, S. Punnathanam, L. J.
Broadbelt, J. T. Hupp and R. Q. Snurr, Langmuir, 2008, 24, 8592-
8598; (b)N. F. Cessford, N. A. Seaton and T. Duren, Ind. Eng. Chem.
Res., 2012, 51, 4911-4921.

Y. B. He, Z.J. Zhang, S. C. Xiang, F. R. Fronczek, R. Krishna and B.
L. Chen, Chem. Commun., 2012, 48, 6493-6495.

H. K. Chae, D. Y. Siberio-Perez, J. Kim, Y. Go, M. Eddaoudi, A. J.
Matzger, M. O'Keeffe and O. M. Yaghi, Nature, 2004, 427, 523-527.
K. S. Park, Z. Ni, A. P. Cote, J. Y. Choi, R. D. Huang, F. J. Uribe-
Romo, H. K. Chae, M. O'Keeffe and O. M. Yaghi, Proc. Natl. Acad.
Sci. USA., 2006, 103, 10186-10191.

J. L. C. Rowsell and O. M. Yaghi, J. Am. Chem. Soc., 2006, 128,
1304-1315.

Y. B. He, R. Krishna and B. L. Chen, Energy. Environ. Sci., 2012, 5,
9107-9120.

S. S. Han, J. L. Mendoza-Cortes and W. A. Goddard, Chem. Soc.
Rev., 2009, 38, 1460-1476.

N. Klein, 1. Senkovska, K. Gedrich, U. Stoeck, A. Henschel, U.
Mueller and S. Kaskel, Angew. Chem. In. Ed., 2009, 48, 9954-9957.
(a) Q. M. Wang, D. M. Shen, M. Bulow, M. L. Lau, S. G. Deng, F.
R. Fitch, N. O. Lemcoft and J. Semanscin, Micropor. Mesopor.
Mat., 2002, 55, 217-230. (b) J. Moellmer, A. Moeller, F. Dreisbach,
R. Glaeser and R. Staudt, Micropor. Mesopor. Mat., 2011, 138, 140-
148.

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 5



Page 5 of 5 CrystEngComm

A new meso-porous coordination polymer: synthesis, structure, and gas
adsorption studies

Jingui Duan, ** QianQian Li,* Zhiyong Lu,’

* State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemistry and
Chemical engineering, Nanjing Tech University, Nanjing, 210009, China. E-mail:
duanjingui@njtech.edu.cn

® State Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210093, PR China

Received xx x xxxx; Email:

- (()Xlu S e B X J ‘.‘0'.‘0'*0'".5.‘.'00Ar
oot
5 4 N
K f#OQQOt‘OCLUCOUO\)UuO..I
&
g 6001 4 20
S
g 15
£ 400- -
£ T 10
% ©
05
o 200 /
=
o N
0 2 4 6
T

T T T
0 20 80 100

A new porous coordination framework, NJTU-1, with low binding energy and remarkable meso-pore,

exhibits high surface area and excellent gas adsorption behaviors at 298 K.




