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The role of temperature on the structure and dimensionality of MOFs:
an illustrative study of the formation of manganese oxy-bis(benzoate)

structurest
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Three new manganese oxy-bis(benzoate) compounds, synthe-
sized by increasing the reaction temperature, with increasing
dimensionality and decreasing Mn-Mn distances, indicate a
possible pathway through an entropy driven dehydration route.

One of the emerging trends in the area of metal-organic
frameworks (MOF) appears to be the study of the possible
competition between the thermodynamic and the kinetic factors in
the formation of such structures.' Recent studies indicate that, in
few cases, the thermodynamic considerations outweigh the kinetic
ones. Cheetham and co-workers provided the first insight towards
this aspect during their study on the formation of cobalt succinate
phases,? which showed that denser higher dimensional structures
are formed on increasing the reaction temperature through an
entropy driven dehydration pathway. A similar trend has also
been observed in the formation of nickel diphosphonate,
[Nig(OsP(CH,)PO5),n(H,0) (n = 3, 2, 0)),° and the cobalt
pyridine-3,4-dicarboxylates,  [Co(3,4-pyda)(H,O),]-H,O  and
[C03(OH)2(3,4-pyda)2(HzO)z].4 We, therefore, considered it impor-
tant to investigate the formation of MOF structures, in which
synthesis temperature is the only variable. For this study, we
investigated the formation of manganese 4,4’-oxy bis(benzoate)
(OBA) compounds by varying the reaction temperature.
The compounds, [{Mn(H,0)3}{C;,HsO(COO),}]-H,O, I,
[{Mn(H>0)} {C;,H;O(COO),}], 1L, and [{Mn(OH)},{C;,HsO-
(COO),}], HI, have been prepared as pure phases at three different
temperatures, 100, 160 and 220 °C, respectively.}

The octahedral Mn*? ions in I were coordinated by three water
molecules and three carboxylate oxygens, where the two
carboxylate groups of the OBA anion show both bis-monodentate
and monodentate connectivity with the Mn™ ions. The con-
nectivity between the carboxylate groups and Mn(H,0);0;
octahedra gives rise to one-dimensional wire-like structures, which
are connected by the OBA unit, forming a two-dimensional layer
structure (Fig. 1a).

The square pyramidal Mn* ions in II are coordinated by one
water molecule and four carboxylate oxygen atoms, where the
carboxylate group of the OBA anion has bis-monodentate
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connectivity with the Mn*? ions. The central oxygen atoms
[O(4)] of the OBA anions lie on a two-fold axis. The Mn>" ions are
linked to the carboxylate units, forming 8-membered rings, which
are connected through their corners, forming a one-dimensional
chain. The eight-membered ring [Mn,04C,] lies about an inversion
centre. The chains are bonded with the OBA units, forming the
two-dimensional layer structure (Fig. 1b). The structure of II is
similar to the structures of [M(H,O)(OBA)], M = Zn, Cd,
reported previously.’

The Mn* ions in I are octahedrally coordinated by the
carboxylate oxygens, O(2), O(3) and O(1) (-OH). The two oxygen
atoms of the OBA anion have bis-monodentate [O(3)] and
monodentate [O(2)] connectivity with the Mn™ ions. The central
oxygen atoms [O(4)] of the OBA anions lie on a mirror plane.
Three Mn*? ions are connected by an ~OH [O(1)] group forming a
[Mn3(p3-OH)] triangular unit. Similar units are also known with
Co™ ions.® The overall two-dimensional layer is formed by
the connectivity of the [Mn;(u;-OH)] triangular unit and the
carboxylate oxygens (Fig. 1c). This layer closely resembles the
brucite layer (replacing half the -OH ions from the brucite by
the carboxylate oxygen; see ESIf). The MnOgy octahedra are
connected with five similar MnQOg units, of which three are edge-
shared and two are corner-shared (Fig. 1c). In brucite the
connectivities between the MnQOg octahedra are identical and all
the vertices are -OH groups, resulting in a near perfect hexagon. In
III, however, half the -OH groups are replaced by carboxylate
oxygens, giving rise to differences and distortions in the
connectivity within the layer. The inorganic layers are connected
by the OBA unit to form the three-dimensional structure (Fig. 1d).

The most noticeable aspect of the present structures, I-II1, is the
degree of dehydration. Some of the aqua molecules were either
removed or deprotonated at higher temperatures to give hydroxide
groups, which is the key to the formation of IIl. To understand the
formation of the different phases, the same reaction mixture was
subjected to different temperatures in the range 80-220 °C in steps
of 20 °C for 24 h each. The powder XRD patterns of the products
of these reactions are shown in Fig. 2. As can be noted, at 80 °C,
an unidentified phase is present in addition to I. At all other
temperatures we observed only the phases (pure or a mixture)
discovered in the present study. The formation of a denser 3D
structure at higher temperature also gives rise to higher
coordinating OBA anions with the metal centres (3 in I, 4 in 1II
and 6 in III). Simultaneously, the Mn-Mn distances are also
shortened (4.85 A in I, 4.36 A in I and 3.2 A in II). The isolation
of a highly hydrated pseudo two-dimensional structure at low
temperature and a fully dehydrated metal oxide/hydroxide
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Fig. 1 (a) Structure of I in the ac plane; (b) the two-dimensional
structure of II; (c) view of the two-dimensional layer of IIL; (d) connectivity
between the two layers by OBA units in IIL

structure at higher temperature, clearly show that the formation of
the framework is influenced by classical thermodynamic factors,
such as condensation due to entropy driven dehydration reaction
at higher temperature. Transformation reactions have been studied
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Fig. 2 Powder XRD patterns of the products obtained at different
temperatures: (a) 80 (I and unknown phase); (b) 100 (pure I); (c) 120 (I and
1I); (d) 140 (I and II); (e) 160 (pure II); (f) 180 (II and III); (g) 200 (II and
1II); (h) 220 (pure III) in °C.

extensively by modifying reaction conditions,” but to our knowl-
edge this is the first attempt in MOFs of aromatic carboxylates
where the temperature effects have been investigated and
correlated with the structure.

We sought to investigate the transformations between the three
phases, independently, by carrying out reactions in the solid state
as well as employing solution routes (hydrothermal). The studies
show that I transforms completely to II, when heated in the
presence of water at 160 °C in an autoclave. I transforms to a
partially crystalline phase that appears to be related to Il in 8§ h,
and becomes poorly crystalline with no resemblance to Il after 24 h
when heated directly at 160 °C in air in the solid state (see ESIT).
Similar reactions at 220 °C with II did not produce III, in either of
the reaction conditions (see ESIt). It is likely that the transforma-
tion of I to II goes through the solution-mediated route via a
simple dehydration process, while both the dehydration and the
deprotonation processes are required to form IIIL.

The presence of a classical spin ion (Mn™2, S = 5/2) in I-III
prompted us to investigate the magnetic behavior in the
temperature range 2-300 K using a SQUID magnetometer.
Both the compounds I and II show simple antiferromagnetic
behavior (see ESIT).

Due to the presence of Mn-O-Mn bonds and much smaller
Mn-Mn distances, the magnetic behavior of III is expected to
show considerable difference compared to I and II (Fig. 3a). As
can be noted, the y\; value increases steadily upon cooling to reach
a maximum at 7 ~ 40 K, indicative of the onset of long-range
magnetic ordering. The yy; value decreases upon cooling further
up to 8 K, beyond which it again increases. The 1/yy; vs. T curve is
shown as the inset of Fig. 3a. The high temperature magnetic
susceptibility data (100-300 K) fitted to the Curie—Weiss behavior
with C = 4.37 emu mol ™! and 6p = —66.7 K, indicates that the
dominant exchanges were similar to I and II, antiferromagnetic.
The large Weiss constant, along with the high ordering

4472 | Chem. Commun., 2007, 4471-4473

This journal is © The Royal Society of Chemistry 2007



—~m— 5000 Oe
—&—1000 Oe
—A— 500 Oe
—e—100 e
204 —*—50 O¢

0.036

0.025 -

%, lemu/mol)
%, T (emu mol K
3

0.020 4

0.015 |

0.010

. @ L
0 g0 100 160 20 280 0 o 20
Temperature (K)

0 0 ) 100
Temperature (K)

Fig. 3 (a) The thermal variation of the molar susceptibility (yn) for III
under FC and ZFC conditions (H = 1000 Oe). Inset shows the thermal
variation of the inverse molar susceptibility (1/yy) (ZFC); (b) temperature
dependence of the field-cooled 7 at various magnetic fields for III.

temperature, indicates that there is a good overlap between the
metal and the oxygen orbitals, leading to strengthened super-
exchange interactions. The field-cooled y\7 vs. T curve at different
applied dc fields clearly shows the onset of spontaneous
magnetization below 42 K, along with an increase in yy7 values
as the applied field decreases, indicating a canted antiferromagnetic
behavior (Fig. 3b). The difference between the field cooled (FC)
and the zero-field-cooled (ZFC) susceptibility values at low
temperature indicates that there exists a ferromagnet-like correla-
tion.® The abrupt jump of yyT below 42 K and the divergence
between the ZFC and FC curves at 7 ~ 40 K suggests a long
range ordering in Il with a 7 around 42 K.° AC magnetic
susceptibility studies also confirm this observation (see ESIT).

In conclusion, the present study demonstrates the importance of
entropic considerations in the formation of MOF compounds. The
formation of a fully dehydrated brucite-related structure at higher
temperature is noteworthy. Since the reaction temperature has a
profound effect on the product phases, other variables such as the
reaction time, the pH etc., are also likely to show interesting
effects, and we are currently pursuing work on this theme.
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Notes and references

1 A mixture of Mn(OAc),"4H,O (0.245 g, | mM), 4,4"-oxy bis(benzoic
acid) (0.21 g, 1 mM), imidazole (0.068 g, 1 mM) and NaOH (0.08 g, 2 mM)
were dissolved in 8 ml of water and heated at different temperature

(80-220 °C) for 24 h under autogeneous pressure. Pure phases of the
compounds (I, II and III) were obtained at 100, 160 and 220 °C,
respectively. Pale brown colored block-like crystals of I, colorless
rectangular crystals of II and colorless plate-like crystals of III, were
obtained in high yield (70-80%y). The compounds were characterized by IR,
TGA and EPR spectroscopic studies. The structures were determined using
a Bruker AXS smart Apex CCD diffractometer at 293(2) K. The structures
were solved and refined using SHELXL97 present in the WinGx suite of
programs (version 1.63.04a).'” Restraints for the bond distances were used
during the refinement to keep the hydrogen atoms bonded with the water
molecules/hydroxyl groups. Crystal data for I: [{Mn(H,O)3}-
{C,HsO(COO),}]'-H,O, M = 383.19, monoclinic, space group
P2i/e (no. 14), a = 16.902(6), b = 10.506(4), ¢ = 9.062(3) A,
B = 945245, V = 1604209) A® Z = 4, poy = 1.578 g cm >,
u(Moy,) = 0.868 mm ™', 13544 reflections, 3760 unique (R = 0.0277),
3302 observed I > 2a(I), Ry = 0.0511, wR, = 0.1180 and GOF = 1.032 for
242 parameters. For II: [{Mn(H,0)}{C,HgO(COO),}], M = 329.16,
monoclinic, space group P2/c¢ (no. 13), a = 14.399(3), b = 6.3226(15),
¢ = 7.3555(18) A, B = 102.867(4)°, V = 657.033) A}, Z = 2,
peal = 1.664 g cm 3, u(Moy,) = 1.030 mm ', 5530 reflections, 1558
unique (R, = 0.0345), 1269 observed I > 2a(1), R; = 0.0524, wR, = 0.0868
and GOF = 1.068 for 101 parameters. For IIL: [{Mn(OH)},{C;,HgO-
(COO),}], M = 400.1, orthorhombic, space group Pnca (non-standard
setting, no. 60), a = 29.1358), b = 7461Q2), ¢ = 6.1111(17) A,
V= 13284(6) A>, Z = 4, pey = 2.001 g cm 3, u(Moy,) = 1.938 mm ™!,
10371 reflections, 1582 unique (R, = 0.0687), 1227 observed I > 2a(1),
R, = 0.0892, wR, = 0.1321 and GOF = 1.224 for 109 parameters. CCDC:
648374, 648375 and 637649 for I, II and III. For crystallographic data in
CIF format see DOI: 10.1039/b708060c
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