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A trigonal nanosized carboxylate ligand, 1,3,5-tris[4'-carboxy(1,1'- Chart 1. Nanosized Carboxylate Ligand

biphenyl-4-yl)]benzene (TCBPB), has been synthesized and applied 8._o

in the construction of porous metal—organic frameworks (MOFs).

A solvothermal reaction of TCBPB and a zinc salt in the presence O

of pyridine produces 1, an unstable MOF consisting of a tetrazinc

secondary building unit (SBU) with labile terminal ligands. Changing O

pyridine to a noncoordinating base in the assembly procedure

affords 2, a stable MOF with permanent porosity containing an O O O

octazinc SBU without labile terminal ligands. O O °
0. (0]

Open metat-organic frameworks (MOFs) have received 2 nm |
a great deal of attention because of their fascinating structures TCBPB
and intriguing potential in applicatior’s® Most of their
applications hinge on the porosity and framework stabil- ligand, one may employ secondary building unit (SBU)
ity.245780ne way to increase the porosity of an MOF is to stabilization!® or framework catenatiof. Despite a few
extend the size of the ligand sustaining the framework. successful exampl&sin making MOFs with permanent
However, MOFs formed based on large ligands tend to be porosity, utilizing nanosized ligands to construct stable, open
less stablé.To improve the stability of MOFs with a larger MOFs still poses a great challenge. Herein we report one of
the first examples of stability and porosity enhancement

*E o Wgom correspondence should be addressed. E-mail: zhouh@ through simultaneous ligand extension and SBU stabilization.
muonio.eau.

(1) (a) Rowsell, J. L.; Yaghi, O. MAngew. Chem., Int. ER005 44, _ In continuing our MOF studies using large carboxylate
?;?170' (tg Fszeeo)gsGs';s Mzelll;n—(D)raBzmgkﬁ, C,; Serg, Cd; MIIIJarg;e.éFcc. ligandst?c®2we have designed a trigonal nanosized car-
em. re 3 . (C radshaw, D.; ariage, J. b.; cussen, . _tri _hi A _
E. J.; Prior, T. J.; Rosseinsky, M. Acc. Chem. Re005 38, 273. boxylate ligand, 1,3,5-tris[4carboxy(1,-biphenyl-4-yl)]

(d) Hill, R. J.; Long, D.-L.; Champness, N. R.; Hubberstey, P.; benzene (TCBPB; Chart 1), synthesized in a two-step Suzuki
Schroder, MAcc. Chem. Re£005 38, 335. (e) Lin, W. B.J. Solid coupling reactiot*15 The distance between two carboxylate

State Chem2005 178 2486. (f) Kitagawa, S.; Kitaura, R.; Noro, - .
S.-I. Angew. Chem., Int. E2004 43, 2334. (g) Rao, C. N. R.; groups is about 2 nm, and the distance between a carboxylate

Natarajan, S.; Vaidhyanathan, Rngew. Chem., Int. E©2004 43, group and the central benzene ring is 1.2 nm. Solvothermal
1466. (h) Rowsell, J. L. C.; Yaghi, O. MMicroporous Mesoporous

Mater.2004 73, 3. (i) Janiak, CDalton Trans.2003 2781. (j) Kesanli,

B.; Lin, W. B. Coord. Chem. Re 2003 246, 305. (10) Seo, J. S.; Whang, D.; Lee, H.; Jun, S. |; Oh, J.; Young, J.; Kim, K.
(2) Chui, S. S.-Y.; Lo, S. M.-F.; Charmant, J. P. H.; Orpen, A. G; Nature (London200Q 404, 982.

Williams, |. D. Sciencel999 283 1148. (11) (a) Batten, S. R.; Robson, Rngew. Chem., Int. EA.998 37, 1461.
(3) Fujita, M.; Kwon, Y. J.; Washizu, S.; Ogura, K. Am. Chem. Soc. (b) Kim, H.; Suh, M. P.Inorg. Chem.2005 44, 810.

1994 116, 1151. (12) (a) Chae, H. K.; Siberio-Perez, D. Y.; Kim, J.; Go, Y.; Eddaoudi, M.;
(4) Bradshaw, D.; Prior, T. J.; Cussen, E. J.; Claridge, J. B.; Rosseinsky, Matzger, A. J.; O’Keeffe, M.; Yaghi, O. MNature (London2004

M. J.J. Am. Chem. So2004 126, 6106. 427, 523. (b) Chen, B. L.; Eddaoudi, M.; Hyde, S. T.; O'Keeffe, M;
(5) Eddaoudi, M.; Moler, D. B.; Li, H.; Chen, B.; Reineke, T. M.; Yaghi, O. M. Science2001, 291, 1021. (c) Sun, D.; Ma, S.; Ke, Y.;

O’Keeffe, M.; Yaghi, O. M.Acc. Chem. Re001, 34, 319. Collins, D. J.; Zhou, H.-CJ. Am. Chem. So006 128 3896. (d)
(6) Ockwig, N. W.; Delgado-Friedrichs, O.; O’Keeffe, M.; Yaghi, O. M. Sun, D.; Collins, D. J.; Ke, Y.; Zuo, J.-L.; Zhou, H.-Chem—Eur.

Acc. Chem. Re005 38, 176. J. 2006 12, 3768. (e) Sun, D.; Ke, Y.; Petersen, T. M.; Ooro, B. A.;
(7) Kubota, Y.; Takata, M.; Matsuda, R.; Kitaura, R.; Kitagawa, S.; Kato, Zhou, H.-C.Chem. Commur2005 5447.

K.; Sakata, M.; Kobayashi, TAngew. Chem., Int. EQ005 44, 920. (13) Sun, D.; Ma, S.; Ke, Y.; Petersen, T. M.; Zhou, H.&hem. Commun.
(8) Abrhams, B. F.; Moylan, M.; Orchard, S. D.; Robson, Agew. 2005 2663.

Chem., Int. Ed2003 42, 1848. (14) Suzuki, A.Pure Appl. Chem1994 213.
(9) Ke, Y.; Collins, D. J.; Sun, D.; Zhou, H.-Gnorg. Chem.2006 45, (15) Kesanli, B.; Cui, Y.; Smith, M. R.; Bittner, E. W.; Brockrath, B. C.;

1897. Lin, W. B. Angew. Chem., Int. EQR005 44, 72.

7566 Inorganic Chemistry,  Vol. 45, No. 19, 2006 10.1021/ic0609002 CCC: $33.50  © 2006 American Chemical Society

Published on Web 08/17/2006



COMMUNICATION

E

- o/
- r “\""5:.»(" “‘_bgft""
) ) 2\, aP'-.-D'i_
S . (} 12y
' 0
‘ O .
7 _(':}r j\ i )
20, g "N 20t} owelglEnin)
( ._Jﬁ\lm:': znm.‘b‘f y D <<|?(_: -
| & > o L)
TCBPB1 ) TCBPB2

Figure 2. Two crystallographically independent ligandsln

Figure 1. Coordination environment of Zn atomsin O = O atom from
the TCBPB ligand; OH= u3-OH group; O(w)= water molecule; N=
pyridine.

reactions of TCBPB and Zn(N{2-5H,0 in the presence of
two different bases have resulted in the formation of two
porous MOFs with novel SBUs: Z(OH)x(H20)(py)2-
(TCBPB)-3DMF-py-3H,0 (1; DMF = N,N'-dimethylfor-
mamide, py= pyridine) and Zg(OH),(TCBPB),-2DMF- Figure 3. View of (a) the 3D nanoporous framework balong the [010]
EtOH-3H,0 (2) direction and (b) a schematic representation of the graphite-like array of
Single-crystal diffraction studies df'® reveal four crys-  cMannels:
tallographically independent Zn atoms (Figure 1): Zn(1)is  The formula of1 was determined by elemental analysis,
tetrahedrally coordinated, bound to three O atoms from three X-ray crystallography, and thermogravimetric analysis (TGA).
carboxylate groups and one O frorpaOH [average Zr-O TGA of 1 shows a 16.7% weight loss from 50 to 180,
= 1.944(3) AJ; Zn(2) is octahedrally coordinated, bound to corresponding to the loss of all free solvates (three DMF,
three O atoms from three TCBPB, twe-OH groups, and  one pyridine, and three water molecules; calcd 16.2%).
one pyridine [average ZnO = 2.162(3) A; average ZaAN Weight losses between 180 and £@0(8.57%) and between
= 2.130(4) AJ; Zn(3) is also octahedrally coordinated, bound 400 and 550°C (68.8%) correspond to the loss of terminal

to two O atoms from two TCBPB, twas-OH groups, one  ligands (calcd 8.95%) and framework decomposition (calcd
water, and one pyridine [average Z0 = 2.128(3) A; 69.1%), respectively.

average ZrN = 2.107(4) A]; Zn(4) is tetrahedrally Gas adsorption measurements of solvent-fteshowed
coordinated, bound to two carboxylate O atoms from two no permanent porosity, possibly because of framework
TCBPB, oneus-OH, and one water [average Z® = 1.971- collapse upon removal of coordinated water and pyridine.
(3) Al. All four Zn atoms are connected by twes:-OH To improve the framework stability, coordinated small

groups and four carboxylate groups, forming a tetranuclear terminal molecules (pyridine and water) on four-coordinate
SBU, different from previously reported 40 basic car-  zn atoms in the SBU must be replaced by TCBPB or

boxylate SBUS’ bridging oxo atoms.

Two crystallographically independent TCBPB ligands  In fact, pyridine plays a dual role in the formation &f
differing in Zn connectivity are present ih (Figure 2). In it acts as a base to facilitate the deprotonation of the TCBPB
each ligand, two carboxylate groups adopt-earboxylato-  ligand and also acts as a terminal ligand to Zn atoms. To

xO:xO' coordination mode while the remaining carboxylate eliminate terminal ligands and deprotonate TCBPB, the use
uses only one of its two O atoms to coordinate. The two of a noncoordinating base is a logical choice.

bridging carboxylates in TCBPBL link [Zn(1), Zn(2)] and  Changing pyridine to triethylamine under similar reaction
[Zn(2), Zn(3)], while the two bridging carboxylates in  conditions produced, a 3D network with 1D open channels.
TCBPB2 bind [Zn(2), Zn(4)] and [Zn(3), Zn(4)]. The unique  Four crystallographically independent Zn atoms are present
carboxylate group in each ligand coordinates Zn(1). Thus, in 2.18 Three of the Zn atoms are four-coordinate, bound to
every TCBPB links three SBUs and every SBU connects three carboxylate O atoms from three TCBPBs andepe

six TCBPBs, generating a 3D noninterpenetrating 3,6- OH group. The other Zn is six-coordinate, bound to six O
connected open framework with a graphite-like array of atoms (three from carboxylate groups of three TCBPBs and

channels (Figure 3). three fromus-OH groups).
'16) Oryetal stracture determination of OOz M There are two crystallographically independent TCBPB
rystal structure determination of compoun , . . . A P

b {817_06; colorless 100 0.42 0.18 o1s panlg 2113?3) K ligands in2, adopting au-carboxylatoxO:xO' coordination
(Mo Ko) = 0.710 73 A, orthorhombic, space grolme2;, a =
41.041(2) Ab = 10.1287(5) A,c = 40.3822(18) E,V = 16786.5- (18) Crystal structure determination of compouhdCigdH112028ZNg, M,
(14) A3, Z = 4, peaca = 0.719 g ¢T3, 20max = 56.64, u = 0.600 = 3245.66; a rod crystal (0.1& 0.08 x 0.02 mm),T = 90.0(2) K,
mm-~1, F(000)= 3728, 121 223 total reflections, 38 604 uniq&e: 2(Cu Ko) = 1.541 78 A, monoclinic, space grolp/a, a = 34.6215-
= 0.0896, 1100 parameters, R10.0711 [ > 20(1)], wR2 = 0.1460, (9) A, b=15.0763(3) Ac=42.9953(3) AV = 21298.0(8) B, Z=
min/max residual electron density0.915A-0.682 e A3, 4, peaicd= 1.012 g cm3, 20max = 136.18, u = 1.410 mnt?, F(000)
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Figure 4. (a) View of the octazinc SBU i@. (b) Octazinc SBU connected
to six pairs of TCBPB ligands.

L —
00 0.2 04 06 0.8 1.0
P/Pg—

Figure 6. Brunauer-Emmett-Teller N, sorption isotherm of at 77 K.

nitrogen upt

between the two peripheral rings of 31.&nd 26.2 for 1
and 31.83 and 34.8 for 2 and between the central and
peripheral rings of 327and 27.4 for 1 and 27.4 and 30.8
for 2, respectively (compared to 37.in BTB).12* These
Figure 5. View of (a) 3D porous framework df along the [100] direction angles are much larger than the 4]1)0’ _angle found in
and (b) a schematic representation of the 1D channels. TATB!?¢13pecause of the central triazine ring’s lack of B
] ] ] ) bonds. As a result, although TCBPB liganddliand2 exist
mode connecting six Zn atoms. Eight Zn atoms are bridged j,, pairs, there is no strong—x stacking in the MOFs (see
by 12 carboxylates from the TCBPB ligands and fougr the Supporting Information).
OH groups, forming an octazinc cluster (Figure 4a). In this |, conclusion, the first use of a newly developed trigonal
octanuclear SBU, two six-coordinate Zn atoms are sur- nanosized carboxylate ligand, TCBPB, resulted iwith a
rounded by six four-coordinate Zn atoms. All Zn atoms are g tetrazine SBU and a graphite-like array of channels.
coordinated by carboxylate apg-OH groups, with nosmall - py6\yever, because of coordinated pyridine and water in such
labile terminal ligands on the SBU. No such SBU has been 5 sy, 1 cannot retain its framework integrity after solvate
reported prior to this work. ~ removal. Using a noncoordinating base (triethylamine)
Each octazinc SBU connects 12 carboxylate groups (siX jnstead of pyridine under similar reaction conditions caused
pairs, Figure 4b) and every TCBPB links three SBUS, {he formation of an octazinc SBU containing no labile
resulting in a 3D framework with 1D open channels 0 tgyminal ligands, leading @with permanent porosity. SBUs
13 A) along thea axis (Figure 5). The solvent-accessible jn 1 and2 are the first examples of their kind found in the
volume of2is 42% (8901.9.2 Aper 21298.0 A calculated jiterature. Controlled synthesis of MOFs still poses a great
using PLATON® _ challenge, but using concurrent ligand extension and SBU
TGA of 2 revealed a 7% weight loss from 40 to 280, stabilization represents a useful synthetic strategy to obtain
corresponding to the loss of all free solvates (two DMF, one \oFs with enhanced stability and porosity based on ligands
EtOH, and three water; calcd 7.1%). There was no further ¢ nanometer size and beyond. Future studies will focus on
weight loss from 200 to 400°C. Above 400 °C, 2 the synthesis of new MOFs with even larger porosity using

decomposed to form ZnGQfound 27.5%); calcd 28.7%).  TcBPB and other more extended ligands.
Though TGA alone cannot determine the MOF stability, the
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