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Abstract

Three new iron benzenedicarboxylates have been synthesized by solvothermal techniques, and their structures determined from sing
crystal X-ray data: Fe(OH)(BDC)(py)ks (1), Fe(BDC)(DMF) @), and Fe(BDC)(py).42(DMF)g.25 (3) (BDC = 1,4-benzenedicarboxylate,
py = pyridine, DMF= N,N-dimethylformamide). Compoundsand?2 are the Fe(lll)- and Fe(ll)-structural analogs of the known Cr ben-
zenedicarboxylate compound (MIL-53). Both contaians corner-sharing Fe§octahedral chains connected by benzenedicarboxylate
dianions. Compoun@ contains chains of iron oxygen octahedra that share both corners and edges. Each chain is linked by BDC to six
other chains to form a three-dimensional framework. Crystal datapace groug2/a, a = 6.8892), b = 11.073(3), ¢ = 18.280(6) A,
B =926(1)°; 2, space groufPn2ia, a = 19.422(2), b = 7.30225), c = 8.84687) A; 3 space grougP21/n, a = 9.234(2), b = 17.243(3),
c=9.9782) A, B =939(1)°.
0 2005 Elsevier SAS. All rights reserved.

1. Introduction carboxylate (BDC) anions to form a framework with an
array of channels. The first examples of the group were
Nanoporous hybrid inorganic/organic crystalline materi- reported for the metals vanadiufh2,13], chromium[14]
als have attracted increasing interest due to their rich struc-and aluminum[16] by Férey and coworkers. The frame-
tural chemistry and tunable physical properf{ies8]. These work composition is¥ OH-BDC for M = V3+, Cr+, A3+
hybrid frameworks, sometimes referred to as MOFs, can of- and MO-BDC for M = V#*. In the trivalent metal struc-
ten be considered as expanded versions of typical inorganictures, the OH occupies the shared position between adjacent
structures where organic components act as linkers to con-octahedra along the chain. As synthesized, the compounds
nect inorganic clusters, chains or layers. A particularly well contain guest BDC molecules inside the channels that can
studied bridging organic component is the dianion of 1,4- be removed by heating. Once the channels are empty, other
benzenedicarboxylic acid and many compounds with very species may be intercalated. The structure is flexible so that
high porosity and variable pore sizes have been synthesizecn intercalation and deintercalation it expands and contracts
by using this ligand to connect together transition metal ox- to accommodate the specific guest molecule. This effect re-
ide clusterg9-11]. ferred to by Férey and coworkers as “framework breathing”
Recently, a group of hybrid compounds basedtrams has been studied in some detail. The porous frameworks
corner-sharing octahedraMOg chains were reported have good thermal stability (up to 50Q) and can absorb
[12-17] The metal oxide chains in these compounds are small molecules such as hydrogds—17]
parallel to each other and are cross-linked by 1,4-benzenedi- |n our studies of this class of MOFs, we have reported
an example in which 28% vanadium(lll) is substituted
mponding authors. Tel.: +1 713 7432785; Fax: +1 713 7432787. by |r_0n(III) [18]. SyntheSIS_ O_f the Iron(lll)_ Phase is chal-
E-mail addresses: xiqu.wang@mail.uh.ed(X. Wang), lenging because of the difficulty of avoiding the forma-
ajjacob@uh.ed@A.J. Jacobson). tion of iron oxide and/or reduction to Ee. Here we re-

1293-2558/% — see front mattét 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.solidstatesciences.2005.03.007


http://www.elsevier.com/locate/ssscie
mailto:xiqu.wang@mail.uh.edu
mailto:ajjacob@uh.edu
http://dx.doi.org/10.1016/j.solidstatesciences.2005.03.007

T.R. Whitfield et al. / Solid State Sciences 7 (2005) 1096-1103

1097

port the synthesis and structures of three new iron BDC 2.4. Synthesis of Fe(BDC)(py)o.42(DMF)g.25 (3)

compounds Fe(OH)(BDC)(py}s (1), Fe(BDC)(DMF) @),
and Fe(BDC)(Py.42(DMF)o.25 (3) (py = pyridine, DMF=
N,N-dimethylformamide). Compountiis the Fé* analog
of the \Bt, Cr3t, AI3+ compounds previously reported by
Férey et al.2 is to our knowledge the first example of a

In a typical synthesis d3, a mixture of FeOOH (Aldrich,
0.088 g, 1 mmol), HBDC (Aldrich, 0.170 g, 1 mmol),
pyridine (Aldrich, 0.5 ml) and DMF (EM Science, 10 ml)
was sealed in a Parr autoclave with a 23 ml Teflon liner

M?*+ analog where the bridging species along the chain is in air, and heated at 18C for 2 d. The autoclave was

neutral, and® is a more complex structure in which pyridine
molecules are also coordinated to iron atoms.

2. Experimental section

2.1. Materials and methods

then cooled to room temperature in air overd h. Brown
polyhedral crystals o8 were recovered together with unre-
acted FeOOH. The yield was 20% based on iron. EDX
analysis: found Fe 21.1%, calculated 20.59%. Infrared spec-
trum (cnml): 434(w), 448(w), 524(s), 630(m), 688(m),
702(s), 749(vs), 810(m), 827(m), 849(m), 881(w), 1017(m),
1072(w), 1109(w), 1150(w), 1219(w), 1260(w), 1325(m),
1364(vs), 1392(s), 1406(s), 1448(m), 1506(m), 1560(s),

All starting materials were reagent grade and were used 1602(vs), 1670(s), 2991(w), 3067(w), 3260(w), 3448(br).
as purchased. The synthesis products were examined with a

polarizing optical microscope and a JEOL-JSM6400 scan-

ning electron microscope with a Link Analytical EXL spec-
trometer for EDX analysis. Infrared spectra were collected
with a Galaxy FTIR 5000 spectrometer using the KBr pellet
method.

2.2. Synthesis of Fe(OH)(BDC)(py)o.ss (1)

In a typical synthesis of, a mixture of Fe(N@)3-9H,0
(Alfa, 0.404 g, 1 mmol), HBDC (Aldrich, 0.170 g, 1 mmol),
H>02 (Aldrich, 0.25 ml), pyridine (Aldrich, 0.5 ml) and
DMF (EM Science, 10 ml) was sealed in a Parr autoclave
with a 23 ml Teflon liner in air. The mixture was subse-
quently heated to 180C at a rate of 2C/min and allowed
to react for 2 d. The autoclave was then cooled t6d G0
at a rate of 0.8C/min. The final product was filtered and
washed with DMF. Yellow needles of compourddwere
present as a minor phase §%). The major phase in the

2.5. X-ray crystallography

For crystal structure determination, single crystal X-ray
diffraction data were measured on a SMART platform dif-
fractometer equipped with a 1 K CCD area detector us-
ing graphite-monochromatized MgKradiation at 293 K.

A hemisphere of data (1271 frames at 5 cm detector dis-
tance) was collected for each phase using a narrow-frame
method with scan widths of 0.30n w and an exposure
time of 30-50 gframe. The first 50 frames were remea-
sured at the end of data collection to monitor instrument and
crystal stability. The data were integrated using the Siemens
SAINT program, with the intensities corrected for Lorentz
factor, polarization, air absorption, and absorption due to
variation in the path length through the detector faceplate
[19]. Absorption corrections were made using the program
SADABS [20]. The structures were solved and refined using
SHELXTL [21]. The hydrogen atoms were refined with geo-

product was an amorphous orange powder. Extensive inter-metrical constraints. Th& values forl are slightly higher
growth between the tiny needles and the impurities makes itthan normal because of the small crystal size. The thermal

extremely difficult to manually separate them. EDX analysis

parameters for atoms of the pyridine guest moleculésaire

gave the Fe content of 19.1% consistent with the calculatedrelatively large because of the fractional occupancy. Crystal-

value of 18.24% from the formula derived from crystal struc-
ture refinements.

2.3. Synthesis of Fe(BDC)(DMF) (2)
Compound2 was similarly synthesized from a mixture

of FeOOH (Aldrich, 0.088 g, 1 mmol), #8DC (Aldrich,
0.170 g, 1 mmol), and DMF (EM Science, 10 ml). The mix-

ture was sealed in a Parr autoclave with a 23 ml Teflon liner

in air, and heated at 18 for 2 d. The autoclave was then
cooled to room temperature in air over4 h. The final
product was filtered and washed with DMF. Orange poly-
hedral crystals o were recovered together with unreacted
FeOOH. The yield was- 15% based on iron. EDX analy-

lographic and refinement details are summarizethiole 1
Refined atomic coordinates are listediables 2—4

3. Resultsand discussion
3.1. Synthesis and characterization

All three new compounds were synthesized in the form
of single crystals suitable for detailed structure studies. De-
spite many variations in the synthesis conditions, however,
all three phases were obtained as minor phases with low
yield. Because of the ease of hydrolysis of Fe(lll) ions, water
was removed from the reactants in order to try to optimize

sis: found Fe 20.2%, calculated: 19.06%. Infrared spectrumthe synthesis of compountl Approaches such as drying

(cm‘l): 540(s), 750(s), 815(m), 886(w), 1017(m), 1113(w),
1152(m), 1386(vs), 1504(s), 1567(vs), 3192(br), 3340(br).

the DMF solvent with molecular sieves, replacing@®j
with metal peroxides and substitution of Fe(jy©9H,O
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Table 1
Crystal data and structure refinement details

1 2 3
Formula G2 299 25FeNy 8505 C1aH11FeNG C10.85H7.85FeNy 6704.25
F.W. 304.21 293.06 271.46
Temperature / K 293(2) 293(2) 293(2)
Space group 12/a Pn2qa P21/n
alA 6.889(2) 19.422(2) 9.234(2)
bIA 11.073(3) 7.3022(5) 17.243(3)
clA 18.280(6) 8.8468(7) 9.978(2)
Bl° 92.6(1) 90 93.9(1)
v IA3 1392.9(7) 1254.7(2) 1584.9(5)
Crystal size / mm 0.10 x 0.02 x 0.02 042 x 0.36x 0.26 016 x 0.12x 0.09
Refl. collected / unique 3661 /1580 7422 /2793 9454 / 3600
Rint 0.1886 0.0439 0.0343
Data / parameters 1580 /96 2793 /152 3600/ 241
Goodness-of-fit 0.941 1.057 1.070
R1/wR2(I > 20 (1)) 0.0856 /0.1456 0.0350/0.1038 0.0440/0.1159
R1/wR2 (all data) 0.2188/0.1852 0.0530/0.1141 0.0572/0.1221

R1=Y||Fol — |Fell/ | Fol, wR2 = [ (w(F2 — F2?)) Y (wF2)21Y/2.

Table 2
Atomic coordinates % 10%) and equivalent isotropic displacement parametefs<(£03) for Fe(OH)(BDC)(py).gs (1)
x y z Ueq

Fe(1) 0 0 0 1%1)
0O(1) 7500 8187) 0 23(2)
0(2) 11037) 126Q55) 712(3) 26(1)
0O(3) —675(7) —10065) 888(3) 27(1)
C(2) 259611) 19468) 18154) 33(2)
C(2) 426211) 21579) 22525) 45(3)
C(3) 265012 134Q7) 10854) 29(2)
C4) 82511 22959) 20855) 46(3)
C(5) 7500 587040) 0 34060)
C(6) 789Q60) 514020 —594(16) 260(20)
C(7) 798Q40) 388020) —535(14) 156(11)
N(1) 7500 324217) 0 14313
Ueqis defined as one third of the trace of the orthogonaliZgdtensor.
Table 3
Atomic coordinates x 104) and equivalent isotropic displacement paramete?s<(ﬁ03) for Fe(BDC)(DMF) @)

x y z Ueq
Fe(1) 5001(1) 4693(6) 4999(1) 18(1)
0(1) 5845(2) 5669(4) 6162(5) 33(1)
0(2) 4179(2) 3721(4) 3757(5) 34(1)
0]())] 4252(2) 5654(4) 6518(5) 34(1)
O(4) 5734(2) 3707(4) 3454(5) 35(1)
0(5) 5047(1) 2160(10) 6400(2) 28(1)
C(1) 6112(1) 7158(12) 6376(3) 24(1)
C(2) 6861(1) 7233(8) 6872(2) 27(1)
C(3) 7204(2) 8881(7) 7100(6) 50(2)
C(4) 7889(2) 8880(8) 7554(6) 45(2)
C(5) 8231(1) 7232(9) 7781(2) 27(1)
C(6) 7888(2) 5583(8) 7553(7) 48(2)
C(7) 7203(2) 5584(7) 7098(7) 45(2)
C(8) 3979(1) 7144(11) 6709(3) 26(1)
C(9) 4760(2) 2187(15) 7670(3) 38(1)
C(10) 5812(2) 2279(16) 9021(5) 82(2)
C(11) 4713(3) 2072(15) 10415(5) 83(2)
N(1) 5065(1) 2267(15) 8958(3) 40(1)

Ueqis defined as one third of the trace of the orthogonalizgdtensor.
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Table 4
Atomic coordinates % 10%) and equivalent isotropic displacement parametefs<(£03) for Fe(BDC)(py).42(DMF)g.25 (3)

x y z Ueq

Fe(1) 87411) 236(1) 10591) 16(1)
Fe(2) 5000 0 0 19(1)
o(1) 109992) 437(1) 7432) 20(1)
0(2) 80952) 1226(1) 56(2) 23(1)
0@3) 133922) 505(1) 1196(2) 25(1)
0(4) 57042) 11071) —4892) 24(1)
o(5) 65712) —39(1) 16972) 20(1)
0o(6) 80253) 657(1) 30472) 27(1)
cQ) 68853) 274(2) 28393) 19(1)
C(2) 58933) 137(2) 39523) 19(1)
c@d) 47914) —410(2) 3801(3) 22(1)
C(4) 61114) 545(2) 51633) 22(1)
c(5) 68953) 14522) —498(3) 19(1)
C(6) 69064) 22122) —12493) 22(1)
c(7) 80514) 27302) —10324) 37(1)
C(8) 808@4) 34122) —17674) 36(1)
c(9) 57614) 24082) —21594) 26(1)
C(10) 121383) 7282) 136Q3) 17(1)
C(11) 69733) 35852) —27293) 20(1)
C(12) 578%4) 3091(2) —28973) 24(1)
N(1P) 91956) —8682) 2156(4) 35(2)
C(1P) 101445) —878(3) 32995) 45(2)
C(2P) 103906) —1566(3) 4007(5) 68(3)
C(3P) 96877) —22423) 3571(6) 70(3)
C(4P) 87387) —2231(3) 24296) 62(2)
C(5P) 84926) —15443) 1721(5) 53(3)
0(1D) 957211) —754(6) 211710) 27(2)
N(1D) 922313) —195Q7) 271512 49(3)
C(1D) 878217) —1401(9) 2031(14) 34(3)
C(2D) 1036@30) —193614) 371020) 78(7)
C(3D) 8445%19) —268610) 242218) 68(5)

Ueqis defined as one third of the trace of the orthogonaliZgdtensor.

by FeOOH, Fed or Fe(SOy)3 did not improve the yield.

Al(ll1) MIL-53 compounds ig. 1). In 1, the iron oxygen

Experiments with various reactant ratios were carried out, octahedron is slightly compressed with an axial Fe—O bond
but no satisfactory high yield synthesis has yet been devel-length of 1.946(5) A and equatorial Fe—O bond lengths of
oped for any of the three new compounds. Nevertheless, the2.031(5)-2.041(5) A. The axial oxygen atoms are shared
compounds can be obtained reproducibly and represent amy neighboring octahedra to form a zigzagOH-Fe—OH—
extension of this interesting class of structures. Fe— .. backbone with a Fe—OH—Fe angle of 124.5(&he

The IR spectrum o exhibits characteristic bands of  equatorial oxygen atoms are shared with the dicarboxylate
BDC at 1567 cm for the antisymmetric stretching Vi-  anjons that cross-link the octahedral chains into a 3D frame-
brations and at 1386 cm for the symmetric ones of the ok The framework may be considered as a laterally ex-

carboxyl groups. Their separation of 181 chis in the panded Re@ structure. Bond valence sums calculated for
usual range for bridging carboxyl grouf2]. The band at the Fe and the axial oxygen atoms are 3.10 and 1.25 v.u.,

1 . . . _
1504 cm is typical for DMF with the oxygen atom coor in agreement with their assignment as Fe(lll) and OH ions,

dinated 02 metal atom. The IR spectrum of compognd respectivelyj23]. The rhomb-shaped channels of the frame-
shows highly complicated features due to the random sub- . - . . -
work are filled by pyridine molecules. Neighboring pyridine

stitution of coordinated DMF for pyridine. The bands in the . .
ranges 1602—1560 and 1406—1364-dmmay be attributed molecules are parallel to each other but have opposite ori-
to the bridging and chelating carboxyl groups. The band at entations. Each pyridine molecule ',S hy'drogen bon.ded to
1506 cn is in the typical range for coordinating DMF. The @ OH group of the octahedral chain with the- D dis-
tance of 2.68(2) A. The N-C axis of the pyridine ring

band at 630 cm! is characteristic for coordinating pyridine ' e

ligands (in-plane ring deformatiof2]. is perpendicular to the octahedral chaifsg( 1(a)). The
angle between the pyridine ring and the octahedral chain

is 73. The orientation of the pyridine ring is probably a

result of a compromise between geometric requirements of

the N - -H-O hydrogen bonds and-r interactions between

neighboring pyridine rings (ring-ring distance: 3.27 A)

3.2. Crystal structureof 1

The 3-dimensional framework df is closely similar to
those of the previously reported V(lll) MIL-47, and Cr(lll),



1100 T.R. Whitfield et al. / Solid State Sciences 7 (2005) 1096-1103

CLO O (/ I

= '

'

'

'

W '
'

'

'

'

'

(@

(b)
Fig. 1. (a) The octahedral chain and the pyridine moleculdsThe dashed lines represent hydrogen bonds. (b) A projection of the strucfuaéooiy [100].

[24]. Crystal structure refinements indicate that the pyridine calculated for the Fe atomis 2.12 v.u., consistent with Fe(ll).
sites are not fully occupied. The refined occupancy corre- The axial oxygen atom is shared by two octahedra and a
sponds to 0.85(2) pyridine molecule per Fe atom. The in- DMF molecule Fig. 2(a)). The planar DMF molecule is per-
complete occupancy may be a consequence of pyridine losgpendicular to the octahedral chalfiq. 2(b)). The Fe—O-Fe

on exposure to atmosphere or it may be due to defects (miss-angle in the octahedral chain @fis 111.5(1y, consider-

ing pyridine molecules) that are needed to match the pyri- ably smaller than the corresponding angle 1245(4)1.

dine lattice repeat to that of the Fe—OH—Fe chain. The Fe--Fe distance ir2 (3.651(1) A), however, is longer
than in1 (3.444(1) A) because of the long axial Fe—O bonds
3.3. Crystal structure of 2 in the former.

A significant difference between the framework2@ind
Compouna has a structure related to that of compodnd 1 is in the opening of the rhombus-shaped channels. The
(Fig. 2. In contrast to the compressed Rextahedra ird, acute angle of the rhombus outlined by the octahedral chains
the iron oxygen octahedra ihare elongated with the axial is a measure of the opening of the channels. This angle is
Fe—O bond lengths of 2.188(6)-2.228(6) A and equatorial 54.4 in 2, compared with 693in 1 because of the larger
bond lengths of 2.062(4)—2.103(4) A. The bond valence sum channel opening in the latteFable Slists the correspond-
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(b)
Fig. 2. (a) The octahedral chainn (b) A projection of the structure &along [010].

ing angles in the Cr(lll) and Al(lll) phases with the MIL-53  octahedral chains. The other atoms of DMF2ifnave van
structureg§15,17] The calcined phases with empty channels der Waals interactions or extremely weak C— hydro-
have the largest channel openings. When the channels argen bond interactions with the framewdgs].

filled by guest species, the channel opening decreases be-

cause of the interactions between the frameworks and the3.4. Crystal structure of 3

guest molecules. In the case of the hydrated phases, hy-

drogen bonds between water molecules inside the channels Compound3 has a new 3-dimensional structuféd. 3).

and oxygen atoms of the framework BDC are responsible There are two different Fe sites. The Fel octahedron has five
for the large change in the channel openings. The channeloxygen atom corners shared with BDC, two of which are
opening of compound is comparable to the Cr(lll) phase chelating and the other three bridging. The sixth corner is
with absorbed DMF guest molecules that are not covalently either a nitrogen atom from a pyridine molecule or an oxy-
bonded to the framework, probably because of the similar gen atom from a DMF molecule. The Fe2 octahedron has six
sizes of the DMF and pyridine guest molecules and sim- oxygen atom corners all shared with BDC and all are bridg-
ilar hydrogen bonds between the guest molecules and theing. The Fe—-O bond lengths are in the range of 2.046(2)—
octahedral chains. The channel opening of compdiml 2.254(2) A and the Fe—N bond length is 2.222(3) A. Bond
between those of and the hydrated phases. The oxygen valence sums calculated for Fel and Fe2 are 1.94 and 2.07
atom of DMF in2 is directly bonded to the Fe atoms of the v.u., respectively, consistent with e Two Fel octahedra
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Table 5

The acute angle of the rhombus-shaped channel sections and guest molecules in different phases with the MIL-53 framework topology
Framework cation Cr(lll]15] Al [17] Fe(lll) Fe(ll)

As synthesized 78°0/ BDC 78.7 1 BDC 69.3 / pyridine 54.2 | DMF
Calcined 83.9/- 83.48 /-

Absorption of DMF 71.83/DMF

Absorption of water 483/ H,0 47.8 | H,0

\

Fig. 3. (a) The octahedral chain3The DMF molecules substituting for pyridine are marked by dashed lines. (b) A projection of the stru&aferaf [100].
The DMF are omitted.

(b)

share a common edge to form a dimer with an inversion cen- DMF molecules Fig. 3). The pyridine/DMF ratio was re-
ter. The dimers are alternatively connected by the Fe2 octa-fined to 0.42/0.25(1) from the single crystal X-ray data.
hedrato form 1-dimensional chairisig. 3a)). Each Fe2 oc-

tahedron shares twoanscorners with two Fel dimers. Each

octahedral chain is cross-linked to six other chains by BDC 4. Conclusions

to form the 3-dimensional structurgiy. 3(b)). The pyridine

molecules are oriented to point into the triangular channels  The Fe(lll) analog 1) of the M(OH)-BDC, M =V, Cr,

of the framework structure, and are partially substituted by Al phases (MIL-47 and MIL-53) has been synthesized in
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single crystal form. As synthesized, the channeld iare Acknowledgements
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