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Abstract: A strategy based on assembling metal ions and organic carboxylate links has been applied for
the design and synthesis of a new class of porous, truncated tetrahedral and heterocuboidal polyhedra,
whose pore size and functionality can be systematically varied. The synthesis of this series of metal-
organic polyhedra (MOPs) employs sulfate-capped oxygen-centered iron-carboxylate trimers, Fe;0(CO;)s-
(S0.)s, as rigid nodes separated by linear (phenyl, biphenyl, terphenyl, and tetrahydropyrene) or trigonal
(benzenetriphenyl) links to yield five highly crystalline polyhedra of general formula [NH2(CHz)2]s[Fe1204-
(SO4)12(link)«(py)12]*G (x = 6 for linear or 4 for trigonal, py = pyridine, G = guests). In this series, the size
of each polyhedron has been varied from 20.0 to 28.5 A (on edge), and the corresponding pore diameter
from 7.3 to 13.3 A. Gas sorption isotherms were measured for three members of this series to reveal
significant uptake of gases (N2, Ar, CO,, Hz, CH,) and benzene and exhibit Type | sorption behavior that
is indicative of permanent porosity. The apparent surface areas for these compounds range from 387 to
480 m?/g.

Extensive research has been devoted to the synthesis anghould be architecturally robust to allow for removal of guests
characterization of metal-organic polygons and polyhedra without destruction of the pores, precluding their use as porous
(MOPs) such as squares, cubes, tetrahedra, and hexahedrapolyhedra. Furthermore, MOPs with permanent porosity should
Their structures have been constructed from nodes of eitherallow for unhindered inclusion and removal of gas molecules
single metal ions or metal carboxylate clustetmt are joined as well as full access to adsorption sites within the pores.

by organic links. MOPs have voids within their structures where In our work on meta|_0rganic frameworks (MOFs), we have
guest solvent molecules or counterions reside. Although reportsshown that employing metal carboxylate clusters instead of
of studies exploring the mobility of such guests have appeared, single metal ions as nodes yields stable architectutésre,
the question of whether MOPs can support permanent porositywe extend this strategy to MOPs in which the common oxygen-
in the absence of guests remains unanswered. We believe thagentered trinuclear clusters,J3CO;)s, are employed as nodes
the utility of MOPs in catalysis, gas sorption, separation, and (Figure 1a). The carboxylate carbon atoms are the points-of-
sensing applications hinges upon their ability to remain open extension that represent the vertexes of a trigonal prismatic
in the absence of guests. In other words, their molecular structuresecondary building unit (SBU) (Figure 1b). This SBU can be
t University of Michigan. connected b_y polytopic links _to_ give 3-D gxte_ndgd MGFr _
* Soongsil University. example, this SBU can be joined by tritopic links at all six
(1) Squares: Fan, J.; Whiteford, J. A.; Olenyuk, B.; Levin, M. D.; Stang, P. inte-of- i i i
J.; Fleischer, E. BJ. Am. Chem. S0d999 121, 2741. (b) Cubes: Sokol, points of-extension to yleld an ,eXtended framework ha\{mg a
J. J.; Shores, M. P. Long, J. Rorg. Chem2002 41, 3052. Klausmeyer, tetrahedral pore structubé.In this study, three cofacial sites
K. K.; Rauchfuss, T. B.; Wilson, S. RAngew. Chem., Int. EA.998 37, i
1694. (c) Tetrahedra: Caulder, D.; Rayrgond, KAdc. Chem. Red999 on the SBU have been capped by bndgmg sulfate groups to

32,975. (d) Hexahedra: Takeda, N.; Umemoto, K.; Yamaguchi, K.; Fujita, yield a triangular SBU (Figure 1c) which predisposes the
M. Nature1999 398 794.
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1999 841. (b) Cotton, F. A.; Lin, C.; Murillo, C. Alnorg. Chem.2001, (4) Li, H.; Eddaoudi, M.; Groy, T. L.; Yaghi, O. MJ. Am. Chem. S0d.998
40, 6413. (c) Moulton, B.; Lu, J.; Mondal, A.; Zaworotko, M. Chem. 120, 8571. (b) Eddaoudi, M.; Li, H.; Yaghi, O. M. Am. Chem. So200Q
Commun2001, 9, 863. (d) Eddaoudi, M.; Kim, J.; Wachter, J. B.; Chae, 122 1391. (c) Yaghi, O. M.; KKeeffe, M.; Ockwig, N. W.; Chae, H. K.;
H. K.; O'Keeffe, M.; Yaghi, O. M.J. Am. Chem. So®001, 123 4368. Eddaoudi, M.; Kim, JNature2003 423, 705. (d) Eddaoudi, M.; Kim, J.;
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Experimental Section

Methods, Materials, and Characterization of Compounds.Iron-
(I sulfate hydrate, 1,4-benzenedicarboxylic acidBBC), 4,4-
biphenyldicarboxylic acid (lBPDC), and triethylamine (TEA) were
purchased from Aldrich Chemical Co. and used as received without
further purification. N,N-Dimethylformamide (DMF) (99.9%) and
pyridine (py) (99.9%) were purchased from Fisher Chemicals. The
organic acids, tetrahydropyrene-2,7-dicarboxylic acigHPDC)®¢ 4,4'-
terphenyldicarboxylic acid (]TPDC); and 1,3,5-tris(4-carboxyphenyl)-
benzene (MBTB),2 were prepared according to published procedures.
Elemental microanalyses of all products were performed at the
University of Michigan, Department of Chemistry. Fourier transform

0 o s infrared (FT-IR) spectra (4060400 cn?) were obtained from KBr

BPDC HPDC L, pellets using a Nicolet FT-IR Impact 400 system. Absorption peaks
TPDC are described as follows: very strong (vs), strong (s), medium (m),
and weak (w). Powder X-ray diffraction (PXRD) data were recorded
on a Bruker AXS D8 Advance diffractometer operated at 1600 W power

(40 kV, 40 mA) for Cu Ko (A = 1.5406 A), with a scan speed of

3°/min and a step size of 0.05(h 26. Simulated PXRD patterns were
calculated using Powder Cell 2.2 from corresponding single-crystal
structural models. Note that the crystallinity of all compounds is lost

upon moderate or complete guest removal as well as mechanical sample

Truncated Tetrahedron grinding. Therefore, all PXRD experiments were performed on un-

Onpsl crushed, solvated samples. Although there are discrepancies between
simulated and experimental PXRD patterns (due to differences in guest
quantity/identity, low crystallinity, or preferred orientation), the repro-
ducibility and correlation of observed lines with the simulated patterns
can still aid in confirming bulk sample identity and purity (see
Supporting Information for indexed PXRD patterns). Despite their
noncrystallinity after evacuation of guests, MOP porosity is maintained,
as evidenced by the reversible Type | behavior observed for uptake of
gases (see Results and Discussion section).

Synthesis of CompoundsThe synthetic methods used to obtain
pure crystalline compounds and their characterization are described
below. The addition of base (TEA) and stirring of metal salt and
carboxylic acid link (24 to 72 h at room temperature) facilitate link
deprotonation and homogeneous dispersion of reagents. All reactions

Truncated Heterocubane and purification steps were performed under aerobic conditions unless
Figure 1. Schematic representation of the secondary building unit (SBU) otherwise noted. All compounds are insoluble in common polar and
approach used to prepare metal-organic polyhedra (MOPSs). This Strategynonpolar organic solvents. Compounds are named as IRNOP-

employs (a) F€O(COy)s clusters (Fe, blue; O, red; C, black), (b) trigonal - . .
prismatic SBUs (red), that are (c) capped with sulfate (S, orange), yielding MOP-, where IRMOP refers to isoreticular (having the same topofégy)

triangular SBUs (red). Linking these SBUs with either (d) linear (BDC, Metal-organic polyhedron and is an integer assigned in roughly
BPDC, HPDC, and TPDC) or (e) triangular (BTB) (blue) links produces chronological order of discovery. We use the IRMOP designation for
truncated tetrahedral or heterocuboidal polyhedra, respectively. The yellow the truncated tetrahedral series, and MOP for the truncated heterocu-
sphere within each polyhedron represents the size of the largest sphere thapane.
;vlﬂl;;(ieoccupy the cavity without contacting the interior van der Waals [NH 2(CH3)2]s[Fe1204(BDC)s(SON1o(py)1] -G, IRMOP-50. Fer-

' (SQy)3*xH20 (0.20 g, 0.50 mmol) and 1,4-benzenedicarboxylic acid

L (H-,BDC) (0.083 g, 0.50 mmol) were placed in a 50 mL round-bottom
carboxylates at 60to each other. Thus, linking these shapes . pmE (50 mL) and TEA (13QuL) were added to the reaction

together by either ditopic links such as 1,4-benzenedicarboxylatefiask. The heterogeneous reaction mixture was capped and allowed to
(BDC), 4,4-biphenyldicarboxylate (BPDC), tetrahydropyrene- stir for 24 h A 6 mL aliquot of this mixture was placed in a glass
2,7-dicarboxylate (HPDC), and 4'4erphenyldicarboxylate  scintillation vial (20 mL capacity) to which pyridine (4 mL) was added,
(TPDC) or a tritopic link such as 1,3,5-tris(4-carboxyphenyl)- capped, heated to 100 for 48 h, and removed to cool to room

benzene (BTB) gives porous anionic truncated tetrahedra or atemperature. After 20 days, a few orange octahedral crystals of IRMOP-
truncated heterocubane, respectively (Figure 1d,e) 50 formed. Unlike other (IR)MOPs reported below, IRMOP-50 was
) R B difficult to obtain as a bulk material. Only enough material was isolated
We Sho"_\’ that 'n_th's series of Compo_unds the.S|ze (_)f the {5 complete single-crystal X-ray diffraction and FT-IR analysis. FT-
pore and its opening can be systematically varied without |R (KBr 4000-400 cnl): 3436 (m), 3068 (m), 2939 (m), 2815 (w),
altering the polyhedral shape. Specifically, the synthesis and 1658 (s), 1582 (vs), 1505 (m), 1436 (s), 1407 (vs), 1222 (s), 1147 (vs),
single-crystal X-ray structures of each member of this series 1035 (s), 993 (s), 830 (w), 750 (m), 685 (m), 663 (m), 597 (m), 555
are described and, for three members, the gas sorption isotherm§s): 479 ().
are reported. The latter data provide conclusive evidence that ) —
. . . (6) Connor, D. M.; Allen, S. D.; Collard, D. M.; Liotta, C. L.; Schiraldi, D. A.
these discrete structures are architecturally robust and are indeed" ” j. Org. Chem1999 64, 6888. (b) Musa, A.; Sridharan, B.; Lee, H.; Matter,
capable of gas adsorption typical of materials with permanent _ D: L. J. Org. Chem1996 61 5481.

) (7) Campbell, T. WJ. Am. Chem. S0d.96Q 82, 3126.
porosity. (8) Elmorsy, S. S.; Pelter, A.; Smith, Rietrahedron Lett1991, 32, 4175.
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[NH2(CH3)2]3[Fe1204(SO4)12(BPDC)G(py)lz]-G, IRMOP-51 Tri-
clinic and Cubic Forms. FeX(S0y)s-xH,0 (0.20 g, 0.50 mmol) and
4,4 -biphenyldicarboxylic acid (:BPDC) (0.12 g, 0.50 mmol) were
placed in a 50 mL round-bottom flask. DMF (50 mL) and TEA (130

(py)2(DMF)(CeH12)s: C, 50.60; H, 4.62; N, 6.56. Found: C, 50.59; H,
4.39; N, 6.48. FT-IR (KBr, 4000400 cn1): 3427 (s), 3074 (m), 2983
(m), 2807 (m), 2499 (w), 1607 (vs), 1593 (vs), 1555 (s), 1422 (vs),
1226 (s), 1146 (vs), 1120 (vs), 1038 (s), 1009 (s), 985 (s), 844 (w),

uL) were added to the reaction flask. The heterogeneous mixture was786 (s), 708 (m), 603 (m), 547 (m).

capped and allowed to stir for 24 h at room temperature. For the cubic

phase, a 2.4 mL aliquot of the mixture was placed in a glass scintillation
vial (20 mL capacity) to which pyridine (3.6 mL) was added. The vial
was capped and heated to 100 for 48 h, then cooled to room
temperature to give an orange crystalline solid of cubic IRMOP-51
(28% yield based on #PDC). For the triclinic phase, a 1.5 mL aliquot
of the heterogeneous mixture was placed in a Pyrex tubexi.al.d.

= 8 x 10 mn¥, 140 mm length) to which pyridine (1.5 mL) was added.

[NH z(CH 3)2]3[F91204(SO4)12(BTB)4(py)12]‘G, MOP-54. A 3:2 molar
ratio of Fe(SOy)sx(H.0) (0.06 g, 0.15 mmol) and 1,3,5-tris(4-
carboxyphenyl)benzene ¢BTB) (0.044 g, 0.10 mmol) was suspended
in a 20 mL solution of a 1:1 DMF/pyridine solution using a 50 mL
round-bottom flask. TEA (15QL) was added, and the reaction capped
and stirred at room temperature for 7.24h3 mL aliquot of the stirring
heterogeneous mixture was placed in a Pyrex tube %i.d.d.= 8 x
10 mn?, 140 mm length). The tube was flash frozen, evacuated, flame

The tube was subsequently flash frozen, evacuated, flame sealed, andealed, and heated to 116 (5 °C/min) for 42 h and cooled (0.5C/

heated to 115C (5 °C/min) for 40 h and cooled (0.8C/min) to room

temperature. The resulting orange crystalline product was collected,

washed with DMF (2x 5 mL) and cyclohexane (2 5 mL) to give
triclinic IRMOP-51 (38% yield based on BPDC). High yields of

min) to room temperature. Octahedral orange crystals of MOP-54,
which formed during the isotherm, were purified by density separation
(bromoform/pyridine). The isolated product (20% yield based en H
BTB) was washed with pyridine (2 5 mL) and cyclohexane (k 5

crystalline IRMOP-51 phases are dependent upon heating under aerobignL). Anal. Calcd for GsgHz0dN34010d€12S12 = [NH2(CHs)2]g[Fe1204-

(cubic) or anaerobic (triclinic) conditions. All analytical characterization
of this material was performed using the triclinic phase of IRMOP-51.
Anal. Calcd for Qld-|347l\1370121Fe12812 = [NHz(CH3)2]3[Fe]_204(BPDC)5-
(SO)12(pY)12]«(DMF)15(py)2(H20)30:  C, 40.09; H, 5.43; N, 8.05.
Found: C, 39.86; H, 5.48; N, 8.22. FT-IR (KBr, 400800 cnt?):
3439 (s), 3068 (m), 2979 (m), 2941 (m), 2805 (m), 2737 (m), 2678
(m), 2491 (w), 1712 (w), 1655 (s), 1604 (s), 1592 (s), 1543 (m), 1494
(m), 1447 (m), 1418 (vs), 1226 (s), 1181 (m), 1143 (s), 1126 (vs),
1050 (s), 1037 (s), 983 (s), 860 (w), 845 (w), 795 (w), 774 (m), 702
(m), 681 (m), 661 (m), 601 (s), 476 (m).

[NH z(CH3)2]3[F€1204(SO4)12(HPDC)G(py)lz]'G, IRMOP-52. Equimo-
lar amounts of F£S0y)s-x(H20) (0.05 g, 0.13 mmol) and tetrahydro-
pyrene-2,7-dicarboxylic acid @HPDC) (0.04 g, 0.13 mmol) were

(BTB)4(SQ)12(py)i2l-(DMF)12(py)(H20)is C, 44.19; H, 4.97; N, 7.63.
Found: C, 44.15; H, 5.06; N, 7.63. FT-IR (KBr, 400800 cn1?):
3425 (vs), 2841 (s), 2809 (m), 2683 (m) 2490 (w), 1715 (m), 1661
(vs), 1611 (s), 1550 (m), 1535 (m), 1413 (vs), 1214 (s), 1125 (vs),
1067 (s), 1036 (s), 991 (s), 857 (m), 810 (m), 785 (s), 701 (m), 665
(m), 607 (s), 505 (s), 417 (m).

Single-Crystal X-ray Diffraction Studies. The crystallographic
measurements were made on a Bruker SMART APEX CCD area
detector with graphite-monochromated Mo iKadiation ¢ = 0.71073
A) operated at 2000 W power (50 kV, 40 mA). Data collection was
performed on specimens sealed in glass capillaries at 258(2) K unless
otherwise noted. All structures were solved by direct methods and
subsequent difference Fourier syntheses using the SHELX-TL software

suspended at room temperature in a 50 mL round-bottom flask suite. Non-hydrogen atoms of the anionic polyhedral fragments and

containing DMF (20 mL) and pyridine (20 mL). TEA (50L) was

coordinated pyridines were refined anisotropically (unless disordered)

added to this mixture. The reaction flask was capped and stirred at With hydrogen atoms generated as spheres riding the coordinates of

room temperature for 72 h. A 1.2 mL aliquot of the stirring
heterogeneous reaction mixture was placed in a Pyrex tubex(odd.
= 8 x 10 mn?, 140 mm length) followed by addition of pyridine (1.8

their parent atoms.
For all structures it was difficult to locate and resolve guest
molecules, as more than 50% of the crystal was comprised of disordered

mL). The tube was subsequently flash frozen, evacuated, flame sealedsolvent. This was responsible for the elevated residuals reported. In all

and heated to 118C (5 °C/min) for 32 h. Upon cooling to room
temperature (0.8C/min) and allowing the reaction to stand for several
weeks, an orange crystalline solid of IRMOP-52 formed from the orange
solution. Crystalline IRMOP-52 product was purified by density
separation (bromoform/Ci€l,). The isolated product (5% based on
H.HPDC) was washed with DMF (X 5 mL) and cyclohexane (k

5 mL) Anal. Calcd for Glnglﬁlld\lzgSq_gFa_g = [NHQ(CH3)2]3[F€1204-
(HPDCY(SOy)12(py)i2](DMF)o(H20)s0: C, 41.16; H, 5.22; N, 6.60.
Found: C, 41.15; H, 5.32; N, 6.86. FT-IR (KBr, 4006800 cnt?):
3433 (s), 3070 (m), 2937 (m), 2894 (m), 2834 (m), 1643 (m), 1605

cases (except cubic IRMOP-51) it was more reasonable to model data
collected at elevated temperatures—15 °C) when guest entities in

the structures where allowed to move freely and therefore did not
contribute coherent scattering terms to the observed structure factors.
Conversely, at cryogenic temperatures free solvent in the crystals will
“freeze” into nonordered arrays within the pore structure. In such cases
the modeling of the disordered guest entities becomes intractable.
Compounding the disorder problem is the scattering ability of the single
crystalline forms, which were small and weakly diffracting (attempts
to grow larger crystals generated samples with less crystallinity) and

(s), 1584 (s), 1544 (s), 1486 (m), 1466 (s), 1433 (s), 1404 (vs), 1352 did not display quality high-angle data { A). The reason for this is

(m), 1225 (s), 1127 (vs), 1066 (s), 1039 (vs), 984 (s), 791 (w), 752
(m), 701 (m), 604 (s), 476 (m).
[NH2(CH3)2]e[F€1204(SOs)1(TPDC)s(py)12] ‘G, IRMOP-53. Fer-
(SOy)3-xH20 (0.19 g, 0.47 mmol) and 4;4erphenyldicarboxylic acid
(H,TPDC) (0.15 g, 0.47 mmol) were placed in a 50 mL round-bottom
flask, to which DMF (15 mL), pyridine (15 mL), and TEA (130.)

were added. The heterogeneous reaction mixture was capped an

allowed to stir at room temperature for 24 A 6 mL aliquot of the
stirring mixture and pyridine (4 mL) were added to a glass scintillation
vial (20 mL capacity). The vial was capped and heated to “ID%5
°C/min) for 24 h and cooled (0.8C/min) to room temperature to give

an orange-red solution. After 4 days at room temperature, the orange

product crystallized as plates of IRMOP-53 (31% yield based gn H
TPDC). Crystals of IRMOP-53 were isolated and washed with pyridine
(3 x 10 mL) and cyclohexane (x 10 mL). Anal. Calcd for
CosH274N28077F€1S12 = [NH2(CHa)2] o[ F€1204(SOs) 1 TPDC(pY)12 *

7112 J. AM. CHEM. SOC. = VOL. 127, NO. 19, 2005

twofold. First, as is inherent to small crystals, longer exposure times
are required to increase the intensity of high-angle data; however, in
these cases prolonged exposure times @0 s/frame) resulted in
saturation of the CCD detector by strong low angle scattering. Second,
the large degree of diffuse scattering from the disordered solvent
produces a large background and masked high-angle data. When
(_Possible, information for each structure is given before and after being
subjected to the SQUEEZE subroutine of PLATON (see Tablg 1).
Reduced residuals for the SQUEEZED structures further confirm that
primary uncertainty in the crystallographic models stems from the
disordered guests in the large void spaces and not the polyhedral
fragment.

Magnetic MeasurementsMagnetic measurements were performed
using a Quantum Design MPMS-2S SQUID magnetometer. Ap-
proximately 10 mg of evacuated sample was packed under inert

(9) Spek, A. L.J. Appl. Crystallogr.2003 36, 7.
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k]
- . .
S atmosphere into the sample holder and loaded into the magnetometer.
If 3 8 A plot of magnetization versus field for data at 5, 10, 50, 150, and 250
S < = K was found to be linear up to 15 kG. Therefore, variable-temperature
(@ N N @© p p
g/ d 29 Soa e s % magnetic susceptibility measurements were performed in the temper-
g Q_'og“o § T FES ;‘} S o ® '<7: ature range of 5300 K at a constant magnetic field of 5 kG. A total
= Z2dg 8 @% 33 > 3 o3 o | of 64 data points were collected for each sample. All measurements
S22 55 s s — O 10 o S| a P . ) o P
:g' 5 SR < =] S S a : ; oy Q H | e were corrected for diamagnetic contribution from the sample holder
(‘33 g g N < N ) while core diamagnetic contributions were calculated using Pascal’s
= Q E= constants to obtain the molar susceptibilitigs,
s 5 p 7
- g Gas Sorption Isotherms (0 to 1 bar). A sample of MOP in
& 8 2 chloroform was transferred by a pipet to a quartz bucket and suspended
% % N in a previously described sorption appardfug€xcess solvent was
‘@ o © i removed from the crystals at ambient temperature and TOrr until
3 Q,S 8 b=, § 8, no further weight loss occurred. Liquid nitrogen was used fpahd
‘g G & BEE A~ ~F o b ; 2 Ar sorption isotherms-195 °C), while an acetone/dry ice slush was
Bz A§§§§§%§ S N % used for the C@isotherm (78 °C). The N and Ar gases used were
ﬁg PR it i % § e 5§ 3 s UHP grade, while the CQwvas of 99.8% purity. Benzene was purchased
g0 Q SQemonuRgd S5V & 7| B as anhydrous GC grade (99.8%) from Aldrich Chemical Co.
O ©°5 N ~ © The adsorbate was dosed to the sample while monitoring mass
— o= . '
© S pressure, and temperature. An isothermal data p&gf\We,) was
< % logged when the mass change waB8.01 mg/300 s. All data points
~ 2 9] were corrected for buoyancy and plotted versus relative presBire (
ﬁﬁ < © > Po). Buoyancy corrections were determined from the slopgd) of
o ) s | S e isotherm obtaine a standard aluminum foil weight and applie
m@g 2 S th th btained by a standard al foil weight and applied
o Q: X 8 sas 8 & :£ =§ @ to equilibrium pressure-weight data points\alg.oy = Weq — Mpouy X
z %‘ 8_ =42 S5% § % 2d l; % = Peq The BET surface are@\{) was calculated from pNisotherm points
80°5uRES = § wovd o3g| 28 within the range of 0.0050.032P/P,, assuming an Ncross-sectional
T XxXxo o Q = 1o w0 o n = 9 9
:% LS g QNI gNgy Sexd 9 4| &3 area of 16.2 Amolecule. The pore volumevg) was determined by
O ©oE ~ _ g;g extrapolating the DubininRadushkevich equation across the linear
8 = region of the low-pressure data points with the assumption that the
P 8 g density of the adsorbate in the pore was the same as that of the pure
& g N % adsorbate in its liquid staté.For all calculations reported on a per
=% S ~, b volume basis, it was assumed that all free, neutral guests were removed
g %Z, =} ® g 8, e and the unit cell volumes were maintained during evacuation.
g % é E &5 < N g LD For the hydrogen adsorption isotherms, the gas manifold was
g %6‘3 o'& ,_\?g’og?g § 2 - ._g; § g modified with a U-tube filled with molecular sieves. The sieves were
3 ig X 9%3 £ £ coo : E E 2 S N 8 gé flame-heated under vacuum, then immersed in a liquid nitrogen bath.
63 < g % LOO®mddd <o0° NO g o =2 Prepurified H was passed through the sieves before entering the sample
-8 chamber.
— @ <
S £ 2 Gas Sorption Isotherms (0 to 35 bar).A 50—70 mg evacuated
& = H 8 sample was charged with ca. 40 Torr benzene while still in the low-
L, 8 S= pressure sorption apparatus mentioned above. Then the sample chamber
b E ‘g 8 " o g was brought to ambient pressure with nitrogen. The benzene-filled
a|o(@ © ~—=| 08 sample was quickly transferred to a hemispherical quartz bucket (10
ol = > % © Q o8
S i—‘_) g i @@quq,\ - % 3 =3 mm diameter, approximately 30 mg). The loaded bucket was suspended
Tl5| sdo & 23 Na’a—ga{% 3% g2 23 from a fused quartz spring and enclosed in a Ruska Mass-Sorption
S1ElR2g E §£ 8IO6RE I9g g ~ % @ g 58 System (model 4403800) outfitted with a Druck DPI 260 pressure
0 SRS E2888RBBY I3 Yan"d| g © gauge and PDCR 4010 pressure transducer. The sample was evacuated
e . 2 overnight until the cathetometer (0.02 mm sensitivity) showed no further
uop = L e change in bucket height, whereupon the initial height (weight) was
% ~ @ 22 recorded. Doses of UHP methane were sequentially introduced to the
E ﬁﬁ ~ ; 83 sample at room temperature while monitoring the system pressure,
Tlgld o '-‘v? oz temperature, and sample height. Equilibrium was assumed when
2| g Q s S| 5 o cathometer readings at 5-min intervals showed no detectable change.
£ 2,299 43aa S ©% | §F Heights were converted to weights based on the spring congtant
Tl x|Zomo =SS = < oo °F
o $ LY oaaa 5 owlw ol Ba 0.500 mg/mm, calibrated per sample with standard aluminum foil
> Lol e8588 @ ® ©WoOosY Qoo | 8o . :
o 98 co0Baaal990g NOJIYLGRO| Ty weights); all data points were corrected for buoyancy as above and
X ov NOOOPPOH<TSS RN T = plotted versus increasing pressure.
< S35
] ze . .
2 | =3 Results and Discussion
(@] S ® S o
oS o . . .
2 € E 5 Lo i gﬁ Many studies have shown how organic carboxylate links can
& T“O; a)"% T % Tw 8 Ty be used to provide the required angles between paddle-wheel
] s 5 o ST ogEaf EO clusters (square SBUS) in the assembly of both metal-organic
= o D OE S5 ®E =g e
~ = e DOD™ g =
2| |ByBlxeaS88% gESEEES0|Fy - -
3 CECOoFddddRA>NTI=SSax0 | = (10) Rouquerol, F.; Rouquerol, J.; Sing, Kdsorption by Powders & Porous
~ ° Solids Academic Press: London, UK, 1999.
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Figure 2. Single-crystal X-ray structures accompanied by ORTEP representations (at 30% probability level) of IRMOP-50 to -53 and MOP-54 (Fe, blue
polyhedra; S, orange polyhedra; O, red spheres; N, green spheres; C, gray spheres). The large yellow spheres are as in Figure 1. All hydrogen atoms and
guests have been omitted, and only one orientation of the disordered link atoms in IRMOP-52 is shown for clarity. Only the structure of cubic phase of
IRMOP-51 is shown here.

polyhedra (MOPs) and extended metal-organic frameworks 51, were subsequently used (with slight modification and
(MOFs)2a-d11Thijs study presents the utility of carboxyl groups  substitution of the desired link) in the synthesis of the entire
of the capped triangular E®(CQ,)3(SOy)s unit (Figure 1) in metal-organic polyhedral series (IRMOP-50 to 53 and MOP-
providing the necessary B@ngles which are ideally suited for  54).

linear or trigonal organic links. exception of IRMOP-50, all polyhedra were prepared as bulk
At the outset, a large number of exploratory reactions were crystalline materials. Their single-crystal X-ray structures and
carried out in order to identify the conditions that yield the getails of the experiments are shown in Figure 2 and Table 1,
sulfate-capped trigonal E8(CQ,)3(SQy)s unit in the presence  regpectively. The vertexes of each member of this series are
of an organic carboxylate. This was successfully achieved by composed of F(CO,)5(SOx)a(py)s units with the bridging
reacting F&(SQs)s-xH20 and 4,4biphenyldicarboxylic acid in gyjfates acting as capping groups that prevent the formation of
a splution of pyridine,N,l\l—dimethyl_formami_de, gnd triethyl-  aytended structures. Thus thes©6COy); is a triangular SBU
amine at 106-115°C. These conditions, which yield IRMOP- {n4t is connected to three ditopic IRMOP-50 to 53) or tritopic
(11) Eddaoudi, M.; Kim, J.; Vodak, D.: Sudik, A.; Wachter, J.; O'Keeffe, M; (MOP-54) organic links. In all cases the coordination sphere
Yaghi, O. M.Proc. Natl. Acad. Sci. U.S.2002 99, 4901. of each metal is completed by a terminal pyridine ligand to
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Table 2. Metrics of Metal-Organic Polyhedra

IRMOP-n, MOP-n

51 51
50  (cubic) (triclinic) 52 53 54

van der Waals length of edge (A) 20.0 24.2 242 241 285 243

free diameter pore A (&) 38 64 6.4 40 94 36

fixed diameter pore A (A¥ 7.3 104 10.3 104 133 93

% free volume pore A 71 137 231 194 26.7 19.1

% free volume pore B 58.9 62.7 346 37.7 438 27.2

% free volume total 66.3 76.4 577 571 705 46.3
(pore A+ pore B}

(a)

aCerius2 measurements calculated by diameter of sphere that can pass
through the aperture of pore A without contacting the van der Waals surface
of the polyhedron (including axial py molecule8Measurements calculated
with PLATON using “cavity plt” function.c % free volume calculations
performed with PLATON using “calc solv” function with a 1.4 A probe
radius and replacing organic cations in pore B with. H

analogous MOF chemistry. In addition, disorder in the single-
crystal X-ray diffraction data often prevents definitive assign-
ment of guest molecules (see Experimental Section for details).
Elemental microanalysis has limited utility in this context since
the guests contain some of the elements that are also present in
the polyhedra. Nevertheless, given that the guests will ultimately
be evacuated or exchanged from the pores, and that the
structures of the polyhedra have been determined definitively
from the single-crystal X-ray diffraction data, any ambiguity
in the formulation of guest molecules does not preclude the use
of such polyhedra as porous materials.

Magnetic Measurements.To determine whether the mag-
netic behavior of the Fe carboxylates in these polyhedra is
consistent with that of the unlinked molecular counterparts, we
measured their magnetic susceptibilities. For IRMOP-51, IR-
MOP-53, and MOP-54 the studies were performed in the
temperature range of-3300 K at a constant magnetic field of
5 kG. At 300 K the effective magnetic momenteg) per iron
center for IRMOP-51 (3.8Qg), IRMOP-53 (3.33ug), and
MOP-54 (3.2%sg) are considerably smaller than the calculated
spin-only value (5.92ug) for three uncoupleds = 5/2 iron
centers, but fall within the range expected for moleculal'gae
(RCOy)eL 3] ™ systems (3.0 to 3.8s).14 All compounds exhibit
Figure 3. Representation of (a) the face-centered cubic (along 3-fold body @ gradual decrease in magnetic moment to L8FIRMOP-
diagonal) and_ (b) the tri_clinic cryst_al_ packing arrangements of tetrahgdra 51), 1.44ug (IRMOP-53), and 1.46ug (MOP-54) at 5 K,
as observed in the cubic and triclinic forms of IRMOP-51. The relative ;,jicating antiferromagnetic interactions between iron centers.
contributions of pore A (red) and pore B (blue) are illustrated with respect
to the unit cell volume (outlined in yellow). The vertexes of the red 1Nn€ low-temperaturger values do not extrapolate toward zero
tetrahedra are drawn using the crystallographic positions of the central and are consistent with previously reported molecular species.
oxygen atoms of the E®(CO)3(SQy)s clusters. On the basis of this correlation between experimental and
literature data and as similarly observed in analogous discrete
polyhedral or infinite assemblies, long-range coupling between
clusters is presumed to be negligibfe.

Molecular Structure, Crystal Packing, and Variation of
Metrics. The packing of the polyhedra in their crystalline forms
reveals two kinds of pores within each crystal structure as
illustrated for the cubic and triclinic phases of IRMOP-51
(Figure 3a,b, respectively). The first, pore A, is located within
¢ the truncated polyhedra, while the second, pore B, is the space
between the polyhedra. The relative space provided by pore A

give an overall octahedral Fe center. The anionic charg (
per polyhedron) is balanced by dimethyl-
ammonium guests whose formation is based on the well-
established decarbonylation of DMF upon heating in the
presence of basé Comparison of [, values of pyridine (8.81)
and dimethylamine (3.27) guests is consistent with the dim-
ethylammonium counterion assignméhtin general, it is
difficult to completely formulate the composition of all the
guests in such polyhedra due to the volatility of the gues
molecules, an aspect that is commonly encountered in the

(12) Wan, Y.; Alterman, M.; Larhed, M.; Hallberg, A. Org. Chem2002 67, (14) Cannon, R. D.; White, R. RProg. Inorg. Chem1988 36, 195.
6232. (b) Perrin, D. D.; Armarego, W. L. Rurification of Laboratory (15) Barthelet, K.; Riou, R.; Fey, G. Chem. Commun2002 1492. (b)
Chemicals 3rd ed.; Pergamon: Oxford, 1988. Saalfrank, R. W.; Glaser, H.; Demleitner, B.; Hampel, F.; Chowdhry, M.
(13) CRC Handbook of Chemistry and Physi¢&nd ed.; Lide, D. R., Ed.; CRC M.; Schinemann, V.; Trautwein, A. X.; Vaughan, G. B. M.; Yeh, R.; Davis,
Press: 19911992. A. V.; Raymond, K. N.Chem. Eur. J2002 8, 493.
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Figure 4. Gas and organic vapor sorption isotherms (filled points, sorption; open points, desorption) for IRMOP-51 (red squares), IRMOP-53 (blue circles),
and MOP-54 (green triangled}/P, is the ratio of gas pressur®)(to saturation pressuréy).

and pore B in the polyhedral series is ultimately dependent uponpolyhedra (pore A) is modulated from 7.1 to 26.7% of the total
their packing arrangement. The most densely packed arrange<crystal volume. However, the volume of space between the
ment exists for MOP-54 in which the truncated heterocubanes polyhedra (pore B) is significantly larger than that found within
fall on the nodes of a diamond neti§). The cubic phases of  the polyhedra (pore A), as it ranges from 27.2 to 62.7% of the
IRMOP-50 and -51 are exceptionally less dense. Here, tetrahedrzaotal crystal volume. While the dimethylammonium counterions
are widely spaced, and the centers of the tetrahedra are locatedepresent<6% of the total volume when included in the
at the nodes of a face-centered cubic net (Figure 3a). Thecalculations, their location has a significant impact on the
vertexes of the tetrahedra (taken as the three-coordinated O atolume that can baccessedby incoming guest molecules by
the center of the Fe carboxylate cluster) form a cristobalite net potentially obstructing access to pore A or B. The total open
(crs).18 For all polyhedra, the two types of pores are intercon- space (pore A- pore B) in the crystals of this series represents
nected by virtue of each truncated polyhedron having four open a significant portion of crystal volume, ranging from 46.3 to
triangular faces (IRMOP-50 to IRMOP-53) or six open edges 76.4%.

(MOP-54). Establishing Permanent Porosity of Metal-Organic Poly-

As expected from this series, linker length and width have @ hedra, To determine whether these structures have architectural
pronounced impact on the pore metrics, as summarized in Tab|erigidity and permanent porosity, we measured the gas adsorption
2. We note that the size of the polyhedra on an edge rangesisotherms of evacuated samples of IRMOP-51 (triclinic), -53,
from 20.0 to 28.5 A, and the free pore diameter of pore A ranges and MOP-54 (Figure 4, Table 3). The;Norption at 78 K for
from 3.6 to 9.4 A, while the fixed pore diameter of pore A 4| three compounds revealed reversible Type | isotherms, which
ranges from 7.3 to 13.3 A. The volume of space within the 4re characteristic of microporous materials. Respectige N

(16) O’Keeffe, M.; Hyde, B. GCrystal Structures: |. Patterns and Symmetry Uptakes of 101, 57, and 109 %TP)/Crﬁ are observed the_lt
Mineralogical Society of America: Washington, DC, 1996. correspond to 23, 20, and 22, Molecules per formula unit
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Table 3. Sorption Data for Metal-Organic Polyhedra

polyhedra with reversible Type | behavior as well as apparent

IRMOP-n, uptake A v, surface areas comparable to MOFs and some of the most porous
MOP-n guest (cm3 STP/cm?) guest/f.u.2 (m2lg) (cm3/cm3) zeolites.

51 Ne 101 23 480 0.18 To examine the potential utility of this series in the storage
Ar 106 24 0.16 of gas fuels, IRMOP-51, -53, and MOP-54 were subjected to
ggjﬁ 7314 1; 8'&? high-pressure Cldsorption at room temperature. All materials
CH, 25 (35 atm) 56 were nearly saturated at 35 atm, with respective uptakes of 25,
H* 54.9 125 17, and 37 cr#(STP)/cni. These uptake values correspond to

53 /’;‘2 2; fg 387 80170 approximately 5.6 (IRMOP-51), 5.9 (IRMOP-53), and 7.3
CBZ 32 12 0.08 (MOP-54) methane molecules per formula unit. Furthermore,
CHy 17 (35 atm) 5.9 the hydrogen uptake of IRMOP-51 was measured at 78 and 87

54 No 109 22 424 0.20 K: the maximum uptake at each of the two given temperatures
geone o e B g;g is 54.9 and 13.5 cASTP)/cnd, equivalent to 12.5 and 3.1,H
CHa 37'(35 atm) 73 ' molecules per formula unit. For comparison, MOF-5 takes up

2f.u. = one truncated polyhedron (including counterions and ligated py)
= [(CH3)oNHa]g[Fer204(link)«(py)12(SQu)12] (x = 6 for IRMOP-51 and
IRMOP-53;x = 4 for MOP-54).b Density of liquid CQ at triple point=
1.18 g/cnd. ¢ H, values reported at 500 Torr and 78 K.

(Table 3)17 Using the BET model, the apparent surface areas
(As) of IRMOP-51, -53, and MOP-54 were calculated to be 480,
387, and 424 rig, respectively. By extrapolation of the
Dubinin—Radushkevich (DR) equation, the respective pore
volumes /) were estimated to be 0.18, 0.10, and 0.2G/cm
cne.

These compounds also show Type | isotherms upon exposur
to Ar, CO,, and GHg vapor (Figure 4). Gradual hysteresis and
incomplete desorption are evident in the £fSotherms, a
behavior previously observed in MOEsSince CQ has a small

kinetic diameter (3.3 A), we speculate that such behavior is a

result of the increased sorbatsorbent interactions as the

67.4 cn¥(STP)/cnt at 78 K and 500 tor?! Thus, on a per
volume basis, IRMOP-51 is comparable with MOF-5, having
81% of its hydrogen capacity in this temperatupgessure
regime.

The isosteric heat of adsorptionsf reflects the enthalpy
change during the initial surface coverage and is a measure of
the strength of the sorbatsorbent interaction. Employing the
Clausius-Clapeyron equation in conjunction with the 78 and
87 K hydrogen isotherms for IRMOP-56; was calculated to
be 10.9+ 1.9 kJ/mol. This value is higher than those for
activated carbons (6.4 kJ/mol) and planar graphite (4 kJ/mol),
yet lower than some reported values for SWNT (19.6 kJ/#ol).

g-or more favorable uptake, the sorbaserbent interactiongg)
could potentially be increased to enable a material to reach its
uptake capacity more efficiently, while allowing desorption to
occur under moderate conditions. The comparable hydrogen
uptakes of IRMOP-51 and MOF-5 could be attributed to the
relative high isosteric heat of IRMOP-51.

molecules access more acute pores. For all adsorbates, th&ummary

sorption capacity of pore B sorption is difficult to assess. As

This study has demonstrated (a) application of the SBU

discussed in the Experimental Section, the packing of polyhedragpproach to the design and synthesis of metal-organic truncated
in the solid is random after desolvation, an indication of the tetrahedral and truncated heterocuboidal polyhedra, (b) system-
weak forces between discrete units. Nevertheless since theseatic control over their metrics, and (c) their rigid molecular
materials are porous, their molecular porosity (pore A) is structures and permanent porosity by measurement of their gas
certainly maintained in the absence of neutral guests even thoughadsorption.

the size of pore B may change. Also, as the location of
counterions may hinder gas diffusion and potentially occlude
pore A or B sorptive sites, future studies will explore the
influence of counterions and pore type on gas sorption proper-
ties.
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o . . . S0c.2004 126, 5666.
of permanent porosity is attributed to the flexible nature of single (22) Baard, P.; Chahine, Rangmuir200% 17, 1950. (b) Jhi, S.-H.; Kwon,
metal ion vertexes. In this study, the SBU approach has been Y.-K.; Bradley, K.; Gabriel, J.-C. PSolid State Commui2004 129, 769.
successfully applied to generate a series of discrete, porous

Supporting Information Available: Table summarizing syn-
thetic conditions of all compounds. Details of single-crystal
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X-ray data collection and analysis including CIF files, ORTEPs, susceptibility plots and TGA curves for IRMOP-51, -53, and
and tables of metrics for non-SQUEEZED and SQUEEZED MOP-54. This material is available free of charge via the Internet
structures. Powder X-ray diffraction patterns (simulated and at http://pubs.acs.org.

experimental) for IRMOP-51, -53, and MOP-54. Magnetic JA042802Q
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