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Three new carboxylato-bridged polymeric networks of Mn!!
havingmolecular formula [Mn(ox)(dpyo)], (1), {{Mny(mal),-
(bpee)(H,0),]-0.5(bpee)-0.5(CH30H)},, (2) and {[Mnjz(btc),-
(2,2"-bipy)2(H20)¢6]-4H,0},, (3) [dpyo, 4,4'-bipyridine N,N’-
dioxide; bpee, trans-1,2 bis(4-pyridyl)ethylene; 2,2'-bipy,
2,2'-bipyridine; ox = oxalate dianion; mal = malonate di-
anion; btc = 1,3,5-benzenetricarboxylate trianion] have been
synthesized and characterized by single-crystal X-ray dif-
fraction studies and low temperature magnetic measure-
ments. Structure determination of complex 1 reveals a coval-
ent bonded 2D network containing bischelating oxalate and

bridging dpyo; complex 2 is a covalent bonded 3D polymeric
architecture, formed by bridging malonate and bpee ligands,
resulting in an open framework with channels filled by unco-
ordinated disordered bpee and methanol molecules.
Whereas complex 3, comprising btc anions bound to three
metal centers, is a 1D chain which further extends its dimen-
sionality to 3D via n-m and H-bonding interactions. Low tem-
perature magnetic measurements reveal the existence of
weak antiferromagnetic interaction in all these complexes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Metal-organic frameworks (MOFs) containing paramag-
netic metal ions represent a new class of materials for their
intriguing network topologies and for their potential appli-
cations in the area of catalysis, separation, sorption, sen-
sors, but also as electronic and magnetic devices.['1 More-
over, such MOFs have compositional/structural diversities
which may be tuned by the suitable choice of ligands as well
as metal ions. Thus, the construction of target molecules
with the properties mentioned above is a challenge for syn-
thetic chemists.l*) To achieve the desired networks, various
carboxylates have been used due to their wide variety of
coordination modes, resulting in efficient superexchange
pathways. Several groups as well as our labsP®! reported
the syntheses and characterizations of a large number of
carboxylato-bridged multidimensional networks. Oxalate,
malonate, succinate, fumarate, maleate, terephthalate, 1,3,5-
benzenetricarboxylate etc. are among the more employed
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carboxylates to build up the framework. Moreover, combi-
nation of nitrogen donor co-/bridging- ligands i.e. pyrazine,
piperazine, 1,2-bis(4-pyridyl)ethane, 4,4'-trimethylenedipyr-
idine, 4,4'-bipyridyl disulphide, hexamethylenetetramine
etc. with carboxylates may enhance the dimensionality of
the molecular frameworks.[” But evaluation of magnetic in-
teraction of these coordination polymers as a function of
geometry and electronic configuration of the individual me-
tal ion is the most important issue in the current re-
search.[>!% Manganese-carboxylates are well recognized
from the magnetic point of viewl!-1? as these systems often
possess a large number of unpaired electrons. Literature
survey revealst!3 that there are several manganese-contain-
ing networks showing single molecular magnetism, ability
of individual molecules to function as magnetizable mag-
nets in the absence of an external magnetic field and with
no long-range ordering from intermolecular interactions.
Due to these novel properties, increasing attention has been
devoted to the construction of manganese—carboxylate
frameworks in order to assess the correlation between struc-
ture and magnetism.

While manganese—oxalate frameworks are rare,l'l there
are some reports!’> on the molecular-based magnets
formed by bimetallic three-dimensional oxalate networks.
On the other hand, there are some reports by our group
using malonate,/® showing antiferromagnetic coupling only,
besides interesting networks. Our studies till date did not
investigate the effect of coligand on the magnetic property
in the manganese-malonate frameworks. In addition, metal
carboxylates, alone and in combination with nitrogen donor
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coligands, are of particular interest for the possibility to
form open-framework structurest®! besides the existence of
magnetic interactions. The above mentioned facts have
driven us to pursue the design and syntheses of manganese—
carboxylates varying the carboxylate anion as well as the
coligand.

The present contribution reports the syntheses, crystal
structures and low-temperature magnetic measurements of
three new carboxylato-bridged polymeric architectures of
manganese(l1) using three different  carboxylates,
[Mn(ox)(dpyo)], (1), {[Mny(mal)>(bpee)(H,0),]:0.5(bpee)-
0.5(CH;0H)}, (2) and {[Mnj(btc),(2,2"-bipy)>(H,O)g]
4H,0},3) [dpyo = 4.4'-bipyridine N,N’-dioxide; bpee =
trans-1,2-bis(4-pyridyl)ethylene; 2,2'-bipy = 2,2’-bipyridine;
ox = oxalate dianion; mal = malonate dianion; btc = 1,3,5-
benzenetricarboxylate trianion].

Results and Discussion
Description of the Structures

Complex 1

The X-ray diffraction analysis of complex 1 displays a
2D layered structure of composition [Mn(ox)(dpyo)],, as
depicted in Figure 1. In the framework of (4,4) topology,
the manganese ions occupy the 4-connecting nodes while
double chelating oxalate and dpyo ligands form the rhom-
boid grid, with the latter spacers arranged in a herringbone
pattern with respect to the -Mn—ox— arrays. The metals are
separated by 5.657(2) A (axis b) along the oxalate and by
12.537(3) A through the dpyo linkers. Each manganese(ir)
center is arranged on a twofold axis and the coordination
sphere comprises of trans-located dpyo oxygen atoms and
four oxalate donors in the equatorial plane (Figure 2). All
the Mn—O bond lengths are comparable in length within
their e.s.d.’s. (Table 1). The dpyo ligand, positioned on a
center of symmetry, presents coplanar pyridine rings and
is connected to the metal with a N(1)-O(1)-Mn angle of
119.8(2)°.

Figure 1. Ball and stick drawing of the 2D sheet of complex 1.
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Figure 2. ORTEP drawing of the manganese coordination sphere
in complex 1. The metal is located on a twofold axis passing in
between the oxalate C—C bond.

Table 1. Selected coordination bond lengths [A] and angles [°] of
complex 1.

Mn-O(3) 2.175(2) Mn-O(2) 2.185(2)
Mn-O(1) 2.180(2) O(1)-N(1) 1.332(4)
0(2) Mn-O(2")  75.64(11) 0(3)-Mn-O(1)  87.63(9)
0(3')>-Mn-0(3)  77.40(12) 0(3)-Mn-O(2)  103.48(8)
O(1) Mn-O(1")  178.60(14) 0(3)-Mn-0(2")  179.12(9)
O(1)-Mn-0O(2)  88.81(9) C(7-02-Mn  115.70(19)
O(1'>Mn-0(2)  92.30(9) C(7)-0(3)-Mn  113.49(19)
O(3')Mn-O(1) 91.28(9) N(1)-O(1) Mn  119.8(2)

The packing shows well-separated layers and the shortest
intermetallic distance is 7.648(2) A. The shortest contact of
3.315(4) is detected between C(1) and O(2) that can be in-
terpreted as a CH---O interaction.

Complex 2

The structure of 2 reveals covalently bonded
[Mn(mal)(H,O)], layers connected by bpee ligands to form
a 3D polymer (Figure 3 and Figure 4). The malonate anion,
in its frequently found coordination model®!%171 acts as a
chelating and a bis(monodentate) ligand towards three me-
tal ions. A selection of bond lengths and angles is reported
in Table 2, and the metal coordination sphere with atom
labeling Scheme is shown in Figure 5. The octahedral coor-
dination geometry of the metal atom consists of four planar
equatorial carboxylate oxygen atoms [range of Mn—O bond
lengths of 2.165(3)-2.183(3) A], while the axial positions are
occupied by a water molecule and a bpee nitrogen donor
with slightly longer bond lengths [Mn-O(1w) 2.263(3), Mn—
N(21) 2.297(3) A, Table 2].

In the (4,4) square grid (Figure 3) of side dimensions
5.419%5.614 A (Mn—Mn distances), the coordinated water
molecule forms two intra-layer hydrogen bonds with oxygen
atoms of the neighboring chelating anions [O(1w)-O(17)
2.719(5) A, O(1w)-O(11) 2.748(4) A].

Eur. J. Inorg. Chem. 2006, 481-490
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Figure 3. Corrugated [Mn(H,O)(mal)], layers in complex 2 down
axis b (only nitrogen donor of bpee shown, dotted lines indicate H-
bonds).

Figure 4. 3D crystal packing of complex 2 viewed down axis «
showing layers connected by bpee ligands.

Table 2. Selected coordination bond lengths [A] and angles [°] of
complex 2.

Mn-O(13) 2.165(3) Mn-O(11) 2.183(3)
Mn-O(16) 2.172(3) Mn-O(1w) 2.263(3)
Mn-O(17) 2.173(3) Mn N(21) 2.297(3)
O(13) Mn-O(16)  99.24(12) O(13) Mn- N(21)  86.28(12)
O(13) Mn-O(17)  90.15(12) 0O(16)-Mn-N(21)  93.51(12)
0O(16) Mn-O(17)  170.60(11)  O(17)-Mn-N(21)  86.81(13)
O(13) Mn-O(11)  173.19(12)  O(11) Mn-N(@21)  91.99(13)
0O(16) Mn-O(11)  87.43(12) O(lw) Mn N(21)  172.13(13)
O(17)y Mn-O(11)  83.17(11) C(12)-0(11) Mn  127.9(2)
O(13) Mn-O(lw)  88.59(11) C(15-0(17) Mn  128.1(2)
0O(16) Mn-O(lw)  93.19(12) C(12)-0(13") Mn"" 132.6(3)
O(17) Mn-O(lw)  87.25(12) C(15)-0(16'y Mn'  127.6(3)
O(11)-Mn-O(lw)  92.41(12)

Symmetry operations: (') 2+ x, o=y, Yot z, () Vot x, Yoy, Yoz
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Figure 5. ORTEP drawing showing the coordination pattern of ma-
lonate anion in complex 2.

The present structure is close comparable to those de-
tected in analogous derivatives [Mn,(mal),(4,4-bipy)-
(H50),],,%  and  [Mn,(mal),(hmt)(H,0),],..[°?!  where
[Mn(mal)(H,O)], layers are connected by 4,4'-bipy and hmt
spacers, respectively. However, in the present complex 2, the
sheets are separated by 11.944 A (half b axis), a longer value
than that measured in closer packed layers of the 4,4’-bipy
and hmt derivatives (9.386 and 8.029 A, respectively). The
intermetallic distance spaced by the bpee ligand is 14.052 A,
which is evidently longer than the value of 11.727 A found
in the 4,4'-bipy derivative.

A view of the packing along axis a evidences channels,
accounting for 26.2% of the unit cell,'¥ that are filled by
disordered uncoordinated bpee and methanol molecules.

Complex 3

Complex 3, of composition [Mnjs(btc),(bipy)>(H,O)]
4(H,0), forms a ladder-like ribbon built up of Mn(H,0)-
(bipy) and Mn(H,0), units bridged by btc anions as de-
picted in Figure 6. Of the two crystallographically indepen-
dent manganese ions, Mn(1) possesses a distorted trigonal
bipyramid coordination geometry (Figure 7). The equato-
rial plane encloses bipy nitrogen N(2) and btc oxygen do-
nors O(2), O(4) [coordination distances of 2.289(8),
2.203(6), 2.204(6) A, respectively], while bipy N(1) and
aqua O(1w) are located at the axial sites [Mn(1)-N(1) =
2.242(9), Mn(1)-O(1w) = 2.132(7) A]. However, oxygens
O(1) and O(3) from different btc carboxylate groups at
longer distance [Mn-O of 2.513(6), 2.528(6) A] appear also
to interact with the metal. This epta coordination pattern
observed for Mn(1) is not novel, and, among other struc-
tures, it was reported in various Mn(EDTA) derivatives.[!°]
On the other hand, Mn(2) is located on a center of sym-
metry and attains the usual octahedral coordination geome-
try through four aqua ligands [Mn-OH, of 2.189(7),
483
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2.206(8) A] and two btc oxygens [Mn—-O 2.156(6) A]. A se-
lection of coordination bond lengths and angles is reported
in Table 3. Thus each btc ligand bridges three metal ions
and the Mnj; triangle have dimensions 10.096(4) A along

Figure 6. Double-stranded chain of complex 3 viewed down axis c.
O(2w) forms an intrachain hydrogen bond, dotted lines Mn(1)—
O(1) and Mn(1)-O(3) represent long coordination distances.

Figure 7. Detail of the coordination sphere of Mn(1) ion in com-
plex 3 (ORTEP drawing, 40% probability level).

Table 4. Hydrogen bonding in complex 3.

the Mn(1)-Mn(1) edge, 8.594(3) and 10.450(3) A for the
Mn(1)-Mn(2) edges. All the atoms of btc are coplanar
within£0.14 A, and the max deviation of metal ions from
the best-fit-plane through the dianion is displayed by Mn(2)
(Figure 6), being displaced by 0.34 A. The distance mea-
sured between the btc centroids forming the (btc)-Mn(H»O)4-
(btc) rungs of the stairlike chain is 11.59 A.

Table 3. Selected coordination bond lengths [A] and angles [°] of
complex 3.

Mn(1)-N(1) 2.242(9)  Mn(1)-O(1) 2.528(6)
Mn(1)-N(2) 2.2898)  Mn(1)-0(3) 2.513(6)
Mn(1)-O(1w) 2132(7)  Mn(2)-O(2w) 2.189(7)
Mn(1)-O(2) 2.203(6)  Mn(2)-O(3w) 2.206(8)
Mn(1)-O(4) 2.204(6)  Mn(2)-O(6) 2.156(6)
N(I) Mn(1) N@2)  72.13) 0(2)-Mn(1)-0(3) 137.5(2)
O(lw) Mn(1) N(1)  165.6(3)  N(1)-Mn(1)-0(3) 96.6(2)
0(2)-Mn(1)-N(1) 93.0(3) N(2)-Mn(1)-0(3) 84.3(2)
O(4)-Mn(1)-N(1) 92.1(3) 0(6)-Mn(2)-O(6") 180.0
O(1w) Mn(1) N(2)  93.6(3) O(3w) Mn(2)- O(3w)  180.0
0(2)-Mn(1)-N(2) 137.72)  O(2w)-Mn(2)-O(2w’)  180.0
O(4)-Mn(1)-N(2) 1352(3)  O(6)-Mn(2)-O(2w) 89.0(2)
O(1w) Mn(1)-0(2)  96.9(3) 0(6'Mn(2)-02w)  91.02)
O(1w)-Mn(1)-O(4)  99.4(3) 0(6)-Mn(2)-O(3w) 88.4(3)
0(2)-Mn(1)-O(4) 83.1(2) 0(6'Mn(2)-O(3w)  91.6(3)
0(2)-Mn(1)-O(1) 55.3(2) O(2w) Mn(2)-O(3w)  87.4(3)
O(4)-Mn(1)-0(3) 55.3(2) 0@2w')-Mn(2)-O(3w)  92.6(3)
0(3)-Mn(1)-O(1) 165.73(19)  C(21)-O(1)-Mn(1) 84.1(5)
O(1w)-Mn(1)-O(1)  89.4(2) C(21)-0(2)-Mn(1) 98.9(5)
O(4)-Mn(1)-O(1) 138.32)  C(23)-O(3)-Mn(1) 84.3(4)
N(1)-Mn(1)-O(1) 87.8(3) C(23)-O(4)-Mn(1) 98.5(5)
N(2)-Mn(1)-O(1) 84.1(2) C(25)-0O(6)-Mn(2) 130.8(5)
O(lw) Mn(1)-0(3)  83.0(2)

In the crystal packing the 1D chains are connected by a
H-bonding Scheme that occurs among coordinated and lat-
tice water molecules with carboxylate groups (Table 4). The
shortest interchain Mn-Mn distance is 6.306(2) A. The
framework is locked through 7z-m interactions between the
peripheral bipyridine ligands (Figure 8), enhancing the di-
mensionality of the complex to 3D. The [Mnjs(btc),(bipy),-
(H,O)¢] framework shows an accessible porosity that ac-
counts for 20.4% of the unit cell volume (Platon pro-
graml'®)): this space is occupied by lattice water molecules
(four per metal unit). The present compound is isomorph-
ous with that of cobalt derivative,!® where the uncoordi-
nated water molecules were found disordered over different
locations.

D-H d(D-H) d(H-A) £ D-HA d(D-A) Al

Olw-Hl1 0.846 1.888 158.22 2.692(9) OS[x+1, p+2, z+1]
Olw-H2 0.838 1.994 154.91 2.776(12) Odw [x + 1, 3, 7]

0O2w-HI1 0.851 2.048 145.75 2.793(9) OS[x+1, p+2, z+1]
02w-H2 0.844 2.126 130.31 2.748(9) O3[x+1, y+1, z+1]
03w-HI1 0.849 1.977 147.18 2.730(10) ol

03w-H2 0.855 2.042 150.78 2.820(14) OSw[x+1,y+1,-z+2]

[a] The acceptor atoms O4w, OSw are lattice water molecules for which hydrogen atoms were not located.
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Figure 8. Top: packing diagram down axis @ of complex 3 showing
the m-m interactions between bipy ligands (ellipsoids represent lat-
tice water oxygens). Bottom: detail of adjacent polymers with
stacking bipy.

Magnetic Properties

Complex 1

Although the structure is two-dimensional, from a mag-
netic point of view the system can be considered as one-
dimensional owing to the long Mn—Mn distance created by
the linker dpyo, for which we can assume a negligible over-
lap between the magnetic orbitals of the Mn'! ions.

The temperature dependence of y,,T (ya, being the mag-
netic susceptibility for one Mn' ion) for complex 1 is shown
in Figure 9 (from 300 K to 2 K). At 300 K y,,is 0.018 cm?
mol~!, and decreasing the temperature the y,, value in-
creases in a monotonous form up to 0.13 cm® mol™! at
18 K, where the curve presents a maximum, and then de-
creases to 0.09 cm?® mol ! at 2 K. The value of y,,7 at 300 K
is 4.6 cm® mol! K, which is as expected for an “isolated”
Mn" ion (Figure 9). Decreasing the temperature y,,7 grad-
ually decreases reaching 0.2 cm?® mol!' K at 2.00 K. The

Eur. J. Inorg. Chem. 2006, 481-490
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shape of these curves is characteristic of the occurrence of
antiferromagnetic interactions between the Mn'' centers
and the presence of a maximum in the y,, curve (Figure 9)
indicates that the AF coupling is not negligible. The plot of
the reduced magnetization (M/Np) at 2 K from 0 to 5 T is
also indicative of the antiferromagnetic coupling (Figure 9,
inset). The curve reaches the value of 1.2 Nf, instead of 5.0
for an isolated S = 2.5 ion at 2 K, assuming g = 2.00. The
X-band powder EPR spectrum at room temperature gives
an isotropic signal centered at g = 2.00, typical for manga-
nese(11) ions (Figure 1S).
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Figure 9. Plots of y,, and y,,T vs. T for complex 1. Solid lines
represent the best fit by using the expression cited in the text. Inset:
plot of the reduced magnetization at 2 K.

This kind of magnetism for one-dimensional Mn'! sys-
tem has been theoretically studied mainly by Fisher.[?"l His
approach allows to analyze the magnetic data by means of
an analytical expression assuming an infinite number of
classical spins (S = 5/2).2%1 The best fit was obtained for J
=-1.8940.01cm !, g = 2.00+£0.004 and R = 5.4x107° (R
is the agreement factor defined as (¥ s Dobs —arDearc)’!
Y10 Dobs)’]. The value of g = 2.00 perfectly agrees with
that expected for a manganese(11) ion (S = 5/2).

Scarce J data for manganese ions bridged by the oxalate
ligand have been reported. In an excellent paper of Glerup
et al.,l'¥ comparing the coupling in p-oxalate complexes
with manganese, iron, cobalt, and nickel, the mean value of
J for three different Mn—oxalato complexes is —2.14 cm™!,
analogous to that found in complex 1.

Complex 2

Before describing the features of complex 2, we would
like to recall that carboxylate functionality is among the
most widely used bridging groups for designing polynuclear

www.eurjic.org 485
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complexes with interesting magnetic properties. Its versatil-
ity as a linker is illustrated by the variety of its coordination
modes while acting as a bridge,[*!! the most common being
indicated as syn-syn, syn-anti and anti-anti. Usually the ex-
change coupling through the carboxylate moiety is highly
dependent on the conformation of the bridge between the
interacting metal centers.?”! The syn-anti bridge for carbox-
ylate ligands appears to be a rather common binding mode
for Mn"' complexes,!?*! and a little is known about the mag-
netic properties of such complexes. In general, these bridges
induce much smaller J values because of the expanded met-
allic core and the mismatch in the orientation of magnetic
orbitals.[>’] The magnetic properties for syn-anti Mn'-car-
boxylato bridged complexes have been studied for some
two-dimensional polymers such as [Mn(MCPA),(H,0),],
(MCPA = 2-methyl-4-chlorophenoxyacetic acid),”* for
some one-dimensional polymers such as [Mn(u-3-
CIPhCOO),(2,2'-bipy),],-nH,0,> with two syn-anti car-
boxylate bridges and for discrete Mn'" homodinuclear com-
plexes involving either only one syn-anti carboxylate bridge,
[Mn(2,2'-bipy)»(H,0),(Me;NCH,COO)|(CIO,)P®! or two
syn-anti ~ carboxylate  bridges, [Mn,(u-PhCOO),(2,2'-
bipy),4](ClO,4),.2% The antiferromagnetic coupling is always
very small. In the presence of two carboxylate bridges*”]
the coupling parameter J is slightly greater than that de-
rived for a single bridge.[>>>°1 All these exchange coupling
constants are of the same order (between —0.5 and —2 cm ™).

The temperature dependence of y,,T (x s, being the mag-
netic susceptibility for one Mn'" ion) for complex 2 is shown
in Figure 10 (top; from 300 K to 2 K). At 300 K y,, is
0.0012 cm® mol ! (Figure 2S) and it increases in a monoto-
nous form to 0.65 cm® mol™! at 2 K as the temperature is
lowered. At 300 K y,,T is 4.35 cm® mol~! K, a value which
is as expected for an “isolated” Mn" ion. y,,7T is almost
invariable up to 100 K and gradually decreases on cooling
to reach the value of 1.3 cm® mol! K at 2.00 K. The shape
of these curves is characteristic of the occurrence of weak
antiferromagnetic interactions between the Mn!! centers.
The lack of a maximum in the y,, curve (Figure 2S) indi-
cates that the AF coupling is very small. The plot or the
reduced magnetization (M/Nf) at 2 K from 0 to 5 T is also
indicative of small antiferromagnetic coupling (Figure 10,
bottom). The curve reaches the value of 4.7 Nf, but the
shape is different from the Brillouin function for an isolated
S =2.51on at 2 K, assuming g = 2.00.

Taking into account the structure of 2 in which Mn(mal)
layers are linked together by the long bpee ligands, the
susceptibility data were fitted by the expansion series of
Lines®” for a S = 5/2 antiferromagnetic quadratic layer,
based on the exchange Hamiltonian H = -X,,,J S; S;, where
X,, runs over all pairs of nearest-neighbor spins i and j,
Equation (1).

NgZp/ylJ] = 30 + (C, /0" )
0=kTIIJ|S(S + 1), C, =4, C, = 1.448, C; = 0.228, C, =

0.262, Cs = 0.119, Cs = 0.017 and N, g and f in Equa-
tion (1) have their usual meanings. The best fit is obtained
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for the superexchange parameters J = —0.20%£0.02 cm™!' and
g =2.00%£0.003 (Figure 10) with R = 2.6 x10*.

xmT /! em3 moi~t K

T/IK

HIT

Figure 10. Top: plot of the y;/7 vs. T for complex 2. Solid line
represents the fit with the expression given in the text. Bottom:
plot of the reduced magnetization at 2 K. Solid line represents the
Brillouin function for S = 2.5 and g = 2.00.

The magnetic properties of 2 may be compared with
those observed of other two-dimensional manganese(11) sys-
tems showing low antiferromagnetic coupling and for which
possible antiferromagnetic ordering is not yet achieved at
the lowest limit of the measurement temperature. For exam-
ple, in [{Mn(SCN),(EtOH),},],2"! the superexchange pa-
rameter J was reported to be —1.22 cm™! and the low-tem-
perature EPR spectra show an increase in the line width at
low temperature, but the susceptibility plot does not show
important deviations from the theoretical two-dimensional
susceptibility plot even not at low temperature. Room tem-
perature X-band EPR spectrum (Figure 3S) shows an iso-
tropic signal centered at g = 2.00, typical for manganese(1r)
ions.

Complex 3

Plot of y,,T vs. T for complex 3 is shown in Figure 11
(top). At 300 K y,,T starts at 4.36 cm® mol! K, which is
the typical value for one isolated Mn'! ion (g = 2.00). This
value is almost constant up to 50 K, then it decreases
rapidly to 3.62 cm® mol™ K at 2 K, a trend indicative of
very weak antiferromagnetic coupling among the manga-
nese(11) ions. The reduced magnetization curve (M/Nf) vs.
H at 2 K corroborates this very weak antiferromagnetic
coupling. The experimental data are slightly smaller than
those corresponding to the Brillouin function for S = 5/2
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and g = 2.00 (Figure 11, bottom). This almost negligible
antiferromagnetic coupling is due to the extended benzene-
tricarboxyalate bridging ligand, which cannot create any
significant coupling.l®!
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Figure 11. Top: plot of y,,T vs. T for complex 3 with the best fit
calculation represented by the solid line. Bottom: plot of the re-
duced magnetization vs. H at 2 K. Solid line corresponds to the
Brillouin function for g = 2.00.

The magnetic fit for complex 3 is impracticable, due to
its intrinsic complication. Considering the structure as a
pseudo-one-dimensional Mn!"! systems (S = 5/2) it is pos-
sible to try to fit the experimental susceptibility data by
using the formula given by Fisher for a model with classical
spin.[2%-221 The best fit parameters were J = —0.05cm™!, g =
2.00 and R = 1.8x103. However, J value must be taken
cautiously, being the one-dimensionality only a drastic esti-
mate, and thus the Fisher’s formula would not be com-
pletely valid. Furthermore, the asymmetry of one of the
manganese ions could give a g value different from 2.00,
likely indicative that the hypothesis of the g = 2.00 in the
reduced magnetization is not fully accurate, and the AF
coupling is even lower than —0.05 cm™'. The X-band pow-
der EPR spectrum at room temperature shows an isotropic
signal centered at g = 2.00. (Figure 4S).

Thermal Analysis

Complex 1 upon heating does not show any mass change
up to 300 °C and on further heating its frame work grad-
ually collapses. The thermogravimetric analysis of complex
2 shows desolvation within the temperature range of 70—
200 °C (Figure 5S). The behavior suggests the loss of lattice
methanol and dehydration of coordinated water molecules
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(vide infra) takes place in sequence without showing any
intermediate species. This also corroborates the involve-
ment of H-bonding between the malonate oxygens and
water molecules. The lattice bpee cannot leave the system
upon heating up to 200 °C, then the framework of the com-
plex collapses. On the other hand complex 3, that comprises
of ten water molecules per trinuclear unit, loses water in
multi steps upon heating (Figure 6S). The first step (60—
125 °C) accounts for the release of four guest water as well
as two coordinated water molecules. This upon further
heating starts to lose coordinated water molecules showing
a non isolable intermediate at ca. 200 °C and then the
framework appears to collapse on continuation of heating.
Through careful heating we have been able to isolate the
intermediate, [Mn;(btc),(2,2'-bipy)>(H,0),] (3a) which re-
verts on exposure to humid atmosphere (= 70%) for 2—
3 hours. The formation of 3a is not unlikely as elimination
of one water molecule from each terminal metal center re-
sults in a six coordinated geometry for Mn(1) (see Fig-
ure 7), but further elimination of coordinated water mole-
cules leads to an unstable system and to the collapse of the
metal organic framework. Thus the thermal analyses of
these three complexes hint that the MOF of 1 is thermally
more stable than those of 2 and 3.

Conclusions

In this paper we have presented the syntheses, the crystal
structures, variable temperature magnetic studies and ther-
mal behaviors of three carboxylato-bridged polymeric net-
works of manganese(11). The above discussion shows that
the use of different carboxylates, namely oxalate, malonate
and 1,3,5-benzenetricarboxylate, in combination with neu-
tral coligands, dpyo, bpee, and 2,2'-bipy, has made feasible
the construction of coordination polymers of different di-
mensionality. Complexes 2 and 3 are 3D open frameworks,
the former contains channels filled up by disordered unco-
ordinated bpee and methanol and the latter is achieved
through 7n-n and H-bonding interactions. On the other
hand, complex 1 is a covalent bonded 2D network.

Experimental Section

Materials: High purity manganese chloride tetrahydrate; 4,4'-bipy-
ridyl N,N'-dioxide; 2,2'-bipyridine and trans-1,2-bis(4-pyridyl)eth-
ylene were purchased from Aldrich chemical Company. All other
chemicals used were of analytical grade.

Physical Measurements: Elemental analyses (carbon, hydrogen and
nitrogen) were performed using a Perkin—Elmer elemental analyzer.
IR spectra (4000600 cm™') were taken in KBr pellets using a Jasco
FT-IR (model 300E). The magnetic measurements were carried out
on polycrystalline samples with a Quantum Design MPMS SQUID
magnetometer (applied field 0.1 T) working in the temperature
range 300-2 K. Diamagnetic corrections were estimated from Pas-
cal’s tables. EPR spectra were recorded on powder samples at X-
band frequency with a BRUKER 300E automatic spectrometer,
varying the temperature between 4-300 K. Thermal analysis were
done on a Pyris Diamond system.
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Table 5. Crystal data and refinements details of complexes 1, 2 and 3.

1 2 3
Formula C,HgMnN,Og C4.50H25Mn;N301.50 C33HioMn3N,Oo,
M, [gmol ] 331.14 639.35 1071.58
Crystal system monoclinic monoclinic triclinic
Space group C2le P2,/n Pl
a [é] 14.231(3) 7.413(4) 10.096(4)
b [A] 5.657(2) 23.889(5) 10.756(4)
¢ [A] 15.189(3) 7.467(4) 12.167(5)
o [°] 74.097(10)
B ] 94.59(2) 92.224(10) 76.083(10)
v [°] ) 81.210(10)
Volume [A3] 1218.9(6) 1321.3(10) 1228.0(8)
Z 4 2 1
D yieq. [g em ™) 1.805 1.607 1.449
i, Mo-K,, [mm ] 1.115 1.020 0.840
Omax [°] 26.41 25.73 26.21
Reflections collected 5256 7634 6091
Unique reflections 1187 2338 3560
R 0.0710 0.0314 0.0418
Refined parameters 96 223 323
Goodness of fit (F?) 0.923 1.129 1.082
Ry [ > 20(D] 0.0365 0.0529 0.0983
wRl 0.0823 0.1225 0.2602

[a] Ri(F) = X |IFo| — [FVEIF|, WRo(F?) = [ZW(F,® — FOPIZw(F,?) ™

Crystallographic Data Collection and Refinement: Crystal data and
details of data collections and refinements for the structures re-
ported are summarized in Table 5. Diffraction data set of complex
1 was carried out on a Nonius DIP-1030H system with Mo-K,
radiation. For complexes 2 and 3, reflections were collected on a
STOE four-circle diffractometer equipped with MAR-research im-
age plate system and Mo-K,, radiation. Cell refinement, indexing
and scaling of the data sets were carried out using Denzo and Sca-
lepack,’! and XDS.3% All the structures were solved by Patterson
and Fourier analyses®'l and refined by the full-matrix least-squares
method based on F? with all observed reflections.?!! Two lattice
water molecules were detected in the AF map of complex 3. Disor-
dered peaks in the electron-density map of complex 2 were interpre-
ted as a bpee ligand and a methanol (both arranged over a center
of symmetry), each accounting for 0.25 molecule per metal unit.
The contribution of H atoms at calculated positions were included
in the final cycles of refinement, except those of lattice water and
disordered molecules. All the calculations were performed using the
WinGX System 1.64.05.13%

[Mn(ox)(dpyo)],, (1): A methanolic solution (10 mL) of 4,4-bipyri-
dine N,N’-dioxide (1 mmol, 0.188 g) was added dropwise to an
aqueous solution (5 mL) of MnCl,-4H,O (1 mmol, 0.197 g) with
constant stirring for 10 min. To the resulting reaction mixture an
aqueous solution of disodium oxalate (1 mmol, 0.134 g) was added
whilst stirring condition. After 30 minutes a bright red compound
separated. Single crystals suitable for X-ray analysis were obtained
by diffusing a methanolic solution (10 mL) of MnCl,-4H,0 and
4,4'-bipyridine N,N’-dioxide on an aqueous solution (10 mL) of
disodium oxalate in a tube. Bright red crystals deposited at the
junction of two solutions after one week. Yield: 80%.
C,HgMnN,Og (331.14): C 43.48, H 2.41, N 8.45; found C 43.47,
H 2.42, N 8.46. IR: ¥ = 3114 (w), 3085 (w), 2929 (vw), 1619 (vs),
1468 (s), 1222 (s), 1176 (w), 844 (w), 792 (vw), 553 (vw) cm .

{IMn;(mal),(bpee)(H,0),]-0.5(bpee)-0.5(CH;0H)}, (2): An aque-
ous solution (5 mL) of disodium malonate (1 mmol, 0.148 g) was
added to an aqueous solution (5 mL) of MnCl,-4H,O (1 mmol,
0.197 g) whilst stirring condition. To this reaction mixture a meth-
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anolic  solution (10 mL) of trans-1,2-bis(4-pyridyl)ethylene
(1 mmol, 0.182 g) was added. The resultant reaction mixture was
stirred for 1 h and filtered. The filtrate was kept in a desiccator
(CaCl,) and after a few days bright yellow single crystals of X-ray
diffraction quality were obtained. Yield 75%.
Cs4.50H25MnsyN30, 50 (639.35): C 45.98, H 3.91, N 6.56; found C
46.01, H 3.90, N 6.57. IR: v = 3436-3190 (s, v br), 1675 (w), 1611
(vs), 1558 (vs), 1467 (w), 1436 (s), 1372 (vs), 1314 (w), 1104 (w),
1016 (w), 830 (w), 761 (s), 731 (s), 628 (w), 542 (w) cm .

{IMn;(btc),(2,2'-bipy).(H,0)6]-4H,0}, (3): An aqueous solution
(5 mL) of MnCl,4H,O (1 mmol, 0.197 g) was added to a meth-
anolic solution of (10 mL) of 2,2’-bipyridine (I mmol, 0.156 g)
dropwise whilst stirring condition. The resultant yellow colored
solution was mixed to an aqueous solution (5mL) of btc
(0.66 mmol, 0.184 g) and stirred for 1h and filtered. The filtrate
was kept in a desiccator (CaCl,). After one week bright yellow
crystals suitable for X-ray diffraction were obtained. Yield 70 %.
C3gHoMn3N4O,, (1071.58): C 42.55, H 3.91, N 5.22, found C
42.57, H 3.93, N 5.20. IR: ¥ = 3475-3025 (s, v br) 1671 (w), 1611
(vs), 1557 (vs), 1437 (s), 1372 (s), 1314 (w), 1247 (w), 1157 (w),
1016 (w), 932 (w), 761 (s), 731 (s), 650 (w), 541 (w) cm™.

CCDC-276231, -276232 and -276233 (for complexes 1, 2 and 3,
respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): X-band EPR spectra for complexes 1-3, the
xm plot vs. T for 2, and the thermogravimetric analysis of 2 and 3
(Figures 1S-6S).
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