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A 3D porous metal—organic framework generating 1D channels, [Mn(NDC)(DEF)], (1), has been prepared from the
solvothermal reaction of Mn'" and 2,6-naphthalenedicarboxylic acid (H,NDC) in diethylformamide (DEF). When DEF
molecules coordinating Mn", which occupy the channels, are removed from 1 by heating the crystal of 1 at 250 °C
under vacuum for 18 h, structural change occurs as evidenced by X-ray powder diffraction patterns. Desolvated
solid [Mn(NDC)], (2), which contains coordinatively unsaturated Mn" sites, reveals remarkable sorption capabilities
for No, Ha, CO,, and CH,4 gases and exhibits type | sorption behavior indicative of permanent microporosity.

Introduction (CUMSSs) are important because they are expected to be

Open metatorganic frameworks (MOFs) have received qffeptive heterogeneous caFaIy%llsJowever, the chance_o_f
great attention because of their diverse architectures andfinding @ MOF that contains CUMSs and yet exhibits
potential applications in molecular adsorption and separationPermanent porosity is extremely réterecause the open
processed? ion exchangé catalysis sensor technolog/s structure easily collapses upon removal of the coordinating
and optoelectronicsFor the modular construction of MOFs,  Solvent molecules. _
secondary building units (SBUs) with specific geometry have He;e we report a 3D open MOF [Mn(NDC)(DER)L;
often been employed’® and they make the design and NDC_ = 2,G-Qaphthalened|carb_0xylate; DI%FdlethyI_for-
prediction of molecular architectures simple and easy. For Mamide) and its desolvated solid [Mn(NDEJR). Solid 2

example, the SBU of an octahedral-shaped@wluster contains coordinatively unsaturated Msites as evidenced
which is formed from the solvothermal reaction of2Zmnd by elemental analysis, IR spectra, thermogravimetric analysis
carboxylic acid, furnishes 3D porous framewofisin (TGA), and X-ray powder diffraction (XRPD) data as well

particular, MOFs with coordinatively unsaturated metal sites @S coordination ability of water molecules. It adsorbs some
important gases such as,NH,;, CO,, and CH, exhibiting
sn: ';2 ll?lhom correspondence should be addressed. E-mail: mpsuh@ permanent microporosity.
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autoclave, heated at 10% for 24 h, and then cooled to room

Table 1. Crystallographic Data fot

temperature. Pale-yellowish block-shaped crystals were formed,
which were filtered off, washed with DEF, and dried in air. Yield:
88%. FT-IR (NUjO' muII): VYC=0(DEF), 1648; vo—c—o, 1611(3),
1554(s) cm*. UVlvis (diffuse reflectancedmay: 330, 285 nm.
Anal. Calcd for MnGH7sNOs: C, 55.15; H, 4.63; N, 3.78.
Found: C, 55.17; H, 4.71; N, 3.50.

Preparation of [Mn(NDC)], (2). Solid 1 was heated in a
Schlenk tube at 250C under vacuum for 18 h. FT-IR (Nujol
mull): vo—c—o, 1602(s), 1552(s) cmt. UV/vis (diffuse reflectance,
Amax): 357, 289 nm. Anal. Calcd for MngHgO,: C, 53.56; H,
2.25; N, 0.00. Found: C, 52.54; H, 2.43.

Gas Sorption MeasurementsThe gas adsorptiondesorption

experiments were performed using an automated micropore gas
analyzer Autosorb-1 (Quantachrome Instruments). The sample was

pre-desolvated in a Schlenk tube at Z&Dunder vacuum for 18

h. An exactly measured amount of the pre-desolvated sample was

introduced into the gas sorption instrument, and the outgassing
process was carried out under vacuum at AG@or 3 h. After the

gas sorption measurement, the weight was measured again. The

outgassing procedure was repeated at k5@n the same sample
between experiments for ca. 2 h. All gases used were of 99.999%
purity. The N gas sorption isotherm for the desolvated solid was
monitored at 77 K by using liquid Nat each equilibrium pressure
by the static volumetric method. The lgas sorption isotherm was
measured at 77 K by a similar procedure. Sorption isotherms for
CO; and CH, were measured at both 195 and 273 K by using an
acetone/dry ice slush and an ice/water bath, respectively. The
sorption properties including the pore volume, pore size, and surface
area were analyzed using Autosorb 1 for Windows 1.24 software.
X-ray Crystallography. The single crystal ol was sealed in a
glass capillary together with the mother liquor. Diffraction data
were collected on an Enraf Nonius Kappa CCD diffractometer with
graphite-monochromated Mo oK radiation ¢ = 0.71073 A).
Preliminary orientation matrixes and unit cell parameters were
obtained from the peaks of the first 10 frames and then refined

using the whole data set. Frames were integrated and corrected for

Lorentz and polarization effects by usiENZQ!! The scaling

and global refinement of crystal parameters were performed by L

SCALEPACHK! No absorption correction was made. The crystal
structure was solved by direct methé&tisnd refined by full-matrix
least-squares refinement using BiI¢ELXL-97computer progrart

The positions of all non-H atoms were refined with anisotropic
displacement factors. The H atoms were positioned geometrically
and refined using a riding model. The crystallographic data and
selected bond distances and angles are summarized in Tables
and 2.
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formula MnGi7H17NOs
cryst syst monoclinic
space group P2i/a
370.26
a A 7.535(5)
b, A 21.513(5)
c, A 10.466(5)
B, deg 96.666(5)
vV, A3 1685.1(14)
4
Pcalcd, 9 cn3 1.459
temp, K 153(2)
A 0.71073
u, mm-t 0.809
GOF F? 0.995
F(000) 746
refins collected 6691
indep reflns 3771
completeness tomax % 97.8
6 range for data collection, deg 3:27.48
diffraction limits (h, k, 1) —-9=<h=<9,
—27=< k=25,
—13=<1=<13

full-matrix least squaresfoh
0.0457, 0.0834

refinement method
R12WR2 [I > 20(1)]
R12wR2 (all data) 0.0995, 0.1108
largest peak, hole, e® 0.49,—0.333

3R1=3||Fo| — [Foll/ZIFol. PWR2(F ) = [FW(Fo? — FA)ZTW(Fo?)A Y2
wherew = 1/[02(Fo?) + (0.053%)2 + (0.0000P], P = (Fo2 + 2F2)/3.

Table 2. Selected Bond Distances (A) and Angles (deg) ffor

Mn—0(1) 2.282(2) Mr-0(2) 2.324(2)
Mn—0(2) 2.145(2) Mn-0(3) 2.080(2)
Mn—0(4) 2.122(2) Mr-0(5) 2.199(2)
O(1)-Mn—0(2) 56.9(1) O(1) Mn—0(2) 106.2(1)
0(2)-Mn—0(3) 95.9(1) O(Z-Mn—0(3) 101.0(1)
O(1)~Mn—0(4) 83.3(1) O(2-Mn—0(4) 89.5(1)
O(2)—Mn—0(4) 89.5(1) O(3)-Mn—0(4) 99.8(1)
O(1)-Mn—0(5) 84.2(1) 0(2 Mn—0(5) 91.0(1)
0(2)—Mn—0(5) 85.5(1) O(3FMn—0(5) 95.4(1)
O(1)-Mn—0(3) 152.7(1)  O(2yMn—0(2) 163.0(1)
O(4)—Mn—0(5) 164.7(1)

a Symmetry transformations used to generate equivalent atomsi i,
/2, 1/2 -V, z

Results and Discussion

Preparation and X-ray Structure of 1. Pale-yellowish

block-shaped crystals dfwere prepared by heating the DEF

olutions of Mn(NQ)2:nH,O and BNDC at 105°C for 24

. The X-ray crystal structure df is shown in Figure 1. In
1, Mn" ions are bridged by carboxylato groups in parts a
and b of Chart 1 to form a 1D Mnchain that extends along
the a direction. The intrachain Mn--Mn distance is 3.805
A. Each Md' is coordinated with six O atoms that belong to
four carboxylato groups and one DEF, showing pseudo-
octahedral coordination geometry. The carboxylato group
0O(1)-C(6)—0(2) acts as a tridentate (Chart 1b) and forms
a four-membered chelate ring with Mn [OAMn—0(2)
angle, 56.9]. The Mn—O distances range from 2.080 to
2.324 A. The 1D M# chains are linked one to another via
naphthalene rings of NDC to form a 3D framework that
generates 1D channels of rhombic aperture with diagonal
lengths of 21.5 Ax 10.5 A. The effective window size of
the channels is ca. 6.1 A. The planes made of naphthalene
rings of NDC~ run parallel to the (011) and (OLplanes

Inorganic Chemistry, Vol. 45, No. 21, 2006 8673



Figure 1. (a) ORTEP drawing ofl with atomic numbering scheme
(thermal ellipsoids at 30% probability). Symmetry operationsx 4 /5,

Y —y, z i, x = Yy, Y — y, z Naphthalene rings of NDT and ethyl
groups of coordinating DEF molecules are omitted for clarity. (b) Top view
showing a 3D framework generating 1D channels running alongathe
direction. The DEF molecules coordinating Mions occupy the channels.
(c) Side view showing that Mh1D chains are linked with each other via
the naphthalene rings of NI3C. Color code: Mn, green; C, white; O, red;
N, blue.

Chart 1. Bridging Modes of Carboxylato Groups Ih

@ ®

o&t\/}‘\/o\l\/I

and meet across at the 1D Mahains with a dihedral angle
of 50.5°. Although 3D frameworks have been constructed
from NDC?~ and other metal ions such as kMg* zZn?*,1
and NP*,!® they show structures different from that of
The void space of the channels is filled with DEF molecules
coordinating M#H ions. The void volume that may be
generated after removal of the coordinating DEF molecules
is 42.1% of the total volume as estimated PlyATON?¢
Framework 1 is insoluble in water and any organic
solvents. TGA data indicate that all coordinating DEF

-

}Z

~

EZ

(14) Dinca, M.; Long, J. RJ. Am. Chem. So@005 127, 9376-9377.
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Figure 2. XRPD patterns for (a) as-synthesizedb) that simulated based
on X-ray single-crystal data df, (c) 2 prepared by dryindL at 250°C
under vacuum for 18 h, (d) that simulated based on X-ray single-crystal
data of1 by omitting DEF, (e) a solid isolated after immersion2ah DEF

for 24 h, and (f) a solid isolated after exposure2afo water vapor for 3
days.

molecules can be removed froinat 250°C (calcd 27%;
found 26%) and no chemical decomposition occurs up to
450 °C.

Preparation and Properties of 2. By heating of the
crystals ofl at 250°C under vacuum for 18 h, desolvated
solid 2 was prepared, in which DEF molecules coordinating
Mn'" ions are completely removed as evidenced by elemental
analysis data, IR spectra, and TGA results. Cry&tédst
transparency and crystallinity, and thus its X-ray crystal
structure could not be determined.

In Figure 2, the XRPD patterns éfand2 are compared.
The XRPD pattern ofl is coincident with the simulated
pattern derived from the X-ray crystal data, implying that
the bulk sample is the same as the single crystal. The XRPD
pattern of desolvated soli@ is different from that ofl as
well as the simulated pattern @fwithout DEF, indicating
that the framework structure changes upon removal of the
coordinating DEF molecules. In addition, the XRPD pattern
of 1 could not be regenerated even whewas immersed
in DEF for 24 h to 3 days, indicating that the original
structure can hardly be restored once the coordinating DEF
molecules are removed. Elemental analysis data indicate that,
even after immersion in DEF, the solid does not contain DEF.
It is revealed by Rietveld refineméntthat the dramatic
change in the XRPD pattern is caused by the reduction of
effective pore apertures. The simulated framework structure
of 2 was obtained by Rietveld refinement, which was
performed until its XRPD pattern matched with the measured
pattern of2 (see the Supporting Information). The simulated
structure indicates that the rhombic aperture of the channel

(17) The refinement was performed by usiKecell evaluation software
that was supplied by Accerlys Software Inc.
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in 2 is significantly squeezed (rhombic angle, 3613 2 vs (a) 120 N
50.5 in 1) even though the 3D structure is retained, and
thus the effective diameter of the aperture2of reduced 100

(ca. 6 Ain1vs 4 A in 2). Therefore, the difficulty of

reintroduction of DEF in the channels 2can be explained

by the reduced aperture. o
Recently, we have revealed the reversible rearrangement §

of the coordination geometry of the metal ions in MOFtoa  §

stable coordinatively saturated one upon removal of coor- >

dinating solvent moleculg§.However, in the present study,

the possibility of rearrangement of the coordination geometry

of Mn" from octahedral geometry to a coordinatively 0

saturated trigonal bipyramid instead of a coordinatively P N SR T

unsaturated square pyramid can be ruled out because of th 0.0 0.2 0.4 0.6 0.8 1.0

four-membered chelate ring around \ibased on the model P/atm

study. (b) 7 I
Because? contains accessible coordination sites on'Mn

it adsorbs water vapor when sofids exposed to water vapor 60

for 3 days, which results in a XRPD pattern that is different 5 I

40

5 8 8

8

€O, 195K

from eitherl or 2. The shift of the peak at@®2= 8.8 in 2
to a lower angle region (7°pindicates the expansion of the &
channel size upon exposure to water vapor. The IR spectrum=<,
showed a new water peak at 3392 ¢pand the elemental ;‘3
analysis data indicated that two water molecules pet Mn 20'_ o
ion were included in the solid. Anal. Calcd for Mn(NDC)
2H,0: C, 47.23; H, 3.30. Found: C, 46.59; H, 3.36. It is 10
assumed that a water molecule coordinates to the vacan i
coordination site of each Mnand one water molecule per P S S S
formula unit of 2 is included in the channel, which gives 0.0 0.2 04 0.6 0.8 1.0

rise to a framework structure different from eithieior 2. P/atm

The XRPD pattern of is not altered up to 400C (see the Figure 3. Gas sorption isotherms f@ (a) N, and H at 77 K; (b) CQ

Supporting Information), indicating the high thermal stability ~(Plue) and CH (black) at 195 K (circle) and 273 K (squar@(Nz) = 760
Torr. Filled shapes: adsorption. Open shapes: desorption.
of framework structure.

I e CH, 195K
301 CO, 273K

CH, 273K

Il " 1

Gas Sorption Properties. To verify the porosity of2, Table 3. Gas Sorption Data for Various Gases
which contains coordinatively unsaturated'Mons, the gas gas adsorbed
sorption capabilities were measured fog, W, CO,, and Langmuir mmol of per volume

T surface area pore volume gas/ wt% of host?

CH, gases. Interestingly, solid adsorbs these gases with gas (K) of2(mlg) of2(cnilg) gof2 gas  cmilom?

remarkable storage capacity (Figure 3 and Table 3). Con-

sidering the kinetic diameters of the gases(2i8 A), CQ, ﬂz ;; s 0068 2?{31 0&_3;; 622
(3.3A), N\; (3.64 A), and CH (3.8 A)? and assuming that CO, 195 227 0.11 30 13 71
the framework structure does not change upon gas adsorp’[iongﬁ2 %g o g'g ig
it can be assumed that the pore opening is greater than CHf1 273 0.8 13 19

3.8 A in diameter.
8 . . aThe values are calculated by using the density20f1.06 g/cnd),
Desolvated soli®® adsorbs M gas to show a reversible  assuming that the cell volume ofis retained ir2, even though the XRPD

type | isotherm, indicating the permanent microporosity of pattern of2 is different from that ofl.

2. The gas sorption shows a little hysteresis between sorptlon/WhiCh is comparable to those of another Minamework,

desorption curves, suggesting a small amount of mesopo-y, 1 o1 .
: ) o ) N(HCOy),+%3C4HsO- (ca. 240 ni/g),?* and of microporous
rosity present in the desolvated mateBalvhich is attributed zeolitesi®?2 The pore volume estimated by applying the

to nanosized intercrystalline voids or mesopores within the o i B2 qushkevich equation is 0.068 ¥ With 2,

gmgamgs;ugim\;rpr;s thta7t7reKma|r(Ij %ftgeg d(tesolgéﬂﬂmlldt sorption/desorption cycles can be repeated many times, which
adsorbs ©. 0 of hax and 0.95 atm (68 cify a is contrary to the common MOFs that collapse to a close-

STP). The Langmuir surface area is estimated as 13¥d, m packed structure after the gas rele®se.
Solid 2 also adsorbs Fgas up to 0.57 wt % at 77 K and

(18) Cheon, Y. E.; Lee, E. Y.; Suh, M. P. Submitted.

(19) Beck, D. W.Zeolite Molecular Siges Wiley & Sons: New York, 1 atm (64 Cn%/g at STP)' This bl uptake capacity 1s much
1974.

(20) (a) Vishnyakov, A.; Ravikovitch, P. I.; Neimark, A. V.; Bulow, M; (21) Dybtsev, D.-N.; Chun, H.; Yoon, S. Y.; Kim, D.; Kim, KI. Am.
Wang, O. M.Nano Lett.2003 3, 713-718. (b) Lee, J. Y.; Li, J,; Chem. Soc2004 126, 32—33.
Jagiello, JJ. Solid State Chen2005 178 2527-2532. (22) Choudhary, V. R.; Mayadevi, Zeolites1996 17, 501-507.
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inferior to the materials that we published recenty[Ni-
(cyclam)(bpydc)] and [Z¥FO(NTB),], which adsorb 1.1 and
1.9 wt % of H,, respectively. The value is rather comparable
to that of ZSM-5 (0.7 wt %§* Compared to MgINDC)s,
which adsorbs 0.46 wt % at 77 K and 880 T#rthe present
Mn" framework shows 125% bettendtorage capacity. The
density of adsorbed Hat 77 K and 1 atm is 0.052 g/én
based on the pore volume estimated from the, €@ption

Moon et al.

The gas isotherm for CHnmeasured at 195 K shows that

2 can store up to 2.7 wt % (37.7 éfg at STP), which
exceeds those of inorganic zeol#®% and organic material
TPP (2.4 wt %, 43.9 cifcm?, 33.2 cni/g at STPY’ At 273

K, it stores 1.3 wt % (17.8 cffg at STP), which is higher
than ca. 0.8 wt % (at 1 atm and 298 K) of (u(Ox-
CRCQ)'l/zTED} n] (R = 4,4’-C6H4C6H4 OrtranS-C6H4CH=
CH), which has a comparable channel size.

data at 195 K. This value is higher than those of any porous The present results indicate thatshows much better

MOFs reported so fat22%25and is comparable to that of
liquid H; (0.053 g/cm at 30 K and 8.1 atn?€ It should be

adsorption capabilities for N\and CQ gases than kin the
low-pressure range (Figure 3). The removal of small amounts

noted here that the MOFs with CUMSs have been anticipated©f contaminant gases fromotis important for the real use

to show very high H sorption because Hadsorption is
regarded as a mixture of physi- and chemisorptions. How-
ever, the present result indicates that CUMSs in the MOF
do not help the KHladsorption significantly.

Solid 2 shows a high C@sorption capacity even at higher
temperatures, 195 and 273 K. It adsorbs 13 wt % of @0
195 K and 1 atm (67.2 cffy at STP; Table 3). This value
is comparable to that (12 wt %, 60.5 #mat STP) of tris-
o-phenylenedioxycyclotriphosphazene (TPP) containing 1D

of H, as a fueP? and this selectivity can be applied in the
purification of H, gas. Furthermore, its adsorption capacity
for CO, is higher than that of Clwhich can also be applied
in CO, removal from the natural gas.

Conclusion

We have prepared a 3D open MAFrom the simple
solvothermal reaction of Mn(Ngy-nH,O and BNDC at 105
°C in DEF. Althoughl has no free space because the DEF
molecules coordinating Mnions occupy the channels, they

channels with a similar diameter, which was reported as a can be removed to obtain desolvated sali&olid 2 contains

high CQ, storage material’ In the CQ sorption data also,

accessible coordination sites on Msites, as evidenced by

there is some sort of hysteresis that extends to low pressureselemental analysis, IR, TGA, and XRPD data as well as the

This might originate from the swelling of the nonrigid porous
structure of 2 or from the strong interactions of GO
molecules with the host solid.?® The storage capacity at
273 K is also considerably high, adsorbing 6.6 wt % at 1
atm (33.4 crilg at STP).
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