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A Terephthalato-Bridged NiII Complex Capped with a Nonchelating Ligand
Displays a Three-Dimensional Supramolecular Network Constructed by

Coordination and Multi-Intermolecular Forces
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A new tp-bridged complex [Ni(pyrazole)4(tp)]n (1; tp =
terephthalate) coordinated with a nonchelating pyrazole li-
gand has been synthesized and characterized using X-ray
structure determination and magnetic studies. The crystal
structure reveals that the capping ligand functions as a
source of hydrogen bonding and intermolecular contacts,

Introduction

Coordination polymers have been one of the active re-
search areas applicable to molecular magnets and func-
tional metal–organic frameworks for storage, exchange, and
separations.[1,2] The tp ligand is frequently employed in the
construction of such complexes due to its diverse binding
modes as a linker which allow it to form a variety of struc-
tures from discrete molecules to one- (1D), two- (2D), or
three-dimensional (3D) networks.[3–7] Interestingly, the mol-
ecular dimensionality of coordination polymers bridged by
tp can be raised by hydrogen bonding and other intermo-
lecular contacts, such as face-to-face π–π and edge-to-face
CH–π interactions.[8,9] The former are realized when lattice
water molecules that act as hydrogen donors and acceptors
are present in the crystal structures.[10] The use of aromatic
bidentate moieties such as 2,2�-bypridine and 1,10-phenan-
throline, which fill up coordination spaces around the metal
ions, as capping ligands promotes the supramolecular con-
tacts between the aromatic pyridyl groups, which in turn
leads to increased dimensionality.[8] It is highly desirable to
fabricate dehydrated supramolecular self-assemblies with all
these intermolecular interactions (hydrogen bonding, π–π,
and CH–π interactions) at the same time as lattice water
molecules, which are sources of hydrogen bonds, are easily
removed and the crystal lattice could consequently collapse.
In this respect, we have selected pyrazole as a capping li-
gand as it possesses an N–H group for hydrogen bonding
and a planar aromatic ring for the other intermolecular in-
teractions.
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such as π–π and CH–π interactions, that result in a three-di-
mensional supramolecular assembly. Weak antiferromag-
netic couplings are transmitted between NiII centers through
the tp linkage.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Here we present the synthesis and detailed structural and
magnetic characterization of a new tp-linked dehydrated
NiII compound [Ni(pyrazole)4(tp)]n (1), which, to the best
of our knowledge, is the first example capped by a nonche-
lating pyrazole ligand among coordinative 1D NiII systems
bridged by tp. The capping ligand plays a crucial role in the
formation of the unique 3D supramolecular framework of
1 as it is connected by the combined forces of coordination
as well as noncovalent hydrogen bonds and face-to-face π–
π and edge-to-face CH–π interactions. Weak antiferromag-
netic interactions are operative between the magnetic cen-
ters through the long tp bridge.

Results and Discussion

The reaction of Ni2+, pyrazole and dipotassium
terephthalate in a ratio of 1:4:1 in water led to the forma-
tion of 1. The strong bands in the IR spectrum centered at
3370 and 3350 cm–1 are assigned to the characteristic N–H
stretching vibrations of pyrazole, and the presence of the
broad bands in the range 2900–2400 cm–1 are indicative of
hydrogen bonds between the N–H groups of pyrazole and
the carboxylate oxygens of tp. The differences (Δ) between
the antisymmetric νa(CO2

–) and symmetric νs(CO2
–)

stretching frequencies in the IR spectrum of 1 are 178 and
203 cm–1. The calculated Δ values, when compared with the
reference value (170 cm–1) of dipotassium terephthalate,
suggest that the binding mode of tp appears to be mono-
dentate,[11] which was confirmed by X-ray analysis.

A perspective view of 1 together with the atom-labeling
scheme is presented in Figure 1. Selected distances and
angles are tabulated in Table 1. The specific feature is that
two crystallographically different chains exist in the unit
cell. Each nickel atom lies on an inversion center and exhib-
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its a distorted octahedral geometry consisting of four equa-
torial nitrogen atoms of pyrazole ligands, with an average
Ni–N distance of 2.097(7) Å, and two axial oxygen atoms
of the tp bridge, with an average Ni–O distance of
2.109(1) Å. For a chain including Ni1 atoms (Ni1 chain),
the dihedral angle (α) between the carboxylate group and
the benzene ring of the tp ligand is 21.41(28)°, whereas the
other chain with Ni2 atoms (Ni2 chain) has a dihedral angle
of 10.25(32)°. The benzene rings of the two chains are tilted
with a dihedral angle of 77.20(13)°, and the shortest intra-
chain Ni···Ni distance is 11.446(2) Å for both chains.

Figure 1. ORTEP diagram of 1 with the atom numbering scheme.

Table 1. Bond lengths [Å] and angles [°] for 1.

Ni(1)–N(3) 2.0895(15) Ni(1)–N(1) 2.1017(16)
Ni(1)–O(1) 2.1100(12) Ni(2)–N(7) 2.0938(16)
Ni(2)–N(5) 2.1061(16) Ni(2)–O(3) 2.1076(12)
N(3)–Ni(1)–N(1) 90.95(6) N(3)–Ni(1)–O(1) 94.12(6)
N(1)–Ni(1)–O(1) 85.89(6) C(1)–O(1)–Ni(1) 146.59(13)
C(9)–N(1)–Ni(1) 131.87(14) N(2)–N(1)–Ni(1) 123.42(12)
C(12)–N(3)–Ni(1) 131.59(13) N(4)–N(3)–Ni(1) 122.05(11)
N(7)–Ni(2)–N(5) 91.69(6) N(7)–Ni(2)–O(3) 87.45(6)
N(5)–Ni(2)–O(3) 87.29(6) C(5)–O(3)–Ni(2) 144.46(13)
C(15)–N(5)–Ni(2) 131.13(13) N(6)–N(5)–Ni(2) 122.84(12)
C(18)–N(7)–Ni(2) 132.81(14) N(8)–N(7)–Ni(2) 122.63(13)

The chains form an extended 3D network structure in
which, interestingly, three types of noncovalent forces, na-
mely hydrogen bonds, face-to-face π–π interactions, and
edge-to-face CH–π interactions, are involved. As displayed
in Figure 2 (a), the 3D molecular view in the ac plane can
be described as a combination of two sheets that are slanted
with respect to each other. Sheet A comprises Ni1 chains
and Ni2 chains, with a shortest interchain Ni1···Ni2 dis-
tance of 8.060(1) Å (Figure 2, b). There is intrachain hydro-
gen bonding between unbound carboxylate oxygens and N–
H groups of pyrazole in an Ni2 chain. Simultaneously, the
free carboxylate oxygen atoms participate in interchain hy-
drogen bonds to N–H groups in other Ni1 chains, eventu-
ally generating a 3D network structure. It is worthwhile to
note that interchain edge-to-face CH–π interactions become
established between C14–H14 from the pyrazoles and C6-
containing benzene rings (2.826 Å), as well as between C3–
H3 from the benzene rings and the N5-containing pyrazole
rings (3.019 Å). In sheet B, shown in Figure 2 (c), sym-
metry-related free carboxylate oxygen atoms in an Ni2
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chain undergo intrachain and interchain hydrogen bonding
to the N–H groups of the pyrazole rings in the same chain
and adjacent Ni1 chains, respectively. In comparison with
sheet A, sheet B consists of CH–π interactions between pyr-
azole rings: interchain contacts between C17–H17 from N5-
containing pyrazoles and N1-containing pyrazoles
(3.007 Å). The C9–H9 moiety from the N1-containing pyr-
azoles undergoes intrachain contacts with N3-containing
pyrazole planes (2.852 Å). For sheets A and B, the distances
of the hydrogen bonds are d(D···A) = 2.931(2) Å and �(D–
H···A) = 134° for N2–H2···O4, d(D···A) = 2.711(2) Å
and �(D–H···A) = 158° for N6–H6···O4a (–x – 1, –y + 3,
–z + 1), d(D···A) = 2.720(2) Å and �(D–H···A) = 168° for

Figure 2. Extended view of 1 showing (a) a 3D network in the ac
plane, (b) sheet A, and (c) sheet B. Progressively darker shades of
grey represent Ni, C, H, N, and O, respectively. The dotted lines
indicate hydrogen bonds and the solid lines denote CH–π interac-
tions.



C. S. Hong, J. H. Yoon, J. H. Lim, H. H. KoFULL PAPER
N4–H4A···O2, and d(D···A) = 2.976(2) Å and �(D–H···A)
= 137° for N8–H8A···O2b (x – 1, y, z). As seen in Figure 3,
additional noncovalent interactions correspond to face-to-
face π–π stacking between aromatic pyrazole rings residing
on the same type of nearest neighbor chains residing in
sheets A and B, respectively, where the shortest interchain
distance of Ni1(Ni2)···Ni1(Ni2) is equal to 8.467(1) Å. The
pyrazole groups associated with π–π interactions are sepa-
rated by 3.410–3.507 Å, which is consistent with those be-
tween 2,2�-bipyridine or 1,10-phenanthroline ligands in tp-
bridged NiII chain compounds.[8] Thus, it should be noted
that the capping pyrazole ligand plays a key role in the con-
struction of the 3D supramolecular network structure by
allowing multi-intermolecular interactions concurrently.

Figure 3. Extended molecular view exhibiting π–π stacking. Pro-
gressively darker shades of grey represent Ni, C, H, N, and O,
respectively.

The magnetic behavior of 1 is shown in Figure 4 in the
form of the temperature dependence of χm and χmT at
2000 G in the temperature range 1.8–300 K. At 300 K, the
χmT value is 1.24 cm3 Kmol–1, which is in the usual range
for a noninteracting NiII ion. The χmT value decreases
slowly upon cooling, then drops abruptly below 20 K, fi-
nally reaching a value of 0.45 cm3 Kmol–1 at 1.8 K, thus
indicating the existence of an antiferromagnetic interaction

Figure 4. Plots of χm and χmT vs. T for 1. The solid lines show the
best theoretical fits.
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between the magnetic centers. The inverse magnetic suscep-
tibility data obey the Curie–Weiss equation [χm = C/(T –
θ)] in the linear region, giving C = 1.24 cm3 Kmol–1 and θ
= –0.46 K. This definitely demonstrates that adjacent mag-
netic spins are coupled antiferromagnetically.

The magnetic data were fitted to the analytical expres-
sion derived by Weng on the basis of the spin Hamiltonian
H = –J·∑iSi·Si+1, where the local anisotropy is neglected
[Equation (1)].[12]

(1)

in which x = |J|/kT. Because this equation does not take
into account the zero-field splitting or the Haldane gap,
fitting was performed above 10 K. With consideration of a
molecular field approximation (zJ�), the magnetic fitting
given by the solid line in Figure 4 yields parameters of g =
2.224(1), J = –0.22(1) cm–1, and zJ� � 0. The use of the
infinite chain model derived by Fisher[13] produces similar
results of g = 2.224(1), J = –0.24(1) cm–1, and zJ� � 0 in
the same temperature range. Thus, it is evident that a weak
antiferromagnetic interaction is operative between the NiII

centers. It is reasonable to assume that the antiferromag-
netic behavior occurs via the long tp bridge because, with
the given distances, intrachain interactions through coval-
ent linkages are stronger than interchain couplings via the
intermolecular contacts, which is consistent with the results
reported previously for tp-linked NiII systems.[3,10,14,15] In
comparison with the 1D NiII macrocyclic complex (J =
–1.37 cm–1), where the intrachain Ni–Ni separation is vir-
tually the same (11.5 Å) and α is significantly smaller (5.6°),
the weaker antiferromagnetic interaction (J � –0.2 cm–1) in
1 arises from the sizeable difference in α (21.41° and 10.25°
for 1).[14]

In summary, we have prepared a tp-bridged NiII com-
pound with a 3D network structure built by covalent and
noncovalent bonds. In particular, the nonchelating capping
pyrazole ligand, which contains an N–H group and a
planar aromatic ring, behaves as a unique and efficient syn-
thon for noncovalent contacts of hydrogen bonding, face-
to-face π–π interactions, and edge-to-face CH–π interac-
tions, thus opening-up an opportunity to create a new class
of supramolecular assemblies.

Experimental Section
Physical Measurements: Elemental analyses for C, H, and N were
performed at the Elemental Analysis Service Center of Sogang
University. Infrared spectra were obtained from KBr pellets with a
Bomen MB-104 spectrometer. Magnetic susceptibilities for 1 were
carried out using a Quantum Design MPMS-7 SQUID suscepto-
meter. Diamagnetic corrections of 1 were estimated from Pascal’s
tables.

[Ni(pyrazole)4(tp)]n (1): Pyrazole (2.0 mmol), dissolved in 5 mL of
water, was added, with stirring, to a 10 mL aqueous solution of
nickel(ii) nitrate hexahydrate (0.50 mmol). The resultant pale-green
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solution was treated with a solution of potassium terephthalate
(0.50 mmol) in 5 mL of water. The filtrate of the resulting solution
was allowed to stand for several days to give blue crystals of 1 in
70% yield based on Ni in the presence of four equivalents of pyr-
azole. C20H20N8NiO4: calcd. C 48.5, H 4.07, N 22.6; found C 48.2,
H 4.09, N 22.5. Selected IR data (KBr pellet): ν̃ = 3379 cm–1 (m),
3350 (m), 3138 (w), 3126 (w), 3061 (w), 2595 (m, broad), 1920 (w),
1561 [s, tp νa(CO2

–)], 1523 (m), 1498 (w), 1452 (m), 1383, 1358 [s,
tp νs(CO2

–)], 1279 (w), 1166 (w), 1150 (w), 1123 (m), 1059 (s), 1015
(w), 933 (m), 910 (m), 882 (m), 851 (w), 810 (s), 764 (s), 750 (s),
726 (m), 662 (w), 621 (w), 604 (m), 515 (m).

X-ray Structural Analysis: C20H20N8NiO4, M = 495.15, triclinic,
P1̄, a = 8.4673(14), b = 11.4460(16), c = 11.920(2) Å, α =
77.663(15)°, β = 80.088(15)°, γ = 71.529(12)°, V = 1063.6(3) Å3, Z

= 2, Dc = 1.546 gcm–3, F(000) = 512. Final R indices were R1 =
0.0258, wR2 = 0.0669 [I � 2σ(I)]. The crystal data for 1 are summa-
rized in Table 2.

Table 2. Crystal data and structure refinement for 1.

Empirical formula C20H20N8NiO4

Formula mass 495.15
Crystal system triclinic
Space group P1̄
a [Å] 8.4673(14)
b [Å] 11.4460(16)
c [Å] 11.920(2)
α [°] 77.663(15)
β [°] 80.088(15)
γ [°] 71.529(12)
V [Å3] 1063.6(3)
Z 2
μ [mm–1] 0.959
ρ [g cm–3] 1.546
F(000) 512
Goodness-of-fit 1.051
R1 [I � 2σ(I)] 0.0258
wR2 [I � 2σ(I)] 0.0669
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CCDC-274883 contains 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.
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