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Abstract: A porous metal—organic framework [Zn,O(NTB),]-3DEF-EtOH (1), in which (3,6)-connected nets
are doubly interpenetrated to generate curved three-dimensional channels, has been prepared. Framework
1 exhibits high permanent porosity (Langmuir surface area, 1121 m?/g; pore volume, 0.51 cm3/cm?), high
thermal stability (up to 430 °C), high hydrogen adsorption capacity (1.9 wt % at 77 K and 1 atm), selective

organic guest binding ability (K;: MeOH > pyridine >

benzene > dodecane), and guest-dependent blue

luminescence (Amax depending on guest identity). Most interestingly, the framework sustains single crystallinity
even at 400 °C and 10° Torr, and the framework components undergo reversible dynamics, mainly rotational
motion, in response to removal and rebinding of the guest molecules.

Introduction

Metal-organic open frameworks (MOFs) having diverse
architectures and functions have been assembled from molecula

building blocks!~16 They have potential to be applied to
molecular adsorption and separation proce$3é%1315ion-
exchangé?l’ catalysist®1° sensor technologif, 22 and opto-
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electronics Despite the extensive studies, application of MOFs
is still quite limited compared to that of zeolites. This is because
p) they often collapse when the guest molecules occupying the
voids are removed even though considerable numbers of porous
MOF are robust2=15 (ii) they frequently dissociate into the
building blocks on immersion in solvents? and (iii) they are,

in general, thermally unstable compared with inorganic zeolites
and are destroyed at high temperature8@0 °C) or even at
low temperatures under vacuum. In particular, frameworks
showing simultaneously permanent porosity, high thermal
stability, and luminescence are extremely r&r&ome MOFs
showing crystal-to-crystal transformation®11-14.24.25qr novel
phenomena of crystal dynamiés’-2*have been reported, but
such MOFs are still not very common.

Here we report the multifunctionality and crystal dynamics
of the metat-organic open framework, [ZO(NTB),]-3DEF
EtOH (1) (DEF = N,N-diethylformamide), which has been
prepared by the solvothermal reaction of Zn@E{bH,0 and
4,4 4" -nitrilotrisbenzoic acid (KNTB) in DEF/EtOH/HO
(5:3:2, v/v)28 1 exhibits permanent porosity with greater pore
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surface area than normal zeolites, high thermal stability up to determined, one side of the sealed capillary was broken, and the vapor
430°C, high hydrogen adsorption property (1.9 wt % at 77 K of mixed solvent DEF/EtOH (3:1, v/v) was allowed to diffuse into the
and 1 atm), and guest-dependent luminescence. It even retain§apillary for 12 h to resolvate the crystal. The opening of the capillary
its single crystallinity at 400C and high vacuum (G Torr) was sealed e_lgain, and the X-ray structure'6fvas determined.

to provide completely desolvated crystal. Most interestingly, _ Sas Sorption Study.A measured amount of [ZO(NTB),]-3DEF

L . . . . - EtOH (1) was introduced into Quantachrome Autosorb-1 gas sorption
the framework exhibits reversible dynamic motion with retention , 5
. . apparatus, and then the compound was evacuated &C2aad 10
of single crystallinity,

. undergoing significant positional and Torr to remove all guest molecules. Nitrogen gas sorption isotherm
rotational rearrangements of the molecular components uponyas monitored at 77 K at each equilibrium pressure by the static

removal and rebinding of the guest molecules. Rotational motion yolumetric method. Hydrogen gas sorption isotherm was measured by

in MOF crystals has never been observed previously, to the the similar procedure at 77 K.

best of our knowledge, although some other types of crystal Guest Binding Study. Pale-yellow crystals ot were dried at 220

dynamics, such as spongelike shrinkage/swelling and sliding °C under vacuum for 24 h. The solid (14:82.6 mg), whose weight

motions, have been reporté87.24 was exactly measured, was immersed in the measured volume of

isooctane solutions containing methanol, pyridine, dodecane, and

benzene, respectively, for.c4 h at 20°C. The initial concentrations
General Methods.All chemicals and solvents used in the syntheses ([G]o) of the guests were varied as 1.%71072to 1.06x 10~ M for

were of reagent grade and used without further purification. Infrared MeOH, 3.09x 102 to 1.98 x 10! M for pyridine, 2.87x 1072 to

spectra were recorded with a Perkin-Elmer Spectrum One FT/IR 2.09 x 107 M for benzene, and 7.3% 1072 to 4.93x 10 M for

spectrophotometer. Elemental analyses were performed by the Nationaddodecane to keep the saturati@t) yalues ranging from 20% to 80%.

Center for Inter-University Research Facilities in Seoul National The concentration change of the organic guest was measured by GC.

University. UV/vis spectra were recorded with a Perkin-Elmer Lamda35 The formation constantkf) for the host-guest complexes formed

UV/vis spectrophotometer. Thermogravimetric analysis (TGA) and between a binding site (BS) of the insoluble hosts and a guest molecule

differential scanning calorimetry (DSC) were performed at a scan rate (G) was defined aka/kqe [egs 1 and 2 by the analogy with Langmuir

of 5 °C/min and 10°C/min, respectively, using TGA 2050 and DSC isotherm for adsorption of gas molecules on solid surf&&&s°The

2100 of TA instruments. X-ray powder diffraction (XRPD) data were plots of the concentration of G bound to BS ([#&§) against [G] were

recorded on a Mac Science M18XHF-22 diffractometer at 50 kV and made, and; and [BS}/w values were estimated by the analysis of the

100 mA for Cu Ko (A = 1.54050 A) with a scan speed of/fin and data according to egs 3 and 4.

a step size of 0.02n 26. Emission spectra were recorded with a Jasco

Experimental Section

FP-6500 spectrofluorometer. Gas chromatographic experiment were BS+ G‘E‘_d BS'G 1)
conducted by using a HP6890 series GC system that was fitted with a Kee

30 m x 0.32 mm x 0.25 um cross-linked poly(dimethylsiloxane) kg [BS-G]

capillary column and interfaced with a GC ChemStation. The column f = Eez [BSI[G] 2

temperature was programmed from&D (3 min) to 230°C at the rate
of 75 °C/min. A flame ionization detector was used. Sdfi€ NMR

If 6 is defined as fractional coverage,
spectra were recorded on a Bruker 400 MHz FT-NMR spectrometer at 9

room temperature. [BS-G] [G]

[Zn4O(NTB);]-3DEF-EtOH (1). HsNTB was prepared according 0= BSl. _ (G] + 1K) (3)
to the method previously reportétiHsNTB (0.078 g, 2.1x 10 “ mol) 0 f
and Zn(NQ),-6H,0 (0.115 g, 3.8% 10 % mol) were dissolved in DEF/ then
EtOH/HO (5/3/2 mL), which were placed in a Teflon vessel within
the autoclave. The mixture was heated at 2@0for 24 h and then
cooled to room tem i i ([BS]y/)IC]

perature. Pale, greenish yellow rodlike crystals [BS'Gllo = ——"— (4)

formed, which were filtered, and washed briefly with mother liquor. (IG] + 1K)
Yield: 0.101 g (76%). FT-IR fod (KBr pellet): vo-c—o, 1594, 1559,
1548;vcrnre), 3065;vc—omer, 1640, 1656V crzpery 2975 cntt, UV/ wherew is the amount of host solid per unit volume of the solution
vis (Diffuse reflectancelmns) = 237, 321, 375(sh), 428(sh) nm. Anal. ~ (mg/mL).
Calcd for GeHesNsO17Zns: C, 51.51; H, 4.62; N, 5.09. Found: C, Crystallography. Diffraction data forl, 1, and1" were collected
51.93; H, 4.47; N, 4.99. with an Enraf Nonius Kappa CCD diffractometer (MakA = 0.71073

[Zn4O(NTB)s] (1'). The single crystall was desolvated on a A, graphite monochromator). Preliminary orientation matrixes and unit
Quantachrome Autosorb-1 instrument after its X-ray structure was cell parameters were obtained from the peaks of the first 10 frames
determined. Single-crystal was introduced into a 0.5-mm glass and then refined using the whole data set. Frames were integrated and
capillary having an open end, which was inserted to a 9-mm cell of corrected for Lorentz and polarization effects using DENZGhe
the gas sorption apparatus. It was heated at*4D@inder 105 Torr scaling and the global refinement of crystal parameters were performed
for 30 min, and then cooled to room temperature, maintaining the high Y SCALEPACK? No absorption correction was made. The crystal
vacuum condition. Removal of all solvent guest molecules was checked Structures were solved by the direct methahd refined by full-matrix
by an outgassing test process. The cell was filled with He gas (1.0 léast-squares refinement using the SHELXL-97 computer progtam.
atm), and then the capillary was taken out, which was sealed FOr ZnO(CQ)s unit in 1 and 1", all zinc atoms and all carboxylic
immediately for the X-ray structure determination. For preparation of OXygen atoms were statistically disordered. The site occupancy factors
bulk amount,1 (45 mg) was desolvated in a Schlenk tube at 220 were given to 0.5 for Zn(1) atom that sits on a general position and
under vacuum for 5 h. FT-IR fat' (KBr pellet): vo_c—o, 1595, 1538; 0.1667 for Zn(2) atom that sits on a three-fold crystallographic axis.
ven, 3065 cmt. Anal. Caled for GaHz4N2O15Zns: C, 49.16; H, 2.36;
N, 2.73. Found: C, 49.08; H, 2.40; N, 2.88.

(30) Otwinowsky, Z.; Minor, WProcessing of X-ray Diffraction Data Collected
in Oscillation Mode, Methods in Enzymolgg@arter, C. W., Sweet, R.

[Zn4O(NTB),]-xDEF-yEtOH (1"). The single crystal ofl was 31) '\SAH ||5dd$-i(Aéa(ﬁEii P(r:eSSé lll\lewl\g%rg,:fg%\;ol. 276, pp 3626.
; L 5 eldrick, G. cta Crystallogr .
desolvated with a method similar to that fifrat 220°C under 10° (32) Sheldrick, G. M. SHELXL97 Program for the crystal structure refinement;
Torr for 10 h. After the X-ray structure of the desolvated crystal was University of Gettingen: Gettingen, Germany, 1993.
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Figure 1. (a) An ORTEP drawing ofl with the atomic numbering scheme. Thermal ellipsoids are drawn with 30% probability. All carboxylate oxygen
atoms and zinc atoms in the ZH(COy)s unit are statistically disordered over two sites, which are described as the dotted lines. (b) 3D network structure of
1. Zn, yellow; O, red; N, blue; C, gray. Green represents another interpenetrated 3D net. (c) Line drawing of doubly interpenetrated sttuétoire of
simplicity, only theus-oxo atom, the nitrogen of NT8, and the carbon atoms (C1, C2 and C5) locating on the line are drawn. Color scheme: red,
us-oxygen; blue, N of NTB; gray, carbon. Green represents another interpenetrated 3D network. (d) View showing the 3D curved chdnrgis of
(violet), oxygen (red), and carbon (gray). Host framework is indicated in blue. The accessible surface in the channels is shown in yellow dots.

Table 1. Comparison of Crystal Structures between 1 and 1'

dihedral angles between the planes (deg) . st—s interactions?
torsion angles of
Zn-0-Znvs Zn-0-Znvs 0-C-Ovs phenyl vs Opo—Zn-0-C c-C0 dihedral angle
MOF phenyl 0-C-0 phenyl phenyl® (deg) A (deg)
1 32.5(2% 12.4(9% 20.6(16% 0.0(4) 22.2(10916.0(9) 3.917(24) 3.7(4)
60.0(2¥ 26.2(14% 34.7(10%
34.2(11y 53.9(14%
1 25.7(3% 19.8(3% 10.3(2% 84.7(3) —17.7(2¥ —19.6(2) 3.630(9) 68.3(3)
18.0(2Y 15.0(12% 5.8(10%
13.0(7y 11.9(10%
2 (MOF-150)¢b 33.2, 17.9, 15.7, 0.0 —27.7,53.5,41.8, 285 3.957 3.8
59.8 28.0 31.9

apPhenyl rings involving Znla, Znlb, 02, and @®henyl rings involving Zn1, Zn2, 04, and O5Phenyl rings locating at the trans position of octahedron
edge around ZIO(CQy)s cluster.? Involving NTB®~ ions belonging to two interpenetrated nét©1-Znla-02-Cla.f O1-Zn1lb-03-Cla.9 O1-Zn2—
04—C1(C8in1). "01-Zn1-05—-C1(C8 in1). ' The shortest C- - -C distance.

Zn.
/ 22— 04\
o0—2Zn3 g C1@N1
3T—1Zn, \ /05
Zn;

The site occupancy factors were given to 0.5 for all carboxylic oxygen (three DEF and one EtOH) ih were determined on the basis of IR,
atoms. For desolvated crysté) no disordered atom was found, contrary  elemental analysis, and TGA data. The density of the disordered guest
to 1. The positions of all non-hydrogen atoms were refined with molecule was flattened by using the SQUEEZE optiofPbATONS33
anisotropic displacement factors. The hydrogen atoms were positionedThe final refinement was made by using the squedzddiata. For
geometrically and refined using a riding model. As for the guest resolvated crystall”, all atoms of the ZyO(CQOy)s cluster were
molecules ofl, three residual electron densities, which might correspond

to the guest molecule, per asymmetric unit were found with severe (33) spek, A. L.PLATON99 A Multipurpose Crystallographic Tool; Utrecht
disorder. Therefore, the identity and number of the guest molecules University: Utrecht, The Netherlands, 1999.
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250 [ esonpoBeDOBOIBOROERER 24 h [ZmO(NTB),]-3DEFEtOH (1) was formed. A framework
I ﬂ . having the same structure &s[Zn,(O)(NTB),]-3DMF-3H,0
+ 200 8§77 -,;-l"" (2, MOF-150), was published previoug§which was prepared
L4 .,-l’. from the reaction conditions different from those for Zn-
| T (NO3)26H,0 and HNTB in the 4.3:1 mole ratio in DMF/EtOH/
e 100l & - H,0 (4:1:1, v/v) at 9C°C. It has been frequently observed that
] , the framework structure depends on the reaction conditions such
50 .' as type of solvent, temperature, and stoichiometry of the
0 [ ' reactants evenif same molecular building blocks are empfayfeie* 3
. L . . L . However, structures df and2 are same even though they are
0.0 0.2 0.4 0.6 0.8 1.0 prepared at different reaction conditions and include different
Platm —* guest molecules.
gg‘gfpfén)Nz and kb gas sorption isotherms fdt (W in red indicates The X-ray structure of is shown in Figure 1. I, the ZnO-

(COy)s cluster acts as an octahedral secondary building unit

disordered with the same site occupancies as thoseHiowever, the (SBU), and 4,44 -nitrilotrisbenzoate(NTB") acts as a trian-
residual electron densities corresponding to guest molecules were notgular organic building block. Au-oxo bridged ZgO tetrahedron

observed irl" during the refinement process. Crystal datalfocubic, cluster is edge-bridged by six carboxylate groups of six RTB
space group la-3a = 22.541(5) A,V = 11453(4) R, R, = 0.0898 units to provide the octahedron-shaped SBU, which extends
(I > 20(1)), WR: (I > 20(1)) = 0.2815. Crystal data fot": cubic, infinitely to give rise to (3,6)-connected nets. The three-

space group Pa-3 = 22.393(5) A,V = 11229(4) &, R, = 0.0720 dimensional (3D) network is doubly interpenetrated to generate
(I > 20(1)), wR: (I > 20(l)) = 0.1888. Crystal data fot": cubic,

space group la-& — 22.4509(4) AV — 11316.2(3) & R, = 0.0823 purved 3D .channels..The N'FB looks like a propelller sjnce
(I > 20(1)), WRs (I > 20(1)) = 0.2442. The detailed crystallographic its phenyl rings are tilted reIaﬂ_ve to each other W_|th d|h_edral
data and bond distances and angleg (queezed datal’, 1", and1 angles of 69.1(3) The central nitrogen of the NTB ligand is
(raw data) are provided in Tables-S$12 of Supporting Information.  SP” hybridized, showing unusually short?C distances (1.418-
(5) A) and C-N—C angles close to 120 Some of the key
dihedral and torsion angles ih are summarized in Table 1.
Structure and Properties of [Zn,O(NTB),]-3DEF-EtOH Two phenyl rings of NTB" ligands located at the trans position
(1). When Zn(NQ),-6H,0 and HNTB (2:1 mole ratio) were of the ZnO(CQy)s cluster are parallel to each other (dihedral
heated at 110C in the mixture of DEF/EtOH/BD (5:3:2) for angle, 0.0(49), and the N- - -N distance involving these two

Results and Discussion

Figure 3. (a) An ORTEP drawing of desolvated compound J@(NTB),] (1') with the atomic numbering scheme. Thermal ellipsoids are drawn with 30%
probability. (b) Doubly interpenetrated 3D network structurd'ofc) Line drawing of doubly interpenetrated structurelofFor simplicity, only theus-oxo
atom, the nitrogen of NT8, and the carbon atoms [(C1, C2, C5) and (C8, C9, C12)] locating on the line are drawn. Color scheme is same as in Figure 1.

J. AM. CHEM. SOC. = VOL. 127, NO. 17, 2005 6377
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Figure 4. (a) Comparison of the structures betwdefred) andl' (blue). Statistically disordered structureslodre separated into two parts (A and B), and

each of them is superimposed with the structurd'dhat is not disordered. The site occupancy factor& imere given to 0.5 for all carboxylic oxygen

atoms, 0.5 for the Zn atom that sits in a general position, and 0.1667 for the Zn atom that sits on a three-fold crystallographic axis. Thernsaaedlipsoid
drawn with 30% probability. (b) Rearrangements of the framework components upon guest removal and rebinding. Thermal ellipsoids are drawn with 50%
probability. Color scheme: Zn, yellow; O, red; N, blue; C, gray.

NTB3 ligands is 18.451(4) A. There is no interaction between Langmuir surface area and pore volume, estimated by applying
the phenyl rings of NTB™ belonging to two interpenetrated nets; the Langmuir and DubininRaduskhvich equations, respec-
the shortest C- - -C distance and dihedral angle between thetively, are 1121 /g and 0.51 crffcm?®. This compares
phenyl rings of the adjacent NPB units are 3.917(24) A and  favorably with zeolites whose pore volume ranges from 0.18
3.7(4y, respectively. The 3D network structure bfcan be cm®/cm? to 0.47 cni/cm?.37 A plot of Horvath—Kawazoe (HK)
viewed as a Pdfnet® or an FeSnet?52:36 The void volume differential pore volum& indicates thatl contains cylindrical

calculated byPLATON? is 39.7%. pores of ca. 5.0 A opening in agreement with the X-ray structure.
Llis insoluble in water and common organic solvents. Thermal 1 adsorbs Hgas up to 1.9 wt % (10 hydrogen molecules per
gravimetric analysis reveals 18.2% weight loss at880°C, formula unit) at 77 K and 1 atm (Figure 2£3°This value is

corresponding to the loss of one EtOH and two DEF guest notably higher than that of the most favorable zeolite ZSM-5
molecules per formula unit (calcd 18.0%), followed by ad- (0.7 wt %) or those of previously reported Mn(H©@(0.9 wt
ditional weight loss of 7.8% at 230430 °C, corresponding to %)% and Yaghi’'s MOFs (0.891.62 wt %)3° which were
one DEF guest (calcd 7.4%). The Nas sorption study on the
evacuated solid df reveals a reversible type-l isotherm (Figure (34) (a) Li, H.; Eddaoudi, M.; Groy, T. L.; Yaghi, O. Ml. Am. Chem. Soc.
2), characteristic of a microporous material. The isotherm shows 1998 120 8571-8572. (b) Li, H.; Davis, C. E.; Groy, T. L. Kelley, D.

. i G.; Yaghi, O. M.J. Am. Chem. S0d.998 120, 2186-2187.
no hysteresis upon desorption of gas from the pores. The (35) Moulton, B.; Zaworotko, MChem. Re. 2001, 101, 1629-1658.
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measured at 77 K and 1 atm. Because thadtption isotherm
of 1is not fully saturated at 1 atm, a higher hydrogen sorption

capacity may be expected under higher pressures. Therefore,
the present compound might be a good candidate for hydrogen

storage material$e-3°

Reversible Dynamics of Framework Components with
Retention of Single Crystallinity on Desolvation and Resol-
vation. 1 maintained its single crystallinty as well as transpar-

ency even when the single crystal was desolvated at high tem-

perature and high vacuum (40G and 10° Torr) for 0.5 h and
provided the single crystal of apohost [Z(NTB);] (1'). In
general, single crystals of MOFs are frequently broken into small

pieces and lose transparency when they are heated or evacuated,
although some crystal structures of desolvated solids have been

reported.->6.811.13.14.24.281oyever, several MOFs could maintain
single crystallinity even at high temperature (3@)*2or re-
duced pressure (& 1075 Torr), 4P but never under both condi-

(@)

(b)

Figure 5. Interactions between the phenyl rings of NTBoelonging to
two independent interpenetrated nets (---) in (a) original sdliho

tions as in the present work. Previously, we observed single-Crys-interaction) and(b) desolvated solid’ (edge-to-facer— interaction)
tal-to-single-crystal transformations upon removal and exchangeThermal ellipsoids are drawn with 30% probability. Zn, yellow; O, red; N,

of guest molecules for the bilayered MOF containing flexible
pillars! In this case, X-ray structure indicated spongelike shrink-
age of the bilayer when the guest molecules were removed.

The X-ray structure of the desolvated cryst#l) (s shown
in Figure 3. In1', there are two crystallographically different
NTB3~ ligands around a Z© cluster. Contrary td, 1' does
not contain disordered atoms. The void volume calculated by
PLATON? is 40.1%.

When1' is compared withl (Figure 4), the local structure
of the tetrahedral Zf© cluster and the NTB unit is very
similar to that ofl. However, the ZgO cluster and NTB~ units
undergo significant positional and rotational rearrangements
upon desolvation by keeping the original positions of the central
oxygen atom and the nitrogen atom of one of the two
independent NTB" units. As summarized in Table 1, many of
the key dihedral angles iti change significantly compared with
those of1 upon loss of guest molecules. In particular, the
dihedral angle inl' between two phenyl rings locating at the
trans position around the 40(CO), cluster becomes 84.7(3)
which is remarkably different from that (Pin 1.

Figure 4 shows how the framework structurelins changed
relative to that inl by separating the statistically disordered
structure ofl into two parts (A and B). In one group of
molecules (A), all atoms perform positional rearrangements,
except the central oxygen atom of thes@ncluster and the C
atoms connected to central nitrogen in one of the two indepen-
dent NTB~ units. In addition, three phenyl rings around the
Zn40O cluster are rotated with respect to the-C axes, while
the other three phenyl rings are slightly shifted without rotational
motion. In the other group of molecules (B), the cluster unit

also undergoes rotational motion in addition to these rearrange-
ments. Although there are several crystallographic data showing

dynamic behavior upon removal or exchange of guk%tg4
the “rotational motion of the framework componéntis the

MOF has never been observed to the best of our knowledge.

(36) O'Keeffe, M.; Hyde, B. GCrystal Structures, 1: Patterns and Symmegtry
Mineralogical Society of America (U.S.A.), 1996.

(37) Breck, D. W.Zeolite Molecular Siees Wiley & Sons: New York, 1974.

(38) Horvath, G.; Kawazoe, KI. Chem. Eng. Jpril983 16, 470-475.

(39) (a) Schlapbach, L.; Ztel, A. Nature 2001, 414, 353-358. (b) Dybtsev,
D. N.; Chun, H.; Yoon, S. H.; Kim, D.; Kim, KJ. Am. Chem. So2004
126, 32—33. (c) Rowsell, J. L. C.; Millward, A. R.; Park, K. S.; Yaghi, O.
M. J. Am. Chem. So®004 126, 5666-5667.

blue; C, gray.
¥ O3

o2

Figure 6. Superimposition of the crystallographic asymmetric unitg'of
(black) and1 (red).

This crystal dynamics observed in this framework must be
triggered by ther—sx interactions between the interpenetrated
nets in1' (Figure 5), which exhibits edge-to-fage-s interac-
tions' between the phenyl rings belonging to two interpenetrated
nets (shortest € —C distance, 3.630(9) A; dihedral angle,
68.3(3f). When the free space is produced in the crystal by
guest solvent removal, molecular components undergo signifi-
cant rearrangements mainly with rotational motion to induce
the stronger edge-to-face—x interactions. To maintain the
original 3D integrity, extensive cooperative motion must occur
throughout the crystal.

Interestingly, this crystal dynamic is reversible: when the
desolvated crystal was exposed again to the vapor of DEF/EtOH
(3:1 viv) for 12 h "), the framework structure the samelas
was restored as evidenced by X-ray crystallography (Figure 6).
In 1", all atoms of the ZFO(CO,)s cluster locate at the same
positions and are disordered with the same site occupancies as
those inl. The only difference betweeh and 1" is that the
residual electron densities found Inwhich might correspond
to guest molecules, were not observed 1Iti during the
refinement process. Furthermore, when the desolvated crystal
(1) was immersed in EtOH, MeOH, pyridine, benzene, or
dodecane, the framework structure returned todependent
of the type of solvent included.

(40) Desiraju, G. R., EdPerspecties in Supramolecular Chemistry: Crystal
as a Supramolecular EntityJohn Wiley & Sons: Chichester, 1996; Vol.
2, pp 168-170.
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Figure 8. 400 MHz solid-state CP MASC NMR spectra of (a) and (b)
l 1' measured at room temperature. (a) a, 177.7; ¢, 175.4; d, 151.1; b and e,
JJ . I | I h 130.8; CH of DEF, 14.8, 13.1; Chlof DEF, 43.1, 37.9; CO of DEF, 167.2,
163.2; CH of EtOH, 58.3; CH of EtOH, 18.8 ppm. Assignments are based
on theChemDrawprogram. (*) indicates two DEF molecules in different

environments and®) indicates EtOH. Unnoted peaks are sidebands. (b) a,
176.2; c, 176.2; d, 153.2;,d150.9; b and e, 131.2;,€129.3 ppm.
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Figure 7. XRPD patterns: (a) for original solitl, (b) simulated from the el
single-crystal X-ray data df, in which electron densities corresponding to S
the disordered guest molecules were flattened by using the SQUEEZE option g 6
of PLATON33 (c) desolvated solid at 220C under vacuum for 24 hi ( 2
indicates new peak), (d) powder pattern simulated from the single-crystal 5
X-ray data ofl'. Simulated patterns (b) and (d) are drawn by providifig 2 b 4
= 11.C peaks, similar in intensity to those of (a) and (c), respectively. 2
XRPD and Solid NMR Spectra. The dynamic motion in -
the framework is also evidenced by XRPD and solid NMR 2
spectra ofl and1'. The peak positions of the measured XRPD
pattern forl (Figure 7a) are coincident with those of the simu- 0
lated pattern (Figure 7b) derived from the X-ray single-crystal 0.0 0.2 0.4 0.6 0.8 1.0
data even though the relative intensities are different, indicating [G] M

that the bulk sample is the same as the single crystal. The differ- Figure 9. Binding of host solidl’ with organic guests. MeOH8), pyridine

ence in the relative intensities between the measured and thg®). benzene£), and dodecanem).

simulated patterns fot may be attributed to the fact that the

measured sample contains guest molecules, while the simulatedhat the chemical environment of the two carbon atoms (d and

pattern ignored the guests since single-crystal data employede) of the phenyl ring is changed, which is coincident with the

the SQUEEZE option of thELATONprograni® for the electron X-ray structure ofl’ exhibiting the rotational rearrangement of

densities corresponding to the disordered guest molecules. The?henyl rings in the host.

XRPD pattern of the desolvated solld (Figure 7c¢) indicates Guest Binding of Desolvated Solid 1 The desolvated host

that new peaks appear & 2 6.6, 8.6, 15.5, 16 0and many solid 1' binds methanol, pyridine, benzene, and dodecane in

high-angle peaks @2>16°) are shifted as compared with that the isooctane medium, exhibiting Langmuir isotherm curves

of 1. This indicates that structure changes upon desolvation. (Figure 9). The amount of the guest bound to the host solid

The measured XRPD patternBfis coincident with the simula- ~ was measured by GC, and the formation constiftdnd the

ted pattern (Figure 7d) derived from the single-crystal data of humber of binding sites (mol) per g of the host ([B@] for

1', implying that the bulk sample dried at 220 under vacuum guest molecules were estimated (Table 2). The host differentiates

for 24 h has the same structure as the single crystal.of organic guests with th&; values in the order of MeOH-
The13C solid NMR spectrum of shows 13 different peaks, pyridine> benzene> dodecane. It is evident that the host favors

five from ligand of the host (a, b, ¢, d, e; b and e are overlapped) the guests that are able to form hydrogen bonds with its carbonyl

and nine from the solvents (Figure 8). Upon desolvation, the groups exposed to the chann#lg228n addition, it favors the

solvent peaks disappear, and all carbon peaks of theSNTB hydrophobic guests because of the benzyl rings contained in

are shifted. In particular, two (d and e) of five peaks & for the host that might induce—s or C—H- - -7 interactions with

the NTB ligand are split into four (¢ d' and e+ €), indicating the guest molecules.
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Figure 10. (a) Luminescent spectrd (—), ' (-+---- ), solid NaNTB (-++), and the 0.1 M NaOH solution of §4iTB (- - -). (Inset) Absorption spectra of

1 (—, Amax= 237, 321, 375(sh), and 428(sh) nm), solidsN&B (-+*, Amax = 237, 321, and 375(sh) nm), and the 0.1 M NaOH solution ¢§fTB (- - -,
Amax = 340 nm). (b) Guest-dependent luminescent spectra with normalized intensity: pyridingn{x = 435 nm), methanol<, Amax = 456 nm), and
benzene (- - -Amax = 466 nm).

Table 2. Guest Binding Data for Desolvated Framework 1' and benzene, the respectiﬂeﬁax of the luminescence band
K, [BSlo, no. of guest molecules/ appears at different wavelengths, depending on the type of
M- mmolfg unit formula of host solvent used (435 nm for pyridine, 456 nm for methanol, and
(a) MeOH 52.9 10.1 10 466 nm for benzene). The guest-dependent luminescence shows
(b) pyridine 37.6 4.79 5 no relationship with the binding constant of the host with the
8 zigéigﬁe g:gi i:gg g.s guest. This guest-dependent luminescence property implies that

the present porous material may be applied as a sensor for
organic molecules.

Guest-Dependent Photo-Luminescencelhe host frame- In conclusion, we have prepared a porous metagjanic
work exhibits photoluminescence, biax depends on the  framework consisting of Zn(ll) and NTB, [ZnsO(NTB),]-
presence or absence of the guest molecules. Thatdsd 1’ 3DEFEtOH (1), in which two independent (3,6)-connected nets
exhibit intense photoluminescenceaty = 433 nm andimax are interpenetrated to generate curved 3D channels, and we

= 463 nm, respectively, upon photoexcitation at 340 nm (Figure explored its multifunctionalityl shows permanent high porosity,
10). The 30 nm difference in the luminescence spectra betweenhigh thermal stability, high hydrogen adsorption capacity,
1 and1’ may be attributed to the absence and presenae-of selective organic guest binding ability, and guest-dependent
interactions, respectively, between the interpenetrated nets.luminescence. Maintaining single crystallinity even at 400
These luminescence spectra are comparable to those of solicnd 10° Torr, the framework components undergo reversible
NagNTB that emits at 430 nm and the 0.1 M NaOH solution of dynamics with positional andotational rearrangements in
HaNTB that emits aflmax = 456 nm. It has been reported that fesponse to removal and rebinding of the guest molecules. Due
luminescent bands are blue-shifted in the solid state comparedt© these interesting multifunctionalities and reversible crystal
with those in the solutiof For the NTB ligand, blue-shiftis ~ dynamics, the solid might be used as the hydrogen storage
also observed in the solid state. The luminescencdsaoid 1’ material as well as the guest sensor.

seem to be originating from the respective ligands. However,  acknowledgment. This work was supported by Ministry of
the possibility of originating from the Z® cluster cannot be  Commerce, Industry, and Energy (project no. M1-0213-03-
excluded because some zinc clusters emit LMCT luminescencepoo1).

around 426-450 nm#2 Interestingly, the luminescence also
depends on the guest identity (Figure 10b). When desolvated
solid 1’ was immersed in the solvent such as pyridine, methanol,

Supporting Information Available: TGA/DSC trace ofl,
photographs for crystals, ORTEP drawingsltf and tables of
X-ray data forl (based on the squeezed data as well as the raw
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