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ABSTRACT: A multifunctional porous metal organic framework based on
mixed-valence hexa-nuclear [Mn",Mn",0,(pyz),(C¢H;CH,COO),,] (pyz =
pyrazine) units has been synthesized. The complex has been characterized by
elemental analysis, IR spectroscopy, single-crystal X-ray diffraction analysis, and
variable-temperature magnetic measurements. The structural analysis reveals
that the bidentate pyz molecules connect each [Mng] unit to its four [Mng]
neighbors through the peripheral Mn(II) centers, giving rise to a three-
dimensional (3D) distorted diamond-like porous framework. Variable-temper-
ature (2—300 K) magnetic susceptibility measurements show the presence of
dominant antiferromagnetic interactions within the discrete [Mng] cluster that
have been fitted with a model containing three exchange constants developed
for the complex (J; = —8.6 cm™, J, = —3.9 cm ™', and J; = —100.0 cm™"). Using
3,5-di-tert-butyl catechol (3,5-DTBC) as the substrate, catecholase activity of
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the complex has been studied; the turn over number is determined to be of 2547 h™" in acetonitrile. This porous compound
shows remarkable selectivity for adsorption of CO, over N, that may be correlated with the effect of window flexibility of the

pore to the corresponding adsorbate molecules.

B INTRODUCTION

Current interest in the development of multifunctional
materials is rapidly expanding because of their intriguing
properties and their potential applications in various fields, for
example, catalysis, adsorption, storage, magnetism, molecular
recognition, fluorescence, nonlinear optics, and sensors.! The
molecular materials which are synthesized aiming primarily to
study one property can be made multifunctional by judicious
choice of metal ions and ligands. For example, by connecting
polynuclear metal clusters with suitable linkers, it is possible to
prepare materials showing gas adsorption, fluorescence, or
catalytic activity besides magnetism.” The construction of
magnetic metal—organic frameworks (MOFs) based on
metallic cluster building blocks is still a major challenge mainly
because of two interrelated aspects: (i) it is difficult to find
appropriate polymeric magnetic building blocks able to act as
node and stable enough to resist decomposition during the
polymerization reaction, and (ii) the linkers between the
building blocks should be capable of retaining and/or
transmitting the inherent properties of the metallic cluster to
the extended system and should also be inactive enough to
avoid the decomposition of the metallic cluster core into
monomeric complexes.’
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Manganese-based coordination compounds have received
considerable attention in recent years not only for their
remarkable magnetic properties that have led to the develop-
ment of a new class of compounds called single-molecule
magnets (SMMs),* but also for their rich biochemistry® and
catalytic activity.® In this regard, the hexanuclear carboxylate
clusters of the type [Mn4O,(RCO,),(L,] deserve special
mention for their magnetic properties at very low temperatures
that has given rise to a specific family of single-molecule
magnets (SMMs).” More recently, attention has been paid to
the use of this type of clusters as tectonic fragments for the
synthesis of polymeric materials, since these clusters may
introduce their inherent physical properties into the polymeric
networks.® The extraordinary stability of the mixed valence
[MngO,] core makes them very promising as building blocks
for the preparation of such polymeric materials.

Our study has focused on the possibility of networking this
class of particularly stable [Mn,] coordination clusters, that is,
hexanuclear manganese carboxylate clusters of formula
[MnO,(0O,CR);oL,] (L = neutral monodentate ligand), in
which L can be completely or partially replaced by different
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bridging ligands to construct polymeric frameworks based on
the [Mng] core with a connectivity up to four where the [Mng]
cluster remains intact. Although the structure of the
[MngO,(RCOO),,] cluster is quite common,” very few of
them are further linked to produce polymeric structures.
Replacement of the neutral capping ligand, L, by an
exobidentate linker mainly produces one-dimensional (1D)
structures (both linear and zigzag chains),*'® although one
dumbbell shaped dimer'® and one three-dimensional (3D)
hexagonal-like motif'® have also been reported.

Herein, we report the synthesis, X-ray single crystal structure
analysis and variable temperature magnetic study of a [Mng]
based unique 3D diamond-like porous complex
[Mn'",Mn",0,(pyz),(CeH;CH,COO) o], where pyz = pyr-
azine. The compound also exhibits appreciably high catecholase
activity. Although, manganese coordination compounds are a
potential source of homogeneous catalysts (because of their low
cost and toxici'cy),11 it is quite surprising that catalytic activity of
[Mng] based clusters are still not investigated. Moreover, short
and rigid pyz linker and bulky, flexible phenyl acetate anion
create a 3D porous framework that introduces molecular
sieving properties to the compound as demonstrated by its
selective CO, adsorption. To the best of our knowledge, this is
the first time that these properties (catalytic activity and
selective gas adsorption) are observed in a MOF based on a
magnetic cluster.

B EXPERIMENTAL SECTION

Starting Materials. The metal carboxylate salt, that is, Mn-
(C¢HsCH,COO0),-H,0 was synthesized by adding manganese
carbonate (60 mg) to a solution of phenyl acetic acid (136.15 mg)
in 30 mL of water with constant stirring with a glass-rod until
effervescence was stopped. Then the solution was filtered, and the
clear filtrate was kept over a water bath until a solid started to separate.
The solution was then cooled to room temperature, and the solid was
filtered through suction and dried in vacuum. All other chemicals are
commercial and were of reagent grade and used as received, without
further purification.

Synthesis of [Mn",Mn",0,(pyz),(CsHsCH,COO);4l,. An ethanolic
(10 mL) solution of pyz (0.160 g, 2 mmol) was added to a solution of
Mn(C¢H;CH,COO),-H,0 (0.343 ¢, 1 mmol) in S mL of ethanol.
The resulting mixture was put under reflux for about 2 h, cooled, and
filtered. The resulting clear filtrate gave a pale yellow solid after
standing for 1-2 days at room temperature. The yellow solid was
dissolved in CH;CN and filtered. The colorless filtrate gradually
turned to brown, and brown plate-like single-crystals suitable for X-ray
diffraction were obtained by slow evaporation of the mother liquor
after several days.

Complex 1: Yield: 0.227 g; 73%. Anal. Calcd. for CggH,sMngN,O,,
(1873.18): C, 56.42; H, 4.20; N, 2.99 Found: C, 56.40; H, 4.17; N,
2.97. IR (KBr pellet, cm™): 1599 v,,(COO), 1395 v,(COO).

Physical Measurements. Elemental analyses (carbon, hydrogen,
and nitrogen) were performed using a Perkin-Elmer 240C elemental
analyzer. IR spectra in KBr (4500—500 cm™') were recorded using a
Perkin-Elmer RXI FT-IR spectrophotometer. The electronic absorp-
tion spectra (1000—200 nm) of the complex were recorded in CH;CN
with a Hitachi U-3501 spectrophotometer. Magnetic susceptibility
measurements were carried out in the temperature range 2—300 K
with an applied magnetic field of 0.1 T on a polycrystalline sample of
compound 1 (mass = 39.24 mg) with a Quantum Design MPMS-XL-S
SQUID susceptometer. The isothermal magnetization was performed
on the same sample at 2 K with magnetic fields up to S T. The
susceptibility data were corrected for the sample holders previously
measured using the same conditions and for the diamagnetic
contributions of the salt as deduced by using Pascals' constant tables
(raa = —876.54 x 107 emumol™)."”” The adsorption isotherm of
CO, (195 K) and N, (77 K) were measured by using a Quantachrome

Quadrasorb-SI adsorption instrument. In the sample chamber (~17.5
mL) maintained at T + 0.03 K was placed the adsorbent sample
(~100—150 mg), prepared at 373 K under a 10~" Pa vacuum for about
12 h prior to measurement of the isotherms. Helium gas at a certain
pressure was introduced in the gas chamber and allowed to diffuse into
the sample chamber by opening the valve. The change in pressure
allowed an accurate determination of the volume of the total gas phase.
The amount of gas adsorbed was calculated readily from pressure
difference (P — P.), where P, is the calculated pressure with no
guest adsorption and P, is the observed equilibrium pressure. All
operations were computer-controlled and automatic.

Crystallographic Data Collection and Refinement. A single
crystal of the complex was mounted on a Bruker SMART
diffractometer equipped with a graphite monochromator and Mo—
Ka (A = 0.71073 A) radiation. The crystal was positioned at 60 mm
from the CCD. 360 frames were measured with a counting time of 10
s. The structures were solved using the Patterson method by using the
SHELXS97. Subsequent difference Fourier synthesis and least-squares
refinement revealed the positions of the remaining non hydrogen
atoms. Non-hydrogen atoms were refined with independent
anisotropic displacement parameters. Hydrogen atoms were placed
in idealized positions, and their displacement parameters were fixed to
be 1.2 times larger than those of the attached non-hydrogen atom.
Successful convergence was indicated by the maximum shift/error of
0.001 for the last cycle of the least-squares refinement. In the complex,
two CH,—CgH; rings with unreasonable thermal parameters were
refined as disordered each with two sets of sites. Atoms in these sets
were refined isotropically with population parameters refining to
0.52(2), 0.57(1), respectively. Absorption corrections were carried out
using the SADABS program."® All calculations were carried out using
SHELXS 97,'* SHELXL 97, PLATON 99,'¢ ORTEP-32,"” and
WinGX systemVer-1.64."® Data collection and structure refinement
parameters and crystallographic data for the complex are given in the
Supporting Information, Table ST1.

B RESULTS AND DISCUSSION

Synthesis. The reaction between Mn-
(C¢H;CH,COO0),'H,0 and pyz in C,H;OH gave a yellow
amorphous complex [Mnn(pyz)(CéHSCHZCOO)Z] as con-
firmed by elemental analysis. This compound was dissolved in
acetonitrile and stirred for about 2 h, resulting in a color change
from pale yellow to brown. On keeping the solution at ambient
conditions for several days, brown single crystals of compound
1 started to separate (Scheme 1). These crystals were
crystallographically identified as a mixed-valence 3D polymer
containing four Mn(II) and two Mn(IIl) ions in the basic
hexanuclear unit. The starting manganese source contains only
Mn(Il) ions and thus it is clear that the Mn(IIl) ions are
formed by aerial oxidation, as indicated by the color change

Scheme 1. Formation of the Complex 1

Mn(C;sHsCH;C00), H;0
+ Yellow — g
— C3HsOH/ Reflux SOMPIeX  CH,CN

= pyz and o = mixed valent hexanuclear entity
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from pale yellow to brown during stirring. The solvent plays a
prominent role in the synthesis of the compound. To get
compound 1, the yellow compound must be dissolved in
acetonitrile; if the same process is carried out in ethanol, in
methanol, or in dichloromethane, the starting amorphous
yellow compound precipitates again. In fact, for the preparation
of complexes with the [Mn",Mn™,0,]'®* core by aerial
oxidation, acetonitrile is the most commonly used solvent,“!%®
although pyridine, dichloromethane, and ethanol have also
been used in some cases.'”" ™

Description of Structure of Complex 1. The single-
crystal X-ray structural analysis shows that complex 1
crystallizes in the monoclinic space group C2/c with the
[Mng] core located on a 2-fold axis, which passes through Mn1
and Mn2 along the crystallographic b axis, and hence the
asymmetric unit contains only half of the cluster. A view of the
structure of the [Mng] cluster with the atom labeling scheme is
shown in Figures 1 and 2. Selected bond lengths and angles of
complex 1 are summarized in the Supporting Information,
Table ST2.

Figure 1. Central [Mng] cluster in complex 1 with ellipsoids at 50%
probability (symmetry code * = —x, y, 1/2 — z). All hydrogen atoms
and phenyl rings have been omitted for clarity.

The central core contains six manganese centers with an
octahedral environment, two Mn(III) (Mnl and Mn2) and
four Mn(II) ions (Mn3, Mn4, Mn3*, and Mn4* where * = —x,
9, 1/2 — z). The metal atoms are located in the vertex of two
Mn",-Mn'", tetrahedra sharing their Mn(III)~Mn(III) edge
with a p1, oxygen atom (O1) in the center of each tetrahedron,
giving rise to a [Mn",M",0,] unit (Figure 2a).

The octahedral coordination of each Mn(II) ion is of the
type MnO;N, with four O atoms from four carboxylate groups,
one O from the central y,-O1 bridge, and a N from a pyz

(connecting each [Mng] cluster with its four neighbors). The
two central Mn(IIl) ions (Mnl and Mn2) present elongated
octahedral environments. In Mn1 the equatorial plane involves
two p-O atoms, O51 and O51* at 1.956(5) A and two u,-O
atoms, O1 and O1* at 1.886(4) A. The axial positions are
occupied by two p-O atoms O41 and O41* from two
symmetry-related p;-bridging carboxylate ligands with a bond
length of 2.286(3) A. In Mn2 the equatorial plane is formed by
two u-O atoms, O61 and O61%, at 1.968(5) A and two u,-O
atoms, O1 and O1%, at 1.902(4) A. As observed in Mnl, the
axial positions in Mn2 are occupied by two x-O atoms, O71
and O71%, from two u;-O bridging phenylacetate ligands at
2.227(4) A. The axial bonds are significantly longer than the
equatorial bonds as expected for Jahn—Teller distortion of Mn
ions in +3 oxidation state. The Mn1—Mn2 distance is equal to
2.819(2) A. The bond angles and lengths are very close to
those of other reported similar complexes.'”'**** The average
bond lengths around Mnl (2.042 A) and Mn2 (2.032 A)
clearly indicate that the oxidation state of these two ions is
higher than the oxidation state of Mn3 and Mn4, where the
average bond lengths are significantly longer: 2.213 A and 2.193
A, respectively. Since the total anionic charge per [Mng] cluster
is —10, the only possible charge distribution, in agreement with
the bond lengths, implies that Mnl and Mn2 are Mn(III)
whereas Mn3 and Mn4 are Mn(Il), giving a total charge of +10
(there are two Mn3, two Mn4, one Mnl and one Mn2 per
[Mng] cluster).

There are five independent carboxylate groups (centered at
C32, C42, C52, C62, and C72). These carboxylates connect all
the Mn ions acting as syn-syn and also as syn-anti kO:xO'". Thus
the C32-carboxylate bridges Mn3—Mn4 in a syn-syn fashion,
C42-carboxylate connects Mn1—Mn#4 in a syn-syn mode and
Mn3—Mn#4 in syn-anti, C52-carboxylate connects Mn1—Mn3 in
syn-syn, C62-carboxylate connects Mn2—Mn4 in syn-syn and
finally, C72-carboxylate bridges Mnl—Mn3 in syn-syn and
Mn3—Mn4 in syn-anti (Figure 1).

The pyz molecules act as kN:kN’ bridging ligands connecting
each [Mng] cluster with its four neighbors through the
peripheral Mn(II) ions. Thus, each pyz bridge connects two
Mn#4 atoms of neighboring clusters along the ¢ axis or two Mn3
atoms (also of neighboring clusters) along the a axis, creating a
3D distorted porous diamond-like framework that can be
described as a (6,4) net (Figure 3). The complex has potential
guest accessible void volume of 81.7 A* (1.0%) per unit cell
volume.

Early preparations of diamond-like nets were usually made
with metal ions that adopt a strictly tetrahedral geometry.*'

a

Figure 2. (a) Central [Mn4O,] core showing the two edge-sharing tetrahedra with O1 in the center. (b) The coordination environment of the six

Mn ions in the central [Mn] core.
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Figure 3. (a) View of the diamond structure and (b) view of an equivalent fragment in the distorted diamond-like topology in compound 1 (C
atoms are now replaced by [MnO,] clusters and the C—C bonds by pyz linkers). Hydrogen atoms and phenylacetate groups have been omitted for

clarity.

More recent work has been exploring two other possibilities:
(1) the use of metal clusters that take an overall tetrahedral
geometry”> and (2) the use of metal ions with higher
coordination numbers that, by blocking some positions, may
adopt a pseudotetrahedral coordination geometry, allowing
them to act as four-connectors,™ in a similar manner to that
displayed by 1 (Figure 3). In a regular tetrahedron, all the
tetrahedral angles are 109.47°, but in this framework the angles
between the pyz linkers [117.40(19)° and 74.12(16)°] deviate
significantly from the regular tetrahedron.

Compound 1 does not present important z-stacking
interactions between the aromatic rings. However, the complex
is further stabilized by one C—H--z(phenyl) interaction
between the neighboring [Mng] cores as shown in Supporting
Information, Figure S2. The distance between H67 and the
centroid of the phenyl ring of an adjacent core is 2.81 A and the
C67—H67---Cg angle is 142° (Cg = centroid of the phenyl
ring).

As we mentioned earlier, although the [MnsO,(RCOO)]
cluster is quite common, polymeric frameworks based on
[Mng] cores are relatively scarce. In fact, only eight such species
have been reported so far.*'® Three of them are formed by the
complex [MngO,Piv,o(Thf),] (Piv = trimethylacetate anion
and Thf = tetrahydrofuran) with the linker 2,4,4,5,5-
pentamethyl-4,5-dihydro-1H-imidazolyl-3-oxide-1-oxyl that
yield three different cluster-based coordination polymers
when the Thf solvent molecules are partially or completely
replaced by the linker, depending on the solvent used in the
reaction. Thus, in ethyl acetate the cluster generates nanosized
dumbbell-like molecules; in CH,Cl, it forms a 1D chain
polymer and in heptane or CCl, a 3D hexagonal motif is
obtained.'® Other three examples were prepared by Kogerler
et al. who used pyrazine, nicotinamide, or 1,2-bis(4-pyridyl)-
ethane linkers to bridge [MngO,(O,CR);,] units in 1D
coordination polymers and explored the effect of the flexibility
of the spacer on the resulting molecular architechture.® The
seventh compound was prepared by Chen et al. with a
hexanuclear, mixed-valence [Mn¢O,(0,CEt);o(H,0),] cluster
which after solvothermal treatment self-assembled with
propionato bridges to give a zigzag-like 1D chain polymer.®
Finally, Yamashita et al. synthesized a zigzag 1D polymeric
chain of molecular formula [MngO,(t-BuCO,),,(t-Bu-
CO,H),(bpy)] from [Mn4O,(tBuCO,),,(+-BuCO,H),] by
replacing the +-BuCO,H group with 4,4"bipyridine.** In the
present work, we present a pyrazine bridged 3D coordination
polymer, [Mn",Mn",0,(pyz),(C¢H;CH,COO),],, that has a
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microporous diamond-like topology that has never been
observed in this class of MOFs.

Catecholase Activity Study and Kinetics. Catechol
oxidase catalyzes exclusively the oxidation of catechols (i.e., o-
diphenols) to the corresponding quinones, and this process is
known as catecholase activity (Scheme 2) and for this ability

Scheme 2. Catecholase Activity

OH (0]

Catechol oxidase / 0,

OH o]

catechol oxidase may take a key role as disease resistant in
higher plants. Quinones are highly reactive compounds which
undergo auto polymerization to produce melanin, a brown
colored pigment, and this process is most likely responsible for
protecting damaged tissues against pathogens and insects.

In most of the catecholase activity studies of model
complexes 3,5-di-tert-butylcatechol (3,5-DTBC) has been
chosen as the substrate. Its low redox potential makes it easy
to oxidize, and the bulky substituents prevent further reactions
such as ring-opening.”* The oxidation product 3,5-di-tert-
butylquinone (3,5-DTBQ) is very much stable and exhibits a
maximum absorption at 403 nm in pure acetonitrile. Prior to a
detailed kinetic study, it is necessary to check the ability of the
complex to oxidize 3,5-DTBC. For this purpose, (1.66 X 107°)
M solution of complex 1 was treated with 100 equiv of 3,5-
DTBC under aerobic condition in acetonitrile solution because
of the good solubility of the complex, the substrate, and the
final product in this solvent. After addition of 3,5-DTBC, the
increase of the absorption at ~400 nm, which is indicative of an
oxidation from 3,5-DTBC to the corresponding quinone (3,5-
DTBQ), indicates a considerable catecholase activity (Figure
4).

We may rationalize our observation in the following way.
The oxidation of 3,5-DTBC to 3,5-DTBQ_catalyzed by the
complex, proceeds via the formation of a catalyst-substrate
(CS) adduct whose A, is close to that of the complex itself.
After a few minutes the adduct slowly converts to the
quinone™ as observed in Figure 4. A control experiment has
been carried out using manganese(II) phenylacetate instead of
complex 1 under analogous conditions to study the possible
catalytic activity of a simple Mn salt in the oxidation of 3,5-
DTBC to 3,5-DTBQ. Within 1 h of reaction no appreciable
amounts of 3,5-DTBQ were noticed by UV—vis spectroscopy.
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Figure 4. Increase of absorption spectra after addition of 100 equiv of
3,5-DTBC to a solution containing complex 1 (1.66 X 107 M) in
acetonitrile. The spectra were recorded after every S min up to 1 h in
CH,CN.

Kinetic Study. The kinetic study of the oxidation of 3,5-
DTBC to 3,5-DTBQ by complex 1 was carried out by
monitoring the growth of the absorbance at 400 nm by the
initial rates method. To determine the dependence of the rates
on the substrate concentration and various kinetic parameters,
solutions of complex 1 were prepared with increasing
concentrations of 3,5-DTBC (from 10 to 100 equiv) under
aerobic conditions at a complex concentration of (1.66 X 1076)
M. A first-order dependence was observed at low concen-
trations of the substrate, whereas saturation kinetics was found
at higher concentrations of the substrate, as shown in Figure S.

0.00006 ]

0.00005 - S

\

Rate(M min™)
P FE

0.00001 - / e~ e e~

{ 1] )

0.00000 T - T T T
00000 0.0002 0.0004 0.0006 00008 0.0010

[Substrate] (M)

Figure S. Plot of initial rates vs substrate concentration for the
oxidation reaction catalyzed by complex 1. Inset shows the
Lineweaver—Burk plot.

The dependence on the substrate concentration indicates
that a catalyst-substrate binding is the initial step in the catalytic
mechanism. A treatment on the basis of Michaelis—Menten
approach, originally developed for enzyme kinetics, was
therefore applied and linearized by means of Lineweaver—
Burk plot (double reciprocal) to calculate various kinetic
parameters such as Michaelis—Menten constant (Ky = 1.745 X
107™* (Std. error = 3213 X 107°) M for complex 1) and
=7.076 x 10~° (Std. error 2.703 X
107%) M min~" for complex 1).** The turnover number of the

maximum initial rate (V.

complex (kg = 2.547 X 10* h™") is calculated by dividing the
Vinax Value by the complex concentration.

The oxidation process of 3,5-DTBC to 3,5-DTBQ_involves
two electrons. Literature survey reveals that higher valent metal
centers (e.g, Cu", Mn"" and Mn'Y)?%?7 are usually involved in
catechol oxidation; the reports on catecholase activities of
manganese(IT) complexes are relatively rare.”® The manganese
centers are in +2 and +3 oxidation states in the present
complex. Therefore, it is reasonable to consider that in the
catalytic cycle Mn(III) undergoes reduction to Mn(II) with
concomitant oxidation of 3,5-DTBC to 3,5-DTBQ_in the
presence of molecular oxygen. Turnover number of the
complex (2547 h™") is higher than those of Krebs et al. and
Rajak et al.”*>*° and comparable to those reported by Vittal et
al’! and Das et al.*>**

Selective CO, Adsorption. Since the invention of
synthetic-zeolites in the 1940s, with the appearance of various
adsorbents and the progress of adsorption-based separation
techniques, adsorption has become a key gas separation device
in industry.*” Presence of magnetic property and porosity is not
a common phenomena in MOFs as magnetic interactions are
good within short-range while porosity requires long linkers.
But use of [Mng] core based node allows the short-range
interactions, and connecting these nodes by some other linkers
can also generate porosity. MOFs are attractive because of their
modular nature of porosity and are also very useful for selective
gas adsorption. This can be attained by using short bridging
ligands and increasing the bulkiness of the ligands which
constrict the apertures of porous MOFs. In complex 1 the
metal coordinated bulky ligand, phenylacetate, and the short
bridging ligand pyz satisfy these criteria. To examine the
influence of size and polarity of the different adsorbates, we
have studied the adsorption properties of the framework of
compound 1 with different gases (N, and CO,). The sorption
isotherm of N, shows no uptake for N, (kinetic diameter, 3.64
A)>® at 77 K. This is expected as the as-synthesized compound
does not contain any accessible channel. But to our surprise at
195 K it adsorbs CO, (kinetic diameter, 3.3 A) gas and at ~1
atm pressure it adsorbs up to 7 wt % of CO, (Figure 6).

The calculated Langmuir surface area is 175 m*/g, a value
that is not possible as long as the structure remains rigid. As

40
——CO, ads o-0-2%°
00" "g®
—0—CO, des 0-0~° o
—8—N, ads olofo' o’
304 o - 5
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w2l /S g
- (=] g
E -
<
101
-0-0:G;0¢-900
I o 0-0-0-0-0-00 0y 02
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Figure 6. Adsorption—desorption profile for compound 1. CO, at 195
K N, at 77 K.
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from the structure it is evident that the pore size is small
(potential guest accessible void volume of 81.7 A* (1.0%) per
unit cell volume), and it is decorated with the phenyl groups
from the phenylcetate. The phenyl groups which are linked
with the flexible —CH, group through a single bond, would
reorient according to the interactions with the incoming guest
molecules to make a passage for the accommodation in the
pore. In fact, this reorientation allows an effective interaction of
the CO, molecule (that has a high quadrupole moment of —1.4
X 107% C m?) with the aromatic electron cloud of the phenyl
rings. The interaction of the CO, molecules with the pore
surfaces has been further supported by the hysteretic
adsorption behavior with CO,. Therefore, the flexible pore
structure together with the smaller kinetic diameter of CO,
seem to be the driving forces which finally create an open
structure with a small channel along the b direction (Figure 7).

Figure 7. View along the b direction of the possible reorientation of
the benzyl groups.

Accordingly, we observe a type-I isotherm for CO, adsorption.
While the absence of a quadrupole moment and the larger
kinetic diameter of N, are the main reasons that explain the lack
of N, adsorption and, therefore, the high selectivity toward
CO,,** a distinct hysteresis in adsorption—desorption isotherm
suggests a stronger interaction of CO, with the pore surfaces
which is also reflected in a considerably high isosteric heat of
adsorption gy, (~ 29 kJ] mol™') as calculated from the
Dubinin—Radushkevich (DR) equation.*®

Magnetic Properties. The thermal variation of the product
of the molar magnetic susceptibility per [Mn¢] cluster, times
the temperature (y,,T) of compound 1 shows a room
temperature value of about 19.2 emu K mol ™', which is lower
than the expected value (23.5 emu K mol™) for four Mn(II) (S
=5/2) and two Mn(III) (S = 2) isolated ions (Figure 8). When
the temperature is lowered, the y, T product shows a
progressive decrease down to about 50 K and a more abrupt
decrease at lower temperatures to reach a value of about 0.5
emu K mol™" at 2 K. This behavior suggests the presence of
predominant antiferromagnetic exchange interactions inside the
[Mng] cluster which are already operative at high temperatures,
as indicated by the low y, T value observed at room
temperature. A confirmation of this behavior is provided by
the plot of the thermal variation of y,, that shows a maximum at
about 20 K (inset in Figure 8).

Although the structure of this compound shows that the
[Mng] clusters are connected through pyrazine bridges with
four other clusters in a diamond-like 3d arrangement, we can
neglect the magnetic coupling through these bridges since the
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Figure 8. Thermal variation of the y,, T product per [Mny] cluster for
compound 1. Inset shows the thermal variation of the magnetic
susceptibility, y,,. Blue, red, and green lines are the best fits to the 2JA,
2JB, and 3] models, respectively (see text).

shortest Mn—Mn distance through these pyrazine bridges is
about 7.5 A. Therefore, we can assume that the magnetic
properties in this compound correspond to those of the isolated
[Mng] clusters. A close inspection of these clusters (Figure 9)
shows the presence of four different manganese centers (Mnl—
Mn4) which are connected in a rectangular array through either
double or single oxido bridges plus additional carboxylato
bridges connecting all the possible pairs of Mn ions except the
central Mn1—Mn2 one (Figure 9).

Although the total number of different magnetic exchange
pathways is six (Mn1—Mn2, Mn1—Mn3, Mnl—Mn4, Mn2—
Mn3, Mn2—Mn4, and Mn3—Mn4), to fit the magnetic data
with a smaller number of parameters, we have assumed in a first
approach that all the double oxido plus carboxylato bridges are
equivalent (Mn1—Mn2 = Mnl—Mn3 = Mn2—Mn4 = J,) as
well as all the single oxido plus carboxylato ones (Mnl—Mn4 =
Mn2—Mn3 = Mn3—Mn#4 = ). Furthermore, in this simplified
model we assume that the central double oxido Mnl—Mn2
bridge is similar to ], even if there is no additional carboxylato
bridge. (ie, J; = J, in the scheme in Figure 9b). Finally,
although the two central Mn ions (Mn1 and Mn2) are Mn(III)
and the four peripheral Mn ions (two Mn3 and two Mn4) are
Mn(II), we assume that both ions have the same g value. This
simplified model (2JA) is able to reproduce the general shape
of the y,,T and y,, plots of compound 1 with the following
parameters: g = 2.35(2), J; = —66.4 cm™’, and ], = —35.8 cm™!
(R = 8.0 x 107*) (blue line in Figure 8, the Hamiltonian is
written as H = —JS;S,, ). Albeit, this model does not reproduce
satisfactorily the y,, T plot at high temperatures and gives a very
high g value.

A close inspection at the Mn—O bond lengths in the oxido
bridges shows that the double oxido bridge (O1 and O1%)
connecting the two central Mn(Ill) ions (Mnl and Mn2)
presents much shorter Mn—O bond lengths (Mnl1—O1 =
1.887(3) and Mn2—01 = 1.900(3) A) compared with the other
Mn—O bond lengths (all in the range 2.19-2.34 A).
Accordingly, we have assumed that the exchange coupling
through this double oxido bridge should be different (most
probably stronger) and in a second fit we have included a third
exchange coupling (J3) to reproduce this shorter bridge (Figure
9b). This model with three exchange parameters (3])
reproduces very satisfactorily the magnetic data of compound
1 in the whole temperature range with the following
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Figure 9. (a) Central [Mng] cluster with the Mn—O bond lengths. All the carboxylato bridges connecting the Mn1 and Mn4 with all the other Mn
centers are omitted for clarity. (b) Scheme of the magnetic exchange pathway in the [Mn,] cluster.

parameters: g = 1.983(4), J; = —8.6 cm™, J, = —=3.9 cm™/, and
J; = —100.0 cm™" (R = 1.7 X 107*) (green line in Figure 8).
The small deviations observed at low temperature between the
experimental and theoretical plots can be easily explained given
the simplifications assumed in the model (we have assumed
that all the single oxido bridges are equivalent, as well as all the
double oxido ones, except the one through Ol and O1%).
Finally, to check if the better fit of this last model is simply due
to the increase in the number of adjustable parameters, we have
fit the magnetic data with a third model that considers that all
the coupling constants are equal (J;) except the one of the
central bridge connecting Mnl with Mn2 (J;), that is, this
model corresponds to the case J; = ], in Figure 9.b) This model
(2JB) also reproduces very well the magnetic properties of the
Mng complex with the following parameters: g = 1.99(1), J;
—5.0 cm™ and J; = —100.0 cm (R = 7 X 107™*) (red line in
Figure 8). As expected, this model gives a more realistic g value
and reproduces the magnetic data much better that model 2JA,
confirming the idea that the central Mnl—Mn2 coupling
constant is different and stronger than all the other bridges.

The [MnO,(PhCH,COO0),,] cluster present in compound
1 is quite common: a search in the CCDC database (updated
to Nov 2011) shows a total of 31 [MnsO,(RCOO),,] clusters
with the same connectivity as the [MngO,] cluster in
compound 1. By far, the two most common carboxylato
ligands found in these clusters are the pivalate (Me;C—COO™)
anion (with 17 examples)’'*>'?%3® and the benzoate
(PhCOO™) anion (with 7 examples).”* %*” The other
carboxylate anions used are CH,COO~,'*® CHCLCOO™**
CClL,CO0~*' CBr,COO~,* CH,CH,CO0~,* F,PhCOO~,*
and (NO,),PhCOO~,*”" with one example of each. Compound
1 is, therefore, the first known example of [MnO,(RCOO);]
cluster with the Ph\CH,COO™ anion.

Even if the structure of the [MnsO,(RCOO),,] cluster is
quite common, only 17 of the 31 known examples have been
magnetically characterized.®>7¥10%192203653840° ATl of them
show moderate antiferromagnetic exchange couplings although
only in two cases have the magnetic properties been
modeled”™ As expected, the exchange coupling constants
obtained in the fit of compound 1 are very similar to those
obtained in these two similar [Mn4O,(OOCR),,] clusters
(Table 1). In both clusters the strongest coupling is observed
between the central Mn(III) ions whereas the coupling
between the peripheral Mn(Il) ions is found to be much
weaker. Although the models used in these two other [Mng]
clusters are not exactly the same, the different models used in
the present study have evidenced that the most important
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Table 1. Magnetic Exchange Parameters Obtained in Similar
[Mny0,(RCOO),,] Clusters

CCDC code  J; (em™)**  J, (m™)**  J, (em™)** ref.
SAVJEE —48 -16 -840 9¢
RASNOP -83° —42° -101.0 9b
1 -8.67 -394 —100.0 this work

“I, J», and J; correspond to the Mn(II)—Mn(1I), Mn(II)—Mn(I1I),
and Mn(III)—Mn(III) exchange coupling, respectively. bThe Hamil-
tonian is written as H = —JS;S;,, in all cases. ], corresponds to the
single oxido bridge between Mn(Il) ions and J, to all the remaining
exchange coupling (except the central Mn(III)~Mn(III) coupling). d] 1
and J, correspond to the double and single oxido bridges, respectively.

feature to reproduce the magnetic properties is the presence of
a strong magnetic coupling between the central Mn(III) ions,
the other exchange pathways being less relevant. This strong
coupling between the central Mn(IIl) ions correlate well with
the expected value from magneto-structural correlations and
theoretical calculations.”’ Finally, as already pointed out by
Hendrickson et al,, the exchange between the Mn(II) and the
Mn(III) as well as between the Mn(II) atoms of the periphery
is expected to be AF and moderate.”

Finally, the isothermal magnetization at 2 K (Supporting
Information, Figure S3) shows a low value of the magnetization
and a linear increase with increasing the magnetic field, in
agreement with the antiferromagnetic coupling present in this
compound. The residual magnetization at S T corresponds to
the presence of a small amount of paramagnetic impurities due
to the presence of crystal defects and vacancies and is well
below the expected value (ca. 24 ug) for four Mn(II) and two
Mn(III) ions with g = 2.

B CONCLUSIONS

Compound 1 is the first [MngO,(RCOO),] cluster with
phenylacetate as carboxylate ligand and is the first example of a
diamond-like structure formed from this kind of
[MngO,(RCOO),o] clusters. This pyrazine bridged porous
3D MOF of mixed valence magnetic [MnsO,] cluster shows
selective CO, adsorption over N, and is also very efficient in
catecholase activity. Therefore, compound 1 constitutes a rare
example of multifunctionality in a molecule-based material.

B ASSOCIATED CONTENT

© Supporting Information

IR spectra of complex 1, C—H:--7 supramolecular interaction in
complex 1, and isothermal magnetization of compound 1 at 2 K
are represented in Figures S1, S2 and S3, respectively. Crystal
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data and structure refinement of complex 1 and bond lengths
(A) and angles (deg) in the metal coordination spheres of the
Mn ions in complex 1 are presented in Table-ST1 and Table-
ST2, and crystallographic data in CIF format for the structure
reported. This material is available free of charge via the
Internet at http://pubs.acs.org.
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