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Unsolvated magnesium formate crystallizes upon reaction of the metal nitrate with formic acid in DMF at elevated
temperatures. Single-crystal XRD studies reveal the formation of [Mg3(O2CH)6⊃DMF], 1, a metal−organic framework
with DMF molecules filling the channels of an extended diamondoid lattice. The DMF molecules in 1 can be
entirely removed without disruption to the framework, giving the guest-free material R-[Mg3(O2CH)6], 2. Compound
2 has been characterized by both powder and single-crystal XRD studies. Thermogravimetric analyses of 1 show
guest loss from 120 to 190 °C, with decomposition of the sample at approximately 417 °C. Gas sorption studies
using both N2 and H2 indicate that the framework displays permanent porosity. The porosity of the framework is
further demonstrated by the ability of 2 to uptake a variety of small molecules upon soaking. Single-crystal XRD
studies have been completed on the six inclusion compounds [Mg3(O2CH)6⊃THF], 3; [Mg3(O2CH)6⊃Et2O], 4; [Mg3(O2-
CH)6⊃Me2CO], 5; [Mg3(O2CH)6⊃C6H6], 6; [Mg3(O2CH)6⊃EtOH], 7; and [Mg3(O2CH)6⊃MeOH], 8. Analyses of the
metrical parameters of 1−8 indicate that the framework has the ability to contract or expand depending on the
nature of the guest present.

Introduction

Metal-organic frameworks (MOFs) are being studied for
use in an ever increasing number of applications1 including
catalysis,2 optics,3 electronics,4 small molecule storage,5 and
separation science.6 A prerequisite for many of these
functions is that the materials display permanent porosity.7

One of the most popular and successful strategies in the
synthesis of porous MOFs has been through the preparation
of transition-metal complexes using ditopic organic carboxyl-
ate ligands.8 This is an attractive approach because, in certain
instances, the dimensions of the resulting cavities and
channels may be controlled by altering the length of the
organic linker.9
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The independent studies of Wang,10 Kim,11 and Powell12

have also shown that it is possible to form porous MOFs
using even the simplest carboxylate, formate, with a variety
of divalent metal ions. Indeed, complete single-crystal X-ray
analyses have now been reported for the isomorphous
formates of cobalt,R-iron, R-zinc, andâ-manganese.10-12

Gas sorption studies on both the cobalt and theâ-manganese
formates indicate that they are porous.10d,11 In addition,
similar cell parameters have been determined forR-magne-
sium formate and nickel formate, although full data collec-
tions have not been reported because of handling and sample
quality issues.12a

Our interests in MOFs have been directed toward the
incorporation ofs-block metals as components of extended
networks.13 Specifically, we have demonstrated that coor-
dination networks may be prepared rationally by linking

certain alkali-metal aggregates through neutral ditopic Lewis
bases.14 Constructing MOFs from smallers-block elements
is appealing, because they have the potential to form
lightweight materials that are attractive candidates for the
storage of gases such as dihydrogen and methane.15,16Indeed,
Long very recently reported that the magnesium dicarboxy-
late complex [Mg3(O2C-C10H6-CO2)3] forms a porous
framework that has a relatively high binding affinity for H2.17

We were drawn to the possibility of preparing lightweight,
porous MOFs by combining ans-block metal with a small
carboxylate linker. Herein, we describe the high-temperature
synthesis and full structural characterization of magnesium
MOF [Mg3(O2CH)6⊃DMF], 1. The DMF molecules in1 can
be removed without disrupting the framework. The guest-
free material [Mg3(O2CH)6], 2, was characterized by single-
crystal and powder X-ray diffraction (XRD) experiments,
as well as by IR and1H NMR spectroscopy. Both N2 and
H2 gas sorption studies on2 confirmed that the material
exhibits permanent porosity. Furthermore, compound2
uptakes a variety of guest molecules from solution, and
single-crystal XRD studies of six new inclusion compounds,
[Mg3(O2CH)6⊃THF], 3; [Mg3(O2CH)6⊃Et2O], 4; [Mg3(O2-
CH)6⊃Me2CO], 5; [Mg3(O2CH)6⊃C6H6], 6; [Mg3(O2CH)6
⊃EtOH], 7; and [Mg3(O2CH)6⊃MeOH], 8, have been
completed and will be outlined for comparative purposes.
Finally, we also applied our synthetic strategy to prepare
the Ca, Sr, and Ba formates, and these studies will be briefly
detailed.

Experimental Section

General Procedures.DMF, benzene, acetone, methanol, ethanol,
and cyclohexane were dried by distillation over calcium hydride
and stored over 4 Å molecular sieves prior to use. THF and Et2O
were purified by passage through a solvent purification system
(Innovative Technology). The metal nitrates Mg(NO3)2‚6H2O, Ca-
(NO3)2‚4H2O, Sr(NO3)2, Ba(NO3)2, and formic acid were purchased
from Aldrich and used as received. D2O was purchased from
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(17) Dincã, M.; Long, J. R.J. Am. Chem. Soc. 2005, 127, 9376.

Figure 1. Local geometries surrounding the four independent, octahedrally coordinated magnesium centers within1.
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Cambridge Isotope Laboratories and was used for the1H NMR
spectroscopic studies.1H NMR spectra were recorded on a Varian-
300 spectrometer at 293 K and were referenced internally to the
residual signals of the deuterated solvent. FTIR spectra were
obtained as Nujol mulls on a Perkin-Elmer Paragon 1000 FTIR
spectrometer in the range of 4000-650 cm-1. Thermogravimetric
analyses were performed on a TA instruments hi-res modulated
TGA 2950 thermogravimetric analyzer at a rate of 10°C/min under
N2. Elemental analyses were performed by Midwest Microlab,
Indianapolis, IN. The N2 and H2 sorption experiments were carried
out at 77.4 K at Quantachrome Instruments, Boynton Beach, FL.

Synthesis of [Mg3(O2CH)6⊃DMF], 1. A mixture of 10 mL
DMF, 0.23 mL of formic acid (6 mmol), and 0.77 g of Mg(NO3)2‚
6H2O (3 mmol) was placed in a 20 mL scintillation vial. The vial
was capped and immersed in a silicon oil bath that was kept at a
constant temperature of 110°C for 40 h. During this period, high-
quality crystals of1 were deposited (0.34 g, 81.7%). The crystals
could then be filtered in air until dry. Anal. Calcd for1, C9H13O13-
NMg3: C, 25.97; H, 3.15; N, 3.36. Found: C, 24.55; H, 3.66; N,
3.01. IR bands (cm-1) for 1 (Nujol mull): 3306 m, 2924 s, 2854
s, 1670 s, 1608 s, 1460 m, 1417 m, 1396 s, 1376 m, 1350 s, 1259
w, 1099 w, 790 w, 722 w, 662 w.1H NMR (D2O): δ 2.84 N(CH3)2,
3.00 N(CH3)2, 7.92 OCH, 8.44 O2CH. TGA studies on1 are
outlined in Figure 3. Results from the N2 and H2 gas sorption studies
are shown in Figures 5 and 6, respectively.

Synthesis of [Mg3(O2CH)6], 2. A sample of1 was evacuated
using a two-stage rotary pump and heated to 130°C for 36 h. The
crystals were subsequently used for single-crystal and powder XRD
studies. Powder XRD studies are outlined in Figure 4 and
areconsistent with retention of the framework upon evacuation. IR
bands (cm-1) for 2 (Nujol mull): 3300 m, 2924 s, 2854 s, 1674 m,
1636 s, 1610 s, 1460 m, 1415 w, 1405 w, 1376 m, 1347 s, 790 w,
722 w. 1H NMR (D2O): δ 8.44 O2CH.

Syntheses ofâ-[Ca(O2CH)2], 13; r-[Sr(O2CH)2], 14; and [Ba3-
(O2CH)5.67(NO3)0.33], 15. The attempted syntheses of the calcium,
strontium, and barium formates were carried out in a manner similar
to that outlined above for1. The calcium and strontium reactions
resulted in the preparation of the known, nonporous phasesâ-[Ca-
(O2CH)2] and R-[Sr(O2CH)2]. Full data collections and solution
refinements were carried out by single-crystal XRD on the samples
at 100 K, as low-temperature analyses of these compounds have
not previously been reported. Crystallographic data for13 and14
are supplied in the Supporting Information in CIF format. Repeated
reactions involving barium nitrate resulted in the deposition of small
amounts of crystals along with large quantities of powder. Single-
crystal XRD studies revealed a unique unit cell, and the extended
structure was found to be very similar to that of barium formate
but with a single disordered ligand site. The best-fit model for this
site suggested partial occupancy of nitrate for formate to give a
formula of [Ba3(O2CH)5.67(NO3)0.33]. We were unable to prepare
compound 15 as a single-phase species, which made further
characterization problematic. Crystallographic data for15 are
supplied in the Supporting Information in CIF format.

Guest-Inclusion Studies.Eight solvent systems were studied
for their guest-inclusion behavior: DMF, THF, Et2O, acetone,
benzene, ethanol, methanol and cyclohexane. Crystalline samples
of 2 were soaked in 2 mL of neat solvent, or mixtures of solvents
for the selectivity studies, inside a capped vial. The mixtures were
allowed to stand for 48 h, after which time the crystals were filtered
in air until dry. The samples were then analyzed by single-crystal
XRD and1H NMR spectroscopy. With the exception of cyclohex-
ane, all of the solvents were found to diffuse into the framework
to give the seven inclusion compounds: [Mg3(O2CH)6⊃DMF], 1;

Figure 2. (a) View of the extended structure of1 down the crystallographic
b axis showing DMF molecules within the channels. (b) A similar view of
2, illustrating that the integrity of the framework is retained upon guest
removal. For clarity, the frameworks are depicted as interconnected MgO6

octahedral units.

Figure 3. Thermogravimetric analysis of1 (10 °C/min under N2).

Figure 4. Theoretical powder XRD pattern based on the structure of2
(black) at 100 K and the observed pattern for2 at ambient temperature
(red).

Studies of Metal-Organic Frameworkr-[Mg3(O2CH)6]
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[Mg3(O2CH)6⊃THF], 3; [Mg3(O2CH)6⊃Et2O], 4; [Mg3(O2CH)6⊃Me2-
CO], 5; [Mg3(O2CH)6⊃C6H6], 6; [Mg3(O2CH)6⊃EtOH], 7, and
[Mg3(O2CH)6⊃MeOH], 8.

X-ray Crystallography. Powder XRD patterns were obtained
on a Bruker Smart Apex diffractometer with Cu KR radiation. The
sample was mounted in a capillary. Data were collected by the 2D
Apex detector fixed at 100 mm, 20° 2θ, 0° ω, 0° φ for 10 min.

Single crystals were examined under Infineum V8512 oil. The
datum crystal was affixed to either a thin glass fiber atop a tapered
copper mounting pin or Mitegen mounting loop and transferred to
the 100 K nitrogen stream of a Bruker APEX diffractometer
equipped with an Oxford Cryosystems 700 series low-temperature
apparatus. Cell parameters were determined using reflections
harvested from three sets of 12 0.5° φ scans. The orientation matrix
derived from this was transferred to COSMO18 to determine the
optimum data collection strategy that required a minimum 4-fold
redundancy. Cell parameters were refined using reflections har-
vested from the data collection withI g 10σ(I). All data were
corrected for Lorentz and polarization effects, and runs were scaled
using SADABS.19

The structures were solved from partial data sets using the
Autostructure option in APEX 2.18 This option employs an iterative
application of the direct methods, Patterson synthesis, and dual-
space routines of SHELXTL.20 Hydrogen atoms were placed at
calculated geometries and allowed to ride on the position of the
parent atom. Hydrogen thermal parameters were set to 1.2× the
equivalent isotropicU of the parent atom.

Results and Discussion

Syntheses and Structural Characterizations.To place
the present work in context, we first discuss the previously
characterized compounds of magnesium formate. Two dif-
ferent crystalline forms of magnesium formate dihydrate,
[Mg(O2CH)2‚2H2O], R-9 and â-9, have been structurally
characterized.21,22 One form,R-9, is monoclinic with space
groupP21/c. The structure is composed of two independent
magnesium centers, where one metal is surrounded by six
different formate groups and the second metal is surrounded
by two formates and four water molecules. These octahedral
centers then interconnect to form a three-dimensional
network. In contrast,â-9 crystallizes in the orthorhombic
space groupPbca. This structure contains a single type of
magnesium, which is octahedrally coordinated but in this
instance connects to two axial water molecules and four
equatorial formates. The formates then bridge to neighboring
metal centers to form a two-dimensional (4,4) square net
arrangement.23 CompoundR-9 has been prepared by a variety
of means, including the reaction of Mg powder,22 MgO,24

MgCO3,25 or Mg(OEt)226 with excess formic acid, followed
by recrystallization. The transmetalation of sodium, potas-
sium, or ammonium formate with either MgCl2 or Mg(NO3)2

has also successfully been applied for the synthesis ofR-9.22

Compoundâ-9 is reported to be prepared as a minor product
during the synthesis ofR-9 and could not be obtained as a
single phase material.22

A two-dimensional sheet structure similar to that ofâ-9
is found for complex [Mg(O2CH)2‚2(NH2)2CO], 10.27 Again,
the metals are octahedrally coordinated in10, with four
bridging equatorial formate groups but now with two terminal
urea units. This material was crystallized from a concentrated
aqueous solution of the complex, which was maintained at
45 °C for several weeks.

Powell recently disclosed that at least two forms,R and
â, of unsolvated magnesium formate may be prepared using
solvothermal conditions.12 Specifically, heating a mixture of
[Mg(O2CH)2‚2H2O] in formic acid at 120°C for several days
in a sealed steel autoclave fitted with a Teflon sleeve resulted
in the preparation of [Mg3(O2CH)6⊃HCO2H], 11, i.e., theR
form of the salt. The same group went on to show that
increasing the reaction temperature to 170°C yielded the
nonporous formateâ-[Mg(O2CH)2], 12. As mentioned in the
Introduction, complex11was not fully characterized because
of the formation of only microcrystalline material. Neverthe-
less, the structure and composition of11was inferred through
comparison of its unit cell parameters with related metal
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2004, 23, 1739.
(27) Yamagata, K.; Achiwa, N.; Hashimoto, M.; Koyano, N.; Ridwan, Y.
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Figure 5. BET N2 isotherm for1 at 77.4 K.

Figure 6. BET H2 sorption isotherm for1 at 77.4 K.
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formate complexes and by IR spectroscopic studies and
weight loss experiments. No such problems were encountered
for 12, which was found to adopt a three-dimensional
structure composed of interconnecting chains of fused MgO6

octahedra.12b

We opted to investigate the high-temperature synthesis of
magnesium formate from the reaction of magnesium nitrate
with formic acid, using DMF as solvent media. Variations
on this method have been successfully applied to the
synthesis of a number of MOFs, includingâ-manganese
formate.11 It was hoped that employing milder synthetic
conditions compared to the solvothermal conditions previ-

ously used would aid in the preparation of high-quality
crystals of the potentially porousR-form of magnesium
formate. This approach proved successful by maintaining the
reaction mixture at approximately 110°C for several days,
producing a large batch of excellent-quality single crystals
(see the Experimental Section). Subsequent XRD analysis
of the crystals confirmed that the framework of [Mg3(O2-
CH)6⊃DMF], 1, is isomorphous with that of the previously
characterized cobalt,R-iron, R-zinc, andâ-manganese for-
mates and is essentially in accord with the reported cell
parameters of compound11 (Table 1).10-12 As shown in
Figure 1, the solid-state structure of1 contains four crys-

Table 1. Crystallographic Data for Compounds1-8

1 2 3 4

formula C9 H13Mg3NO13 C6H6Mg3O12 C10H14Mg3O13 C8H11Mg3O12.5

fw 416.13 343.022 415.129 380.10
T (K) 100(2) 100(2) 100(2) 100(2)
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/n P21/n P21/n
a (Å) 11.4007(6) 11.324(2) 11.307(18) 11.380(4)
b (Å) 9.9047(4) 9.847(2) 9.857(16) 9.841(3)
c (Å( 14.5357(6) 14.623(3) 14.729(3) 14.506(5)
R (deg) 90 90 90 90
â (deg) 91.317(2) 91.150(3) 91.371(3) 91.429(2)
γ (deg) 90 90 90 90
V (Å3) 1640.94(13) 1630.2(6) 1641.1(5) 1624.00(9)
Z 4 4 4 4
D (Mg/m3) 1.684 1.398 1.680 1.797
µ (Mo KR) (mm-1) 0.256 0.235 0.254 0.246
cryst size (mm3) 0.38× 0.35× 0.29 0.30× 0.23× 0.20 0.26× 0.22× 0.19 0.28× 0.22× 0.20
Tmax, Tmin 0.94, 0.91 0.96, 0.94 0.96, 0.93 0.96, 0.94
θ range (deg) 2.25-33.19 5.55-30.50 2.24-31.52 2.25-34.40
no. of reflns collected 33 828 14 160 28 698 49 875
no. of ind reflns 5725 4911 6383 5911
R(int) 0.0353 0.0230 0.0263 0.020
no. of obs. reflns [I > 2σ(I)] 4746 4142 5836 2241
R1a, wR2b [I > 2σ(I)] 0.0302, 0.0754 0.0260, 0.0642 0.0320, 0.0970 0.0468, 0.1294
R1a, wR2b (all data) 0.0400, 0.0791 0.0341, 0.0679 0.0359, 0.1020 0.0628, 0.1363
GOFc onF2 1.047 1.058 1.179 1.633
largest peak/hole (e Å-3) 0.308 and-0.383 0.399 and-0.225 0.427 and-0.668 0.631 and-0.572

5 6 7 8

formula C9H12Mg3O13 C12H12Mg3O12 C8H12Mg3O13 C7H10Mg3O13

fw 401.12 421.5 389.11 375.08
T (K) 100(2) 100(2) 100(2) 100(2)
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/n P21/n P21/n
a (Å) 11.2790(8) 11.3762(10) 11.296(3) 11.289(7)
b (Å) 9.8339(7) 9.9831(9) 9.818(3) 9.818(6)
c (Å( 14.7660(11) 15.0358(13) 14.585(4) 14.546(7)
R (deg) 90 90 90 90
â (deg) 91.565(4) 91. 203(5) 91.662(10) 91.622(3)
γ (deg) 90 90 90 90
V (Å3) 1637.2(2) 1707.2(3) 1616.92(8 1611.6(18)
Z 4 4 4 4
D (Mg/m3) 1.627 1.639 1.598 1.546
µ (Mo KR) (mm-1) 0.251 0.241 0.252 0.249
cryst size (mm3) 0.3× 0.25× 0.22 0.32× 0.25× 0.22 0.15× 0.13× 0.13 0.31× 0.23× 0.22
Tmax, Tmin 0.95, 0.92 0.95, 0.93 0.97, 0.96 0.95, 0.93
θ range (deg) 2.24-31.64 2.22-31.60 2.25-27.55 2.25-25.08
no. of reflns collected 41 801 26 694 39 296 10 078
no. of ind reflns 5480 19456 3724 2859
R(int) 0.0331 0.036 0.0294 0.0513
no. of obs. reflns [I > 2σ(I)] 4750 4477 3476 2507
R1a, wR2b [I > 2σ(I)] 0.0433, 0.1173 0.0477, 0.0919 0.0411, 0.1033 0.0407, 0.1230
R1a, wR2b (all data) 0.0510, 0.1213 0.0348, 0.0825 0.0444, 0.1044 0.0469, 0.1270
GOFc onF2 1.154 1.043 1.295 1.129
largest peak/hole (e Å-3) 0.875 and-0.679 0.606 and- 0.679 0.426 and-0.668 0.909 and-0.331

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2] }1/2; w-1 ) [σ2(Fo

2) + (0.1325P)2 + 9.6648P]; P ) (Fo
2 + 2Fc

2)/3. c GOF ) S )
{∑[w(Fo

2 - Fc
2)2] /(n - p)}1/2; n) number of reflections;p )number of parameters.
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tallographically independent metal centers, each of which
are octahedrally coordinated by six different formate anions.
All of the formates adopt similar binding modes, with one
oxygen connecting to a single metal center and the second
oxygen bridging between two other metals. Thisη2, µ3

bonding motif of the formate anions is also seen inâ-[Mg-
(O2CH)2], 12,12b but differs from the simpleη2, µ2 bridging
mode found for the other structurally characterized formates
of magnesium. The C-O distances in1 lie in the narrow
range 1.2325(12)-1.2843(11) Å and are consistent with
delocalized bonding within carboxylate backbones.28

Although each formate adopts a similar bonding mode,
there are three different coordination environments for the
metal centers present in1. Specifically, Mg(1) bonds to six
µ2-oxygens; Mg(2) and Mg(4) each bond to fourµ1-oxygens
and twoµ2-oxygens, whereas Mg(3) bonds to twoµ1-oxygens

and fourµ2-oxygens. The extended structure may be viewed
as one-dimensional chains of edge-shared MgO6 octahedra,
Mg(1) and Mg(3), that are linked together by vertex-sharing
octahedra, Mg(2) and Mg(4), to create a three-dimensional
assembly. Four edge-shared chains connect through vertex-
linking octahedra to form channels that run parallel to the
crystallographicb axis (Figure 2a). In1, these channels are
occupied by DMF molecules, with one guest per asymmetric
unit to give the formula [Mg3(O2CH)6⊃DMF]. The encap-
sulated guest molecules are not disordered, which is some-
what unusual for a MOF. The windows of the channels are
approximately 4.5 Å× 5.5 Å wide, on the basis of the van
der Waals radii of the surface atoms. Also, the calculated
void space within1 after excluding the guest DMF molecules
is estimated to be 30.9% using PLATON.29

Table 3 lists the independent Mg-O bond lengths, and
complete listings of the independent Mg-O bond lengths
and the O-Mg-O angles within1 can be found in the
Supporting Information. The Mg-O distances range between
2.0283(8) and 2.1304(7) Å, with a mean value of 2.075 Å.
The isomorphous frameworks ofR-[Fe3(O2CH)6⊃HCO2H],
[Co3(O2CH)6⊃(HCO2H)(H2O)], and R-[Zn3(O2-
CH)6⊃HCO2H] formate have similar M-O ranges of 2.069-
(4)-2.175(4), 2.042(3)-2.123(3), and 2.023(3)-2.164(2) Å,
respectively,12a whereasâ-[Mn3(O2CH)6⊃(CH3OH)(H2O)]
has somewhat longer Mn-O distances in the range 2.116-
(2)-2.225(2) Å,10d in accord with the radii of the metal
centers involved.

We also applied the same synthetic method using the
heavier alkaline earth metals calcium, strontium, and barium.
In each case, the metal nitrates were mixed with formic acid
in DMF and allowed to react at temperatures between 90
and 110°C. The reactions involving calcium and strontium
resulted in the preparation of known phasesâ-[Ca(O2CH)2],
13, andR-[Sr(O2CH)2], 14.30,31 Both calcium and strontium

Table 2. Comparison of Mg-O Bond Distances (Å) for1-8a

weighted averageb range ∆

Mg(1)-O(1) 2.0815(12) 2.0867-2.0758 0.0109
Mg(1)-O(3) 2.0986(13) 2.1023-2.0929 0.0094
Mg(1)-O(5) 2.0763(12) 2.0821-2.0709 0.0112
Mg(1)-O(7) 2.1031(12) 2.1227-2.089 0.0337
Mg(1)-O(9) 2.0624(12) 2.0671-2.053 0.0141
Mg(1)-O(11) 2.0904(12) 2.1002-2.0834 0.0168
Mg(2)-O(2) 2.0561(12) 2.0641-2.0508 0.0133
Mg(2)-O(4) 2.0500(12) 2.0552-2.042 0.0132
Mg(2)-O(9) 2.1193(11) 2.1264-2.1118 0.0146
Mg(3)-O(1)#3 2.0641(13) 2.0684-2.0533 0.0151
Mg(3)-O(3) 2.0833(13) 2.09-2.0734 0.0166
Mg(3)-O(6) 2.0271(13) 2.0339-2.0199 0.0140
Mg(3)-O(7) 2.0910(12) 2.0982-2.0804 0.0178
Mg(3)-O(8) 2.0275(13) 2.0342-2.0216 0.0126
Mg(3)-O(11)#3 2.1094(13) 2.1143-2.0974 0.0169
Mg(4)-O(5) 2.1112(11) 2.1186-2.1056 0.0130
Mg(4)-O(10) 2.0365(12) 2.0458-2.0273 0.0185
Mg(4)-O(12) 2.0529(12) 2.0628-2.0443 0.0185

a Symmetry transformations used to generate equivalent atoms: #3-x
+ 1/2, y - 1/2, -z + 3/2. b Formula for weighted average:xwax ) ∑wixi/

∑wi; wi ) 1/σi
2. Formula for standard deviation:σ ) x∑σi

2/N

Table 3. Comparison of O-Mg-O Bond Angles (deg) for1-8a

weighted averageb range ∆ weighted average range ∆

O(9)-Mg(1)-O(5) 95.04(5) 96.24-93.73 2.51 O(6)-Mg(3)-O(3) 90.11(5) 91.01-89.07 1.94
O(5)-Mg(1)-O(1) 170.87(5) 172.08-169.67 2.41 O(8)-Mg(3)-O(11)#3 88.56(5) 89.60-87.67 1.93
O(5)-Mg(1)-O(11) 94.32(5) 95.08-93.23 1.85 O(3)-Mg(3)-O(11)#3 101.20(5) 101.73-100.20 1.53
O(9)-Mg(1)-O(3) 94.78(5) 95.65-94.42 1.23 O(6)-Mg(3)-O(7) 90.45(5) 91.31-89.29 2.02
O(1)-Mg(1)-O(3) 93.62(5) 94.84-93.01 1.83 O(3)-Mg(3)-O(7) 78.33(5) 78.72-78.01 0.71
O(9)-Mg(1)-O(7) 171.51(5) 172.97-171.15 1.82 O(8)-Mg(3)-O(1)#3 94.54(5) 95.10-93.21 1.89
O(1)-Mg(1)-O(7) 87.07(5) 87.83-86.64 1.19 O(8)-Mg(3)-O(3) 93.66(5) 95.07-91.93 3.14
O(3)-Mg(1)-O(7) 77.70(5) 78.15-76.90 1.25 O(1)#3-Mg(3)-O(3) 171.61(5) 172.67-170.87 1.80
O(9)-Mg(1)-O(1) 89.77(5) 91.32-89.09 2.23 O(6)-Mg(3)-O(11)#3 168.13(6) 170.13-167.45 2.68
O(9)-Mg(1)-O(11) 98.60(5) 99.2-97.37 1.83 O(8)-Mg(3)-O(7) 170.48(6) 171.75-169.52 2.23
O(1)-Mg(1)-O(11) 77.31(5) 77.71-77.62 0.09 O(1)#3-Mg(3)-O(7) 93.39(5) 94.85-92.65 2.20
O(5)-Mg(1)-O(3) 93.65(5) 95.6-92.77 2.83 O(11)#3-Mg(3)-O(7) 88.33(5) 89.95-87.56 2.39
O(11)-Mg(1)-O(3) 163.74(5) 164.18-163.71 0.47 O(11)#3-Mg(3)-O(1) 77.67(3) 78.12-77.31 0.81
O(5)-Mg(1)-O(7) 89.18(5) 89.87-88.50 1.37 O(12)-Mg(4)-O(10) 89.39(5) 91.02-88.52 2.50
O(11)-Mg(1)-O(7) 88.32(5) 89.11-87.91 1.20 O(12)#4-Mg(4)-O(5) 87.89(5) 88.39-87.65 0.74
O(4)#2-Mg(2)-O(2) 89.65(5) 90.86-88.32 2.54 O(10)-Mg(4)-O(5) 90.36(5) 91.26-89.93 1.33
O(4)#2-Mg(2)-O(9) 89.72(5) 90.92-88.82 2.10 O(10)-Mg(4)-O(5)#4 89.64(5) 90.16-88.74 1.42
O(4)-Mg(2)-O(2) 90.39(5) 91.68-89.14 2.54 O(12)-Mg(4)-O(10)#4 90.56(5) 91.02-88.98 2.04
O(2)-Mg(2)-O(9) 93.12(5) 93.65-92.27 1.38 O(12)-Mg(4)-O(5) 91.37(5) 92.35-88.06 4.29
O(2)#2-Mg(2)-O(9) 86.88(5) 87.73-86.35 1.38 O(10)#4-Mg(4)-O(5) 89.74(4) 90.16-88.74 1.42
O(8)-Mg(3)-O(6) 94.38(5) 94.83-93.22 1.61 O(12)-Mg(4)-O(5)#4 87.90(5) 88.39-87.65 0.74
O(6)-Mg(3)-O(1)#3 90.11(5) 92.43-89.77 2.66

a Symmetry transformations used to generate equivalent atoms: #2-x + 1, -y + 2, -z + 2; #3 -x + 1/2, y - 1/2, -z + 3/2; #4 -x, -y + 2, -z + 2.
b Formula for weighted average:xwav ) ∑wixi/∑wi; wi ) 1/σi

2. Formula for standard deviation:σ ) x∑σi
2/N.
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formate are known to adopt at least four different structural
modifications (R, â, γ, andδ).32 Compounds13 and14 are
nonporous and do not contain coordinated or encapsulated
DMF within their structures. Previous crystallographic studies
of 13 and14 have been conducted at ambient temperatures,
and therefore full data sets were collected on these samples
at low-temperature (100 K); the data are supplied as
Supporting Information but will not be discussed further here.

In comparison, the reactions involving barium consistently
deposited small quantities of crystals along with larger
amounts of powder. The crystals were found to have different
unit cell parameters (orthorhombic,Pnma) compared to those
of the single known phase of barium formate (orthorhombic,
P212121).31 Single-crystal XRD revealed a structure that is
very closely related to barium formate, but with the distinc-
tion of having a partially occupied nitrate site to give a
molecular formula of [Ba3(O2CH)5.67(NO3)0.33], 15. Repeated
cell checks of different batches of crystals confirmed the
reproducibility of the preparation of15. Again, compound
15 is nonporous; details of its structure are available in the
Supporting Information but will not be discussed further here.

Thermal Stability, Gas Sorption, and Guest-Exchange
Studies. Thermogravimetric analytical studies were con-
ducted on1 between 73 and 700°C, and the results are
summarized in Figure 3. An initial weight loss from the
sample occurred between 120 and 190°C, followed by a
second decomposition at approximately 417°C. The first
weight loss of 16.3% is in reasonable agreement with the
calculated value of 17.5% expected by the complete removal
of DMF from the channels of1. It is also notable that the
decomposition temperature of 417°C is substantially higher
than for the Mn, Fe, or Co formate analogues, which all
decompose at approximately 270°C.10a,10d,12aThese findings
are consistent with the thermal decomposition of magnesium
formate dihydrate, which is reported to take place in three
stages, with a final decomposition at approximately 452°C.24

Presumably, the increased ionic nature of the bonding in the
magnesium formate leads to a substantially higher thermal
stability compared to that of the transition-metal analogues.

Powder XRD analysis was used in order to determine
whether the crystallinity of the bulk material remained intact
after guest removal. A crystalline sample of1 was evacuated
under a dynamic vacuum at 130°C for 36 h, and the resulting
crystals were then used for subsequent studies. Figure 4
shows both the experimental and calculated powder XRD
patterns for the evacuated compound [Mg3(O2CH)6], 2, which
are in excellent agreement. Complete guest removal was also
confirmed by IR and NMR spectroscopic analyses. For the
1H NMR studies, the evacuated crystals were solubilized in
D2O, and the spectra of the resulting solution indicated only
the presence of the formate.

Single-crystal XRD analysis was also successfully com-
pleted on the evacuated material. Crystallographic details for

2 can be found in Table 1. As shown in Figure 2b, the
framework is retained upon evacuation, with only relatively
minor changes to the structure. To illustrate, the independent
Mg-O distances and O-Mg-O angles vary by less than
0.02 Å and 4.2°, respectively, between1 and 2. The unit
cell volumes are also similar, at 1640 Å3 for 1 and 1630 Å3

for 2.
Both N2 and H2 gas sorption experiments were carried out

on 1 at 77.4 K, and the isotherms obtained are shown in
Figures 5 and 6. Both plots indicate limited hysteresis. The
framework showed an N2 uptake of approximately 88 mL/
g, with a BET surface area of 150 m2/g. Micropore analysis
using thet-plot method determined the pore volume to be
0.043 mL/g and the pore area to be 104 m2/g. Also, H2

sorption studies on1 indicated an uptake of 70 mL/g, which
corresponds to 0.6 wt %. These studies therefore confirm
that the evacuated framework exhibits permanent porosity.
In comparison, studies by Kim indicate that the manganese
frameworkâ-[Mn3(O2CH)6] does not display sorption of N2,
CH4, or Ar but does uptake CO2 and H2 to give BET surfaces
areas of 297 m2/g and 240 m2/g, respectively.11 The H2

sorption in this case is approximately 100 mL/g, or 0.9 wt
%. Although these H2 sorptions are somewhat moderate, they
compare well with the value of 0.7 wt % obtained for the
highest capacity zeolite ZSM-5. In independent studies,
Wang confirmed the inability of the manganese framework
to uptake N2 but was able to demonstrate that the cobalt
derivative [Co3(O2CH)6] displays a N2 sorption of 108 mL/
g, with a BET surface area of 360 m2/g and a pore volume
of 0.15 mL/g.10d

Next, we were interested in the possibility of using the
evacuated framework2 to uptake small molecules from
solution. Wang previously delineated in a preliminary
communication thatâ-[Mn3(O2CH)6] can uptake a large
variety of guest molecules from solution, but only limited
structural details were outlined.10a,cCrystals of2 were soaked
for 2 days in eight different solvent systems: DMF, THF,
Et2O, acetone, benzene, ethanol, methanol, and cyclohexane.
Afterward, they were filtered and dried in air. Crystals from
each system were then dissolved in D2O and analyzed by
1H NMR spectroscopy. With the exception of cyclohexane,
the spectra showed the presence of both formate and guest,
indicating solvent uptake. This was then confirmed by single-
crystal XRD studies, which characterized the formation of
the new inclusion materials [Mg3(O2CH)6⊃THF], 3; [Mg3(O2-
CH)6⊃Et2O], 4; [Mg3(O2CH)6⊃Me2CO], 5; [Mg3(O2CH)6
⊃C6H6], 6; [Mg3(O2CH)6⊃EtOH], 7; and [Mg3(O2CH)6
⊃MeOH], 8. Crystallographic details of these compounds
are given in Table 1 (full lists of Mg-O bond lengths and
O-Mg-O angles are available in the Supporting Informa-
tion). As expected, the complexes are isomorphous and
contain one guest molecule per asymmetric unit. The network
may also be described as an extended diamondoid lattice,
with the metals acting as tetrahedral nodes spaced apart by
linear-linking metal nodes. This description leads to the
observation that a single guest molecule resides within each
of the pseudo-adamantane cavities (Figure 7) and that the
channels are formed down theb axis by fusion of the

(28) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.
G. J. Chem. Soc., Perkin Trans. 1987, S1.

(29) Spek, A. L.PLATON, A Multipurpose Crystallographic Tool; Utrecht
University: Utrecht, The Netherlands, 2001.

(30) Watanabe, T.; Matsui, M.Acta Crystallogr., Sect. B1980, 36, 1081.
(31) Watanabe, T.; Matsui, M.Acta Crystallogr., Sect. B1978, 34, 2731.
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adamantane units. With the exceptions of ethanol and
methanol, all of the guest molecules were found to be well-
behaved on refinement of the structures with no significant
disorder problems. The ethanol and methanol complexes7
and8 were refined with two-and three-site disorder, respec-
tively. The approximate volumes of the guest molecules
range from 41 Å3 for methanol to 100 Å3 for benzene.33

Cyclohexane has an approximate volume of 112 Å3 and
presumably did not diffuse into the channels because of size
exclusion.

1H NMR spectroscopic studies in D2O also proved to be
valuable for investigating the selectivity of2 using mixtures
of solvents.34 A series of experiments were undertaken by
soaking crystals of2 in 1:1 bicomponent volumetric mixtures
of the six solvents DMF, THF, acetone, benzene, ethanol,
and methanol. Although each system was found to uptake
guests, only the experiments involving mixtures with benzene
were found to show any significant selectivity. In these
instances, only trace amounts of benzene could be detected,
again presumably due to this being the largest of the
molecules studied. Similarly, mixing equal volumes of all
six of these solvents in a single vial followed by soaking
crystals of2 resulted in uptake of each of these guests but
with only trace amounts of benzene.

Finally, the effect of the occluded guest on the frameworks
of 1-8 can be gauged by comparison of the eight crystal
structures. Overall, the frameworks are very similar, with
the individual Mg-O distances and the O-Mg-O angles
varying by less than 0.034 Å and 4.3°, respectively.
Summarized analyses are given in Tables 2 and 3. The unit
cell volumes vary from 1612 Å3 for 8 (MeOH inclusion) to
1707 Å3 for 6 (benzene inclusion), i.e., an increase of
approximately 5.9% between8 and6. However, excluding
the benzene complex6, the unit cell volumes of the other
seven materials vary only between 1612 and 1641 Å3, with

the guest-free compound2 having an intermediate cell
volume of 1630 Å3. These cell-volume changes illustrate
flexibility where the framework may contract to maximize
the attractive interactions with the guests or, alternatively,
expand to allow inclusion of larger guest molecules.

Conclusions

We have demonstrated that theR-form of unsolvated
magnesium formate may be prepared in a high-quality
crystalline form at elevated temperature using DMF as
solvent media. The resulting framework is both thermally
robust (substantially more so than the transition-metal
analogues) and also remains intact after guest removal. Gas
sorption studies indicate that the material is porous and can
uptake both N2 and H2, albeit in only very moderate amounts
in comparison to other MOFs.9,35The guest-exchange studies
show that a range of small molecules may be incorporated
into the framework and that selective separations are possible
by size exclusion. On the basis of the present work, further
studies are underway to investigate the possibility of prepar-
ing metal complexes of derivatized small carboxylates to
produce functionalized, porous, and lightweight framework
materials.
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Figure 7. Section of1 showing the guest DMF molecules within a series of fused adamantane cavities. The green spheres represent the tetrahedral and
linear metal nodes of the extended diamondoid framework.
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