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Syntheses, Structures, and Magnetic Properties of Two 1D, Mixed-Ligand,
Metal Coordination Polymers, [M(C,0,)(dpa)(OH,)] (M = Co"!, Ni'!, and
Zn"; dpa = 2,2'-dipyridylamine) and [Cu(C,O4)(dpa)(H,0)],-(H,O)
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Two metal coordination polymers with general formula
[M(dpa)(C404)(H,0)] [M = Co (1), Ni (2), Zn (3); dpa = 2,2'-
dipyridylamine] and [Cu(dpa)(C40,4)(H,0)],-H,O (4) have
been synthesized under hydrothermal conditions. The sin-
gle-crystal X-ray analyses reveal that compounds 1-3 are iso-
structural and possess distorted octahedral metal centers co-
ordinated by two squarates, one dpa, and two water mole-
cules. A 1D two-legged ladder-like framework is formed by
interconnection of the water-bridged [M(dpa)(p,-OHy)]** di-
meric fragments and p, ,-squarate ligands. Intra- and inter-
molecular hydrogen bonds between squarate, water, and dpa
ligands, as well as the n-r stacking interaction of the pyridyl
ring in the dpa ligands, provide extra forces to stabilize the

extended network. Conversely, the molecular structure of
compound 4 contains two distorted square-pyramidal Cu'
centers coordinated by two squarates, one dpa ligand, and
one water molecule. The squarates adopt a p;,-binding
mode to link the Cu centers and form a 1D helical chain.
For compound 2, the magnetic exchange couplings between
metal centers are analyzed with a binuclear magnetic model.
The resulting negative magnetic exchange coupling constant
indicates an antiferromagnetic interaction within the dimers.
The magnetic behavior of compound 4 is typical of paramag-
netic Cu! ions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Owing to its attractive topologies and intriguing struc-
tural features,' the crystal engineering of mixed-ligand
metal coordination solids with functional building blocks
has received much attention. Among various methodologies
to construct novel 1-, 2-, and 3D frameworks, the hydro-
thermal method has been ubiquitously applied to the syn-
thesis of metal-organic coordination polymers® ! and hy-
drogen-bonded systems.'”) Of significant important is the
ability of the organic molecules to influence profoundly the
structures of synthesized products, and to dictate their for-
mation with particular structural and potential applica-
tions, such as magnetism, host-guest chemistry, shape speci-
ficity, and catalysis. The squarate dianion, C404>", has been
widely used as a polyfunctional ligand, for example to in-
duce hydrogen bonding or n-m interactions, for the con-
struction of extended frameworks and has also been used
as a bridging ligand to bind metal ions in various bonding
modes to create many novel networks.l''-2! The most typi-
cal coordination modes of the squarate dianion are p -
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(cis) and p, 3- (trans). Many squarate-bridged metal com-
plexes with p »-, [y 3-, Or {53 4-binding modes combined
with different nitrogen-based flexible ligands have been
structurally characterized,['*>°! and their magnetic investi-
gation shows that p; 3-coordination gives a negligibly small
coupling, while 1, ,-coordination induces a small antiferro-
magnetic coupling.!'®?®! In this contribution, we describe
the synthesis and structural characterization of two 1D co-
ordination polymers, [M(dpa)(C404)(H,0)] [M = Co (1),
Ni (2), Zn (3)] and [Cu(dpa)(C404)(H,0)l"H,O (4), by
using flexible dpa (2,2'-dipyridylamine) and squarate
(C404%) ligands as building units, as well as the studies of
their thermal stability and magnetic properties.

Results and Discussion

Synthesis and IR Spectroscopy of Compounds 1-4

Compounds 1-4 were synthesized by mixing the divalent
metal salt MCl, (M = Co, Ni, Cu, Zn), 2,2'-dipyridylamine
(dpa), H,C404, and H,O. All reactions were carried out in
23-mL, acid-digestion bombs at 180 °C for three days. Low
pH values were observed in all reactions (final pH = 2.82—
3.91). The resulting products are very stable in air at ambi-
ent temperature and insoluble in common solvents such as
water, alcohol, and acetonitrile. It is also worthy to note
that the synthetic reproducibility is high. The appearance
of N-H stretching vibrations in the region of 3000-
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3400 cm™ in the IR spectrum is in agreement with that re-
ported for hydrogen bonds between N-H and several H-
acceptor groups. The most relevant IR features are those
associated with the chelating squarate ligands. The coordi-
nated CO groups are characterized by medium-strength ab-
sorptions at around 1664 cm™!. A very strong band centered
at around 1480 cm™! is attributed to a combination mode
of C-0O and C-C stretchings and is in agreement with other
(CO),> salts.27

Crystal Structures of [M(dpa)(C404)(H,0)] Complexes

Compounds 1-3 were found to be isostructural; a typical
structure of 1 is shown in Figure 1. In 1-3, each metal cen-
ter is six-coordinate and adopts a slightly distorted octahe-
dral coordination environment, being bonded to two nitro-
gen atoms from dpa ligands and four oxygen atoms from
two squarate ligands and two water molecules. The corre-
sponding M-N, M-O,, and M-Oy, bond lengths (see
Table 1) are similar to those of relevant squarate-bridged
metal complexes.['?-21-28-291 Two metal centers are linked to-
gether by two bridging water molecules to form an
[M(dpa)(H,0)],** dimeric fragment (see Figure 1) in the
equatorial plane. The squarate ligand adopts a p, ,-binding
mode to connect the neighboring [M(dpa)(u,-OH>»)], frag-
ments at the axial sites, constructing a 1D linear two-legged
ladder-like metal-organic framework (MOF) along the a
axis [see (a) in Figure 2]. The M-+M separations via p,-
Ouater and 1 »-C404> bridges are 3.459(1) and 7.416(1) A

Table 1. Selected bond lengths [A] and angles [°] for compounds 1—
3.[al

IM=Co] 2[M=Ni] 3[M = Zn]
M(1)-O(1) 2.081(1) 2.073(1) 2.096(1)
M(1)-0(2) 2.119(1) 2.096(1) 2.148(1)
M(1)-0(5) 2.155(2) 2.105(2) 2.133(1)
M(1)-O(5); 2.213(2) 2.175(2) 2.282(1)
M(1)-N(1) 2.121(2) 2.075(2) 2.117(2)
M(1)-N(3) 2.095(2) 2.056(2) 2.088(1)
C(1)-0(1) 1.256(3) 1.255(2) 1.261(2)
C2)-0Q2); 1.251(3) 1.248(2) 1.256(2)
C(3)-0(3) 1.252(3) 1.257(2) 1.255(2)
C(4)-0(4) 1.270(2) 1.270(2) 1.270(2)
C(1)-C(2) 1.477(3) 1.475(3) 1.471(2)
C(2)-C(3) 1.474(3) 1.476(3) 1.471(2)
C(3)-C(4) 1.456(3) 1.449(3) 1.454(2)
C(4)-C(1) 1.454(3) 1.461(3) 1.452(2)
O(1)M(1)-0(2)  176.37(6) 174.43(6) 174.35(5)
O(1) M(1)-0(5)  91.53(6) 92.46(6) 92.06(5)
O(1)-M(1)-O(5),  90.11(6) 90.09(6) 89.32(5)
O(1)-M(1)-N(1)  92.50(6) 92.29(6) 93.66(5)
O(1)-M(1)-N(3)  90.55(6) 89.04(6) 90.34(5)
0Q2)-M(1)-0(5)  90.54(6) 91.77(6) 90.22(5)
0Q2) M(1)-O(5),  87.54(6) 87.48(6) 86.27(5)
0Q2)-M(1)-N(1)  90.07(6) 90.62(7) 91.03(5)
0Q2)-M(1)-N(3)  86.93(6) 86.18(6) 86.47(5)
O(5)-M(1)-0(5),  75.25(6) 75.22(6) 75.15(5)
O(5)-M(1)-N(1)  100.01(7) 99.14(6) 99.99(5)
O(5)-M(1)-N(3)  170.54(7) 170.09(6) 169.01(5)
O(5)i-M(1)-N(1)  174.65(7) 173.98(6) 174.40(5)
O(5)i- M(1)-N(3)  95.52(7) 94.99(6) 94.17(5)
N(1)-M(1)-N3)  89.12(7) 90.58(7) 90.55(6)

[a] Symmetry operations used to generate equivalent atoms:
@O —x, -z () x+ 1,5z

Figure 1. The basic building block of compound 1 showing the atom numbering scheme. Ellipsoids are drawn at the 50% probability
level. Symmetry codes: A (—x, -y, —z), B(1 + x, », 2), C (-1 — x, -y, —2).
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for 1, 3.391(1) and 7.377(1) A for 2, and 3.501(1) and
7.458(1) A for 3. The corresponding C—C and C-O bond
lengths (see Table 1) of the squarate ligands show a roughly
Dy, delocalized mode and fall in the same range as some
analogous squarate-bridged complexes.l'?-21-2%1 It should be
noted that adjacent ladders are displaced by half a repeat-
ing unit along the ¢ and ¢ axes. This arrangement effectively
prevents steric hindrance between the inter-ladder dpa li-
gands. As a result, compounds 1-3 favor the closer-packed
building block shown in Figure 2. The centroids of the pyri-
dine rings in the dpa ligands of adjacent ladders are gen-
erally parallel and adopt a face-to-face alignment with a
separation distance within the range 3.59-3.82 A, thus indi-
cating a weak m—m stacking interaction®3% that may, in
part, contribute to the stabilization of the extended frame-
work. Hydrogen-bond formation is a very important

(b)

Figure 2. Perspective view of compound 1 along the crystallo-
graphic b axis (a) and the « axis (b).

1336 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

aspect in constructing coordination polymers.*!~33 In com-
pounds 1-3, two strong O-H---O hydrogen bonds [O(5)-
H(5a)---O(4) and O(5)-H(5b)---O(3)] are found between un-
coordinated oxygen atoms of squarate and the coordinated
water molecules, with O---O distances in the range of 2.528—
2.600 A, which are similar to those (2.589-2.748 A) of
OgqOy-type hydrogen bonds found in other squarate-
bridged compounds.['®2>28%1 [n addition, the inter-ladder
interactions are through one pair of N-H:O [N(2)-
H(2a)---O(4)] and C-H---O [C(11)-H(11a)---O(4)] hydrogen
bonds from the same dpa molecule linked to the oxygen
atom of squarate in the neighboring ladders to form a
mixed N-H-+O and C-H--*O hydrogen bond (dashed line
in Figure 2(b)]. A similar hydrogen-bonding interaction has
also been found in complexes such as [Fe(ox)(dpa)]i?%* and
[M,(dpa),(C,0,4)(C40,)].?8®! Relevant bond lengths and
angles of the O-H--O, N-H--O and C-H--O hydrogen
bonds for 1-3 are summarized in Table 2.

Crystal Structure of [Cu(dpa)(C404)(H,0)],:(H,0) (4)

The asymmetric unit of compound 4 contains two cop-
per ions, two squarates, two dpa ligands, and one solvated,
doubly coordinated water molecule. Each of the two inde-
pendent Cu centers adopts a slightly distorted square-py-
ramidal coordination environment, but is subject to dif-
ferent environments incorporating squarate and water
molecules (Figure 3). In the equatorial plane, Cu(l) is
bonded to two nitrogen atoms of dpa and two oxygen
atoms of the two squarate ligands, while Cu(2) is bonded
to two nitrogen atoms of dpa and two oxygen atoms, one
from C,O4> and the other from the water molecule. The
axial ligand bonded to Cu(1) is the oxygen atom of a water
molecule [O(9)], while that bonded to Cu(2) is an oxygen
atom of a squarate [O(6)], forming a distorted square-py-
ramidal coordination environment. A 1D helical chain is
observed in which the copper ions are alternately bridged
by equatorial-axial and equatorial-equatorial p; 5-C40,4% li-
gands (Figure 4). The Cu---Cu separations across the equa-
torial-axial and equatorial-equatorial C,04>~ bridges are
4.832(4) A and 5.392(4) A, respectively. The former is
longer than that of 4.328(1) A in [Cu(C40.)(C4sH4N,)],B2%
but shorter than other relevant p;,- or py,34-C404% -
bridged Cu complexes.['94-22260:371 A expected, the axial
Cu(1)70(09)W and Cu(2)-O(6),, distances of 2.242(2) and
2.174(2) A are significantly longer than the equatorial
Cu(1)-O(1)q and Cu(1)-O(5);q bond lengths [2.026(2) and
1.955(2) A respectively] and the Cu(2)-0(2)sq and Cu(2)-
0(10),, bond lengths [2.013(2) and 1.954(2) A respectively]
due to the Jahn-Teller distortion. The corresponding Cu—
Oy, Cu-Oyq, and Cu-N bond lengths listed in Table 3 are
similar to those found in some other squarate-bridged Cu
complexes.[??26-32371 Hydrogen bonds also play an impor-
tant role in the helical chain of compound 4. These include
three O-H-:+O hydrogen bonds [O(11)-H(11a)--O(8),
O(10)-H(10b)--O(11), and O(9)-H(9b)-*O(2)] between
water molecules and squarate ligands, with O---O distances
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Table 2. Hydrogen bonds for compounds 1-3.[

Donor-H [A] Donor-+Acceptor [A] H--Acceptor [A] £ Donor—H-*+Acceptor [°]
O(5)-H(5a) O(5)+-0(4) H(5a):O(4) £0(5)-H(52)0(4)
1 [Co] 0.795(3) 2.574 1.784 172.6
2 [Ni] 0.812(3) 2.568 1.764 170.5
3 [Zn] 0.874(2) 2.584 1.712 174.8
O(5)-H(5b) O(5)--0(3); H(5b)--O(3); £.0(5)-H(5b)--O(3);
1 [Co] 0.760(4) 2.528 1.829 170.7
2 [Nj] 0.839(3) 2.574 1.738 174.6
3 [Zn] 0.891(3) 2.587 1.713 166.1
N(2)-H(2a) N(2)--0(4); H(2a)--O(4); £N(©2)-H(2a)--O#);
1 [Co] 0.860(2) 2.874 2.074 154.5
2 [Nj] 0.859(2) 2.871 2.080 152.6
3 [Zn] 0.860(2) 2.869 2.076 153.1
C(11)-H(11a) C(11)-0O(4); H(11a)--O(4); £C(11)-H(11a)-O(4);
1 [Co] 0.929(3) 3.231 2.465 139.9
2 [Ni] 0.930(2) 3.248 2.486 139.3
3 [Zn] 0.931(2) 3.234 2.467 139.8

[a] Symmetry operations used to generate equivalent atoms: (i) -1 + x, y, z; (i) 0.5 + x, 0.5 -, 0.5 + =z

in the range 2.588-2.785 A, similar to those (2.589-2.748 A)
of Ogq+*Oy-type hydrogen bonds found in other squarate-
bridged compounds.l'>?? The inter-chain interactions are
through hydrogen bonds between the dpa nitrogen atoms
in one chain and uncoordinated squarate oxygen atoms in
the adjacent chain, with hydrogen-bonding distances N(2)—
H(2a)-0@3); of 2.776 A and N(5)-H(5a)O@); of
2.961 A (dashed line in Figure 4). Relevant bond lengths
and angles of the O-H---O and N-H---O hydrogen bonds
for complex 4 are listed in Table 4.
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Magnetic Properties

Compound 2

Plots of the magnetic susceptibility (yp and yy7) in the
temperature range of 5-300 K for 2 are shown in Figure 5.
At room temperature, the yy 7 value is 2.31 emuKmol !,
which, upon cooling, slowly decreases to a value of
2.05emuKmol™! at 75K and then drops rapidly from
1.66 emuKmol ! at 30 K to 0.35 emuKmol ! at 5 K. This
seems to be characteristic of weakly antiferromagnetic be-

Figure 3. The basic building block of compound 4 showing the atom numbering scheme. Ellipsoids are drawn at the 50% probability

level. Symmetry codes: A (0.5 — x, 0.5 + y, 2).
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Table 3. Selected bond length [A] and angles [°] for compound 4.1

Cu(1)-0(1) 2.026(2) Cu(2)-0(2) 2.013(2)
Cu(1)-0(5) 1.955(2)  Cu(2)-O(6) 2.174(2)
Cu(1)-0(9) 2242(2)  Cu(2)-O(10) 1.954(2)
Cu(1)-N(1) 1.984(2)  Cu(2)-N(4) 1.985(2)
Cu(1)-N(3) 2.014(2)  Cu(2)-N(6) 1.991(2)
Cc21)-0(1) 1.274(3)  C(25)-0(5) 1.270(3)
C(22)-0(2) 1.272(3)  C(26)-O(6); 1.254(3)
C(23)-0(3) 1.237(3)  C(27)-0(7) 1.237(3)
C(24)-0O(4) 1.249(3)  C(28)-O(8) 1.241(3)
C(21)-C(22) 1.444(3)  C(25)-C(26) 1.448(3)
C(22)-C(23) 1.4493)  C(26)-C(27) 1.476(3)
C(23)-C(24) 1.477(3)  C(27)-C(28) 1.475(4)
C(24)-C(21) 1.464(3)  C(28)-C(25) 1.454(3)

O(5)-Cu(1)"N(1)  175.64(8) O(10)-Cu(2)-N(4)  169.4(1)
O(5)-Cu(1)'N(3)  91.92(8) O(10)-Cu(2)-N(6)  92.4(1)

N(1)-Cu(1) N(3)  90.62(7) N(#)-Cu(2)-N(6)  89.19(8)
0(5)-Cu(1)-O(1)  85.53(7) O(10)-Cu(2)-O(2)  85.30(9)
N(I)-Cu(1)-O(1)  91.08(7) N(#)-Cu(2-0(2)  91.04(8)
NG3)-Cu(1)-O(1)  164.31(8) N(6)-Cu(2)-O(2)  168.24(8)
O(5)-Cu(1)-0(9)  93.88(8) O(10)-Cu(2)-O(6)  95.28(9)
N(1)-Cu(1)-0(9)  89.33(9) N(4)-Cu(2)-O(6)  94.73(7)
N(3)-Cu(1)-0(9)  96.87(9)  N(6)-Cu(2)-O(6)  100.26(8)
O(1)-Cu(1)-0(9)  98.75(8) O(2)-Cu(2)-O(6)  91.43(7)

[a] Symmetry operations used to generate equivalent atoms: (i) —x
+ 12,y - 1/2, z.

B
-1

(®)

v 7/ emu K mole
% / emu mole

Figure 4. Perspective view of compound 4 along the crystallo-
graphic ¢ axis (a) and the a axis (b).

0.0 . . . 4 4 L0

havior. In order to analyze the magnetic exchange coupling . w0 100 150 200 250 200

interaction in 2, the susceptibility data was fitted to a binu-
clear magnetic model, namely a dimer formed by double p-

OH, bridges, [(dpa)Ni(u,-OH,),Ni(dpa)]**. The corre- Figure 5. Plots of yy; (@) and yv7 (m) vs. T [K] for 2. The solid
sponding molar susceptibility was calculated from the Hei- line represents the best theoretical fit.

Temperature / K

Table 4. Hydrogen bonds for compound 4.1

Donor-H [A] Donor-+Acceptor [A] H-Acceptor [A] / Donor-H-*+Acceptor [°]
O(11)-H(11a) 0.950(4) O(11)--0(8); 2.759  H(lla)--O(8) 1.939 £0(11)-H(11a)--O(8); 143.1
O(11)-H(11b) 0.774(4)  O(11)+0(8) 2.785  H(11b)=O(8) 2017 £0(11)-H(11b)=O(8) 171.1
O(10)-H(10b) 0.895(4) O(10)--O(11) 2.588  H(10b)--O(11) 1.707 £0(10)-H(10b)-+O(11) 167.3
0O(9)-H(9b) 0.815(3) 0(9)-0(2) 2.768  H(9b)--0O(2) 2.122 £0(9)-H(9b)--O(2) 136.1
N(2)-H(2a) 0.860(2) N(2)--0(3);; 2.776  H(2a)--03); 2.033 ZN(2)-H(2a)*O(3); 144.2
N(5)-H(5a) 0.860(2) N(5)O@);; 2.961 H(5a)+-O(4);;; 2.263 /N(5)-H(5a)-O(4);;; 138.4
[a] Symmetry operations used to generate equivalent atoms: (i) 1 — x, —y, 1 —z; (i) 1 + x, y, z; (i) 1.5 - x, 0.5 + y, z.
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senberg model (H = -2JS,S,, S| = S, = 1) given in Equa-
tion (1)

szNg'ﬂ' 2 exp(x)+10exp(3x) =TIP
kT 1+3exp(x)+5Sexp(6x) (1)

where N, g, f, and x are the Avogadro number, g factor,
Bohr magneton, and J/kT, respectively; TIP is the tempera-
ture-independent paramagnetism of the Ni** ion. The best
fitting results for magnetic susceptibility data give TIP =
4.00x10*emumol™!, g = 2.13, J = -39cm™!, and R =
2'80X1075 [R = Z:[(}fMT)obs - OCMDcal]zlz(}fMT)zobs]- As
shown in Figure 5, the solid lines obtained from the theo-
retical approach are in good agreement with the experimen-
tal results. The negative value of J, according to the crystal-
lographic results, indicates an antiferromagnetic interaction
through the water bridges between Ni'! ions in the [(dpa)-
Ni(u,-OH,),Ni(dpa)] dimer and the spin-orbit coupling
contributes trivially to the g factor. The intermolecular ex-
change interactions through p, ,-squarate bridges can be ig-
nored since there is only a weak antiferromagnetic interac-
tion through the squarate bridge in [Ni(C404)(tren)-
(H,0),](C10y), (J = -0.4 cm™1).11%]

Compound 4

The temperature dependence of the magnetic suscep-
tibilities of 4 in the form of yy and ym7T vs. T plots is
shown in Figure 6. At room temperature, the y\7 value is
0.89 emu K mol™!, which is equal to the spin-only yT value
of 0.89 when g = 2.18, expected for a doubly uncoupled S
= 1/2 system. As the temperature decreases, the yy,7" value
remains nearly unchanged and finally reaches a value of
0.88 emuK mol! at 5 K. This magnetic behavior indicates
the existence of a very weak antiferromagnetic interaction
between the Cu'! ions. Based on the framework of com-
pound 4, two possible origins of the magnetic properties are
tentatively proposed, namely the magnetism induced from
either the equatorial-axial squarate bridge with a separation
distance of 4.832(4) A or the equatorial-equatorial squarate
bridge separated by 5.392(4) A. In either case, the magnetic
interaction is mainly dominated by the equatorial-axial
squarate bridge. As a result, the magnetic susceptibility data
can be fitted with the binuclear magnetic model to give T/P
= 0.0emumol!, g = 218, J = —0.08cm™' and R =
9.24x10°°. The solid lines obtained from the theoretical
model in Figure 6 demonstrate a good agreement between
the theoretical and experimental results. For complex 4, the
magnetic interaction via the squarate bridge is rather small
and it can thus be treated as a paramagnetic ion because of
the weak overlap between the magnetic orbital through the
pi o-bis-monodentate squarate bridging ligands.?*) How-
ever, the magnetic susceptibility data can be fitted to a Cu-
rie-Weiss law with 60 = +0224K, and C =
0.444 emuK mol'. The Curie constant agrees well with the
value of g = 2.18 for a copper(i1) one-spin electron configu-
ration, which corresponds to a value of 7 per copper ion
of 0.89 emuKmol!. The small, positive Weiss constant

Eur. J. Inorg. Chem. 2005, 1334-1342 www.eurjic.org

does not really reflect a weak ferromagnetic interaction but
rather implies that there is a lack of strong metal-metal
interactions within the frameworks.

1 0.2
T 0
=2 =
S0.6 F E
g £
N4 =
= 04E
§ | 2
L o4t
=
Ead
02 p
0 . N r o
0 50 100 150 200 250 300

Temperature/K

Figure 6. Plots of y\ (@) and y\7 (D) vs. T [K] for 4. The solid
line represents the best theoretical fit.

Compound 1

The magnetic behavior of 1 is illustrated in Figure 7 as a
plot of y\T as a function of temperature in the range 5—
300 K. At room temperature, the ypm7 value is
394emuKmol!, which is «close to the value
(3.76 cm?*K mol ') of a doubly uncoupled S = 3/2 spin sys-
tem. The value of y\ 7 slowly increases as the temperature
decreases, and reaches a maximum (4.18 emu K mol™!) near
125 K. It then decreases continuously and finally reaches a
value of 1.52 emuK mol ! at 5 K. For a weak-field configu-
ration (4 = 1.5) the value of y, T (3.94 emuK mol™') is un-
expectedly large. Note that a similar phenomenon has been
reported in the case of CoBr,.?%! From the geometry point

5.0

b
‘.
i

xMT / emu K mol'
bl
(=}
= [ §

2
=
T

1.0

0.0 2 L L .
0 50 100 150 200 250 300

Temperature / K

Figure 7. Plots of yy T (m) vs. T [K] for 1.
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of view, the magnetic behavior may originate from the anti-
ferromagnetic  dimers  [(dpa)Co(u,-OH,),Co(dpa)]**,
bridged by H,O ligands [Co-+Co separation of 3.459(1) A]
similar to that of complex 2. However, the susceptibility
data could not be analyzed by using an expression for the
magnetic susceptibility of a dinuclear cobalt(i1) system be-
cause the dinuclear system does not take into account the
effects of the zero-field splitting and/or spin-orbital coup-
ling, which may be significant for cobalt(ir) ions.384%

Thermogravimetric Analysis

To assess the thermal stability of compounds 1-4 and
their structural variation as a function of the temperature,
thermogravimetric analysis (TGA) was performed on sin-
gle-phase polycrystalline samples for each compound. The
former three compounds (1-3) all undergo a continuous,
single-step weight-loss process (losing coordinated water,
followed by detachment of dpa and squarate groups) and
are thermally stable up to at least 175 °C. The on-set tem-
peratures for the weight losses are approximately 175 °C,
258 °C, and 180 °C for 1-3, respectively. The decomposition
processes were completed at approximately 454 °C for 1,
361 °C for 2, and 436 °C for 3. These samples are then de-
composed completely. The final products of the pyrolysis
were identified as Co3;04, NiO, and ZnO, with remaining
percentages of 20.25, 22.25, and 22.92%. The high thermal
stability of these compounds can be mainly attributed to
the intra- and intermolecular hydrogen bonds in combina-
tion with the m-n stacking interaction.

For compound 4, the dehydration takes place in a tem-
perature range 50-100 °C with a weight lost of 6.6%, corre-
sponding to the calculated value (7.2%) for loss of one sol-
vated and two coordinated water molecules. The loss of
squarate groups occurs in the range 210-260 °C, with the
weight loss of 30.0% corresponding to the calculated value
of 30.5%. Above 290 °C the dpa ligand is degraded. The
final pyrolysis product is CuO, with a remaining percentage
of 20.98 %.

Conclusions

In conclusion, under hydrothermal conditions, we have
successfully synthesized two metal coordination polymer
frameworks [M(dpa)(C,04)(H,O)] [M = Co (1), Ni (2), Zn
(3)] and [Cu(dpa)(C404)(H,0)],"H>O (4), the structures of
which have been well characterized by X-ray diffraction.
The squarate ligands afford a p;,-bridging coordination
mode as well as hydrogen-bonding capability to build a 1D
two-legged ladder-like MOF for compounds 1-3 and a 1D
helical chain for compound 4. The magnetic studies indicate
a weak antiferromagnetic interaction via H,O bridges for 1
and 2 and paramagnetism for 4.

Experimental Section

Materials and Physical Techniques: All chemicals were of reagent
grade and were used as received. The IR spectra were recorded on

1340 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a Nicolet Fourier Transform IR, MAGNA-IR 500 spectrometer
in the range of 500-4000 cm™' using the KBr disc technique. The
magnetic susceptibilities were measured on polycrystalline samples
of compound 1 (Co), 2 (Ni), and 4 (Cu) at a field of 10000 G over
a temperature range from 5 to 300 K with a SQUID magnetometer.
Diamagnetic corrections were made with Pascal’s constants for all
constituent atoms, and the magnetic moments were calculated by
the equation gy = 2.828(ym7T)"?. Thermogravimetric analyses
(TGA) of the title compounds were performed on a computer-con-
trolled Perkin—Elmer 7 Series/UNIX TGA7 analyzer. Single-phase
powder samples of 1 (4.014 mg), 2 (5.079 mg), 3 (1.532 mg), and 4
(4.406 mg) were loaded into alumina pans and heated with a ramp
rate of 5 °Cmin ! from room temperature to 900 °C under nitrogen.

Synthesis of [Co(dpa)(C404)(H,0)] (1): Reaction of anhydrous
CoCl, (0.0131 g, 0.1 mmol), H,C4,O4 (0.0114 g, 0.1 mmol), dpa
(0.0348 g, 0.2 mmol), and deionized water (6 mL) in a molar ratio
of 1:1:2:3333 at 180 °C for three days produced red, column-like
crystals of 1 in a yield of 0.0198 g (54.9%) based on Co". The final
pH value was 3.28. IR (KBr): ¥ = 3319 (w), 3204 (w), 3141 (w),
3041 (w), 1651 (m), 1582 (m), 1540 (s), 1480 (vs), 1425 (s), 1379
(m), 1235 (m), 1160 (m), 1011 (m), 847 (w), 763 (m), 646 (w) cm'.
C4H [ CoN305 (360.19): caled. C 46.69, H 3.08, N 11.67; found C
46.78, H 3.01, N 11.64.

Synthesis of [Ni(dpa)(C404)(H,0)] (2): Reaction of NiCl,:6 H,O
(0.0241 g, 0.1 mmol), H,C404 (0.0115 g, 0.1 mmol), dpa (0.0352 g,
0.2 mmol), and deionized water (6 mL) in a molar ratio of
1:1:2:3333 at 180 °C for three days produced light-blue, column-
like crystals of 2 in a yield of 0.0194 g (53.9%) based on Ni'l. The
final pH value was 2.82. IR (KBr): ¥ = 3319 (w), 3206 (w), 3143
(w), 3043 (w), 1652 (s), 1601 (s), 1580 (s), 1541 (vs), 1486 (vs,
broad), 1434 (vs), 1381 (s), 1276 (m), 1236 (m), 1166 (m), 1160 (s),
1081 (m), 1047 (m), 1015 (m), 900 (m), 851 (m), 789 (m), 763 (m),
648 (w) cm!. C4H N3NiOs (359.97): caled. C 46.72, H 3.08, N
11.67; found C 46.87, H 2.92, N 11.76.

Synthesis of [Zn(dpa)(C404)(H,0)] (3): Reaction of anhydrous
ZnCl, (0.0136 g, 0.1 mmol), H,C4,04 (0.0114 g, 0.1 mmol), dpa
(0.0340 g, 0.2 mmol), and deionized water (6 mL) in a molar ratio
of 1:1:2:3333 at 180 °C for three days produced light-brown, nee-
dle-like crystals of 3 in a yield of 0.0256 g (69.8%) based on Zn'..
The final pH value was 3.74. IR (KBr): ¥ = 3307 (w), 3210 (w),
3148 (w), 3037 (w), 1644 (m), 1586 (m), 1532 (s), 1483 (vs), 1379
(m), 1272 (w), 1236 (m), 1160 (m), 1013 (m), 765 (m), 648 (w) cm ..
C4H1N305Zn (366.63): calcd. C 45.86, H 2.02, N 11.46; found C
4531, H 2.12, N 11.35.

Synthesis of [Cu(dpa)(C404)(H,0)],:(H,0) (4): Reaction of
CuCl,-6 H,O (0.0170 g, 0.1 mmol), H,C,0, (0.0114 g, 0.1 mmol),
dpa (0.0170 g, 0.2 mmol), and deionized water (6 mL) in a molar
ratio of 1:1:1:3333 at 180 °C for three days produced black, col-
umn-like crystals of 4 in a yield of 0.074 g (98.9%) based on Cu'l.
The final pH value was 2.94. IR (KBr): ¥ = 3304 (w), 3204 (w),
3141 (w), 3106 (w), 3041 (w), 1652 (m), 1589 (m), 1520 (vs), 1483
(vs), 1463 (vs), 1434 (m), 1332 (m), 1241 (m), 1157 (m), 1082 (m),
1025 (m), 766 (m), 650 (m) cm'. CogHo,Cu,NO,; (747.61): caled.
C 44.98, H 3.08, N 11.67; found C 44.58, H 2.89, N 11.15.

X-ray Crystallographic Study: Single-crystal structure analyses for
compounds 1-4 were performed on a Siemens SMART dif-
fractometer with a CCD detector with Mo-K, radiation (4 =
0.71073 A) at room temperature. A preliminary orientation matrix
and unit-cell parameters were determined from three runs of 15
frames each, with each frame corresponding to a 0.3° scan in 10s,
following by spot integration and least-squares refinement. For
each structure, data were measured using o scans of 0.3° per frame
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Table 5. Crystal data for Compounds 1-4.

1 2 3 4
Empirical formula C14H1 1C0N3O5 C14H1 1N3Ni05 C14H1 1N3O5Zn C28H24CU,2N305
Molecular mass 360.19 359.97 366.63 747.61
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group P2,/n P2,/n P2,/n Pbca
a[A] 7.4158(2) 7.3768(2) 7.4583(2) 11.7740(3)
b [A] 11.1131(4) 11.0999(3) 11.1632(3) 13.8920(4)
¢ [A] 16.3588(5) 16.1870(5) 16.2761(4) 35.1467(9)
© 91.464(1) 91.337(1) 91.494(1)
VA3 1347.73(7) 1325.06(6) 1354.66(6) 5748.7(3)
V4 4 4 4 8
Deareq. [gem ™) 1.775 1.804 1.798 1.728
T [K] 295(2) 295(2) 295(2) 295(2)
p [mm'] 1.306 1.497 1.845 1.555
Refl. collected 11321 11512 13735 46336
Refl. unique/R;,, 3102/0.0321 3048/0.0348 3120/0.0248 6606/0.0367
Refl. with [I > 26(1)] 2291 2269 2499 4894
216 216 216 448

Ny
R R,PT (all data)
Rl R V[T > 26(1)]

Goodness-of-fit
Apmax./min. [e Ai%]

0.0516, 0.0772
0.0308, 0.0726
1.011

+0.377/-0.355

0.0503, 0.0654
0.0295, 0.0612
1.004

+0.344/-0.414

0.0339, 0.0615
0.0235, 0.0592
1.029

+0.335/-0.289

0.0304, 0.0793
0.0510, 0.0906
1.076

+0.332/-0.370

FULL PAPER

[a] Rg = Z||F| — [FI/Z|F,]. [b] Rw(|F]2) = [2W(|Fo|2 - |Fc2|)2/2W|F0|2]”2-

for 20 s until a complete hemisphere had been collected. Cell
parameters were retrieved with SMARTH! software and refined
with SAINTH on all observed reflections. Data reduction was per-
formed with SAINT and corrected for Lorentz and polarization
effects. Absorption corrections were applied with the program SA-
DABS.®31 Direct phase-determination and subsequent difference-
Fourier map synthesis yielded the positions of non-hydrogen atoms,
which were subjected to anisotropic refinements. For 1-4, all hydro-
gen atoms were generated geometrically (C-H: 0.95) with the ex-
ception of the hydrogen atoms of the coordinated water molecules,
which were located in the difference Fourier map with the corre-
sponding positions and isotropic displacement parameters being
refined. A final full-matrix, least-squares refinement method on F?
was applied for all observed reflections [/ > 2o([)]. All calculations
were performed with the SHELXTL-PC V 5.03 software pack-
age.[*¥] Crystal data and details of the data collection and structure
refinements for 1-4 are summarized in Table 5.

CCDC-205773 (for 1), -205772 (for 2), -172057 (for 3) and
-205774 (for 4) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Center via
www.ccde.cam.ac.uk/data_request/cif.
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