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Nickel-Organic Coordination Layers with Different Directional Cavities
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The two new metal-organic coordination frameworks [Ni,-
(pydc)s(4,4'-bpy) (H20)4],-0.5n(4,4"-bpy)2H,0 (1) and [Ni,-
(pydc)2(2,2'-bpy)2(H20),],-2nH,0 (2) (Hepyde = pyridine-
3,4-dicarboxylic acid; bpy = bipyridine) have been synthe-
sised under hydrothermal conditions and characterised by
single-crystal X-ray diffraction analysis. The structure of 1
contains parallel rectangular channels that accommodate
large 4,4'-bpy guests while that of 2 contains vertical chan-

nels coordinated to 2,2'-bpy ligands. Their magnetic analy-
ses show that they exhibit different magnetic interactions.
The red shifts of the peak in their emission spectra relative
to those of the the free ligands could be attributable to the
metal-ligand coordination.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Recently, there has been much effort devoted to de-
veloping coordination frameworks with special and access-
ible cavities for use in catalysis, separations, sensors and
electronics.[':? The assembly of pre-selected building blocks
represents a new approach to the formation of novel frame-
works, and multidentate carboxylate ligands are widely
adopted for the construction of coordination frameworks
owing to their rich coordination modes.>>! Another com-
mon ligand is bipyridyl, which not only acts as a space filler
but also provides potential m—m stacking interactions that
increase the stability of the framework. It is interesting that
mixed ligands can be combined to construct a great variety
of frameworks, such as two-dimensional (2D) layers and
three-dimensional (3D) networks, including channel-like,
interpenetrating and host—guest structures. To the best of
our knowledge, 2D layers with parallel channels filled with
guests have seldom been reported. In addition, the effect of
co-ligands on the final structures is less common. Pyridine-
3,4-dicarboxylate (pydc) ligands containing different donor
atoms in the 1-, 3- and 4-positions are expected to form
more diverse coordination frameworks.'>”1 To investigate
the cooperation between pydc and co-ligands, we have ex-
plored their assembly with transitional metal ions. Here we
report the syntheses, crystal structures and magnetic and
photophysical properties of two polymeric complexes with
interesting frameworks, namely [Niy(pydc),(4,4'-bpy)-
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(H20)4],40.5n(4,4'-bpy)2H,0 (1) and [Nix(pydc)(2,2"-bpy),-
(H50),],-2nH,0 (2) (bpy = bipyridine).

Results and Discussion

The hydrothermal reaction of NiCl,-6H,O, H,pydc and
4,4'-bpy or 2,2'-bpy in a molar ratio of about 1:1:1 yielded
green crystals of 1 or 2, respectively. X-ray single-crystal
analysis revealed that the structure of 1 consists of 2D lay-
ers with parallel channels, which are stacked by hydrogen
bonding. Each Ni'! ion is six-coordinate with two N atoms
from 4,4'-bpy and pydc ligands [Ni-N = 2.087(6)-
2.105(7) A] and four O atoms from two terminal water
molecules and two pydc monodentate carboxylate groups
[Ni-O = 2.046(5)-2.130(5) A], which provide a distorted oc-
tahedral coordination geometry (Figure 1). Four pairs of
Ni'l ions are linked by 4,4’-bpy ligands that act as four
edges, which are further linked by four three-connecting
pydc ligands in a syn-syn bis-monodentate mode to form a
cubane-like building block (Figure 2). These building
blocks are extended through the Ni—-O bonds to form a 2D
double-layered framework. Consequently, this gives rise to
novel parallel rectangular channels (11.99%7.92 A2) along
the «a axis (Figure 3). It is interesting that 4,4'-bpy acts not
only as a bridging linker but also as a guest that is accom-
modated within each channel in a stacked arrangement.
There are m—m stacking interactions between the pyridyl
rings of adjacent 4,4'-bpy guests, with a face-to-face dis-
tance of 3.263 A; this distance consolidates the stacking.
The dihedral angle between the mean plane of the pyridyl
rings and the transect plane of the channel is 59.0°. The 2D
layers are stacked by hydrogen bonding between the oxygen
atoms of the lattice water, coordinated water and carboxyl-
ate groups. However, van der Waals interactions are not
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observed between the 4,4'-bpy guests and the channels —
the closest distance is 5.66 A.

2

Figure 1. Coordination environments of Ni'l atoms in compound
1.

Figure 2. Cubane-like building block in 1 showing the Ni coordina-
tion octahedra and 4,4'-bpy guests.

Figure 3. Packing structure of compound 1 along the ¢ axis.

In compound 2, two independent Ni'l ions are both in
distorted octahedral coordination geometries. Each of them
is coordinated by three N atoms from 2,2’-bpy and pydc
ligands [Ni-N = 2.058(5)-2.128(5) A] and by three O atoms
from a coordinated water molecule and two pydc carboxyl-
ate groups [Ni-O = 2.069(5)-2.094(5) A] (Figure 4). The
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two independent Ni' ions are both bridged by two pydc
ligands by anti-syn bis-monodentate carboxylate groups,
which results in two types of binuclear units (Nil--Nil! =
5.330 A and Ni2--Ni2ii = 5.581 A; symmetry codes: i 1 —
x, 1 = y1 -z ii: 2 — x, -y, —z). Furthermore, every four
binuclear units are connected through their pydc spacers
alternately to form a large rectangular grid (7.3x10.3 A2),
as shown in Figure 5. Each Ni'" ion is attached by a chelat-
ing bpy ligand within the rectangular grid. There are n—n
stacking interactions between the 2,2'-bpy pyridyl rings and
the pydc aromatic rings, with face-to-face distances of 3.03—
3.40 A. The rectangular grids stretch to a 2D layer parallel
to the bc plane in a tiled manner. The interlayer free water
molecules are hydrogen bonded to the O atoms of the pydc
carboxylate groups or coordinated water molecules in the
adjacent layers (Figure 6). These 2D layers are stacked
along the ¢ axis into a 3D supramolecular architecture
through hydrogen bonding.

pound 2.

Figure 5. View of the 2D layer in compound 2.

To investigate their thermal stabilities, thermogravimetric
analyses (TGA) of 1 and 2 were carried out at a heating
rate of 10 °Cmin~! under N,. Compound 1 shows a two-
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Figure 6. Packing structure of compound 2.

step weight loss between 150 and 400 °C. The first weight
loss between 150 and 230 °C cannot be distinguished clearly
from the second one as the coordinated water molecules
are involved in the dehydration process (observed: 14.36%;
expected: 13.68%), thus implying that the big guest mole-
cules (4,4'-bpy) cannot depart freely without the collapse
of the coordination channels. The second step between 230
and 400 °C is assigned to the decomposition of organic li-
gands in a continuous fashion. The thermal behaviour of
compound 2 shows a two-step weight loss between 145 and
430 °C. The first weight loss between 145 and 200 °C
corresponds to the dehydration process (observed: 8.4%;
expected: 8.6%). The second step between 290 and 430 °C
is also assigned to the decomposition of organic ligands.
Temperature-dependent magnetic susceptibilities of com-
pounds 1 and 2 were measured between 5 and 300 K (Fig-
ure 7). At room temperature, y,,7 is 2.03 cm*mol 'K for 1
and 2.14 for 2, which is slightly higher than the expected
value of 2.00 cm*mol™' K for two uncoupled spin-only Ni'f
ions (S = 1/2, g = 2). For 1, y,T is almost constant from
300 K to 36 K, then increases as the temperature is lowered
and reaches a maximum value of 2.14 cm*mol 'K at 12 K.
Finally, it decreases to 1.75cm*mol 'K at 5K, which
shows that there may be both weak ferromagnetic interac-
tions and single-ion zero-field-splitting (D) of isolated Ni'!
ions. For 2, the observed y,,T value decreases slightly to
1.95 cm3®*mol™ K from 300 K to 40 K, and then quickly de-
creases to 1.11 ecm*mol' K at 5 K, which suggests that the
global features of 2 are characteristic either of weak antifer-
romagnetic intramolecular interactions and/or of the pres-
ence of single-ion zero-field-splitting of isolated Ni'! ions.
In view of the complicated 2D structures of 1 and 2, it is
very difficult, even impossible, to estimate the magnitude of
the magnetic coupling in this system. Therefore, two dif-
ferent simple treatments were carried out by using the
Fisher model [Equation (1)] or by using the D parameter
[Equation (2)] considering only a simple Ni' ion.[8-]
4854
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Figure 7. Plots of y,, (O) and y,,7 (OJ) vs. T for 1 (a) and 2 (b)
(dotted lines are the best fit with parameter D and solid lines the
best fit with coupling parameter J).
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where the molecular field approximation (zJ") for interchain
interactions and a Weiss-like temperature correction (0') are
applied to account for intermolecular exchange effects be-
tween Ni'! ions.

The best fit of the experimental data to Equations (1)
and (2) yields ¢ = 2.09, J = -0.17cm ™!, zJ' = -0.07 cm™!
and R = 6.3%10 ¢ (R = Z[(/ﬂfm’r)obsd - (Xmﬂcalcd]z/
S[OtmDobsal’), or g = 2.01, D = 11.58, 0 = 3.22 and R =
1.6x10* for 1; and g = 2.05, J = -1.76cm™!, zJ' =
—0.03cm ™! and R = 2.0x1073, or g = 2.01, D = 20.26, 0
= —8.57 and R = 1.9x1073 for 2. As expected, the fit is
not very good, although we can conclude that compound 1
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exhibits a weak ferromagnetic interaction and 2 exhibits a
weak antiferromagnetic interaction between Ni'l ions.

The fluorescence spectra of compounds 1 and 2 in the
solid state were measured at room temperature. The emis-
sion spectra of the two compounds are almost the same, as
shown in Figure 8. Upon excitation at 4 = 427 nm they pro-
duce intense orange fluorescence peaks at 600 nm and
602 nm, respectively, which are assigned to the metal-to-
ligand charge transfer (MLCT) states.'%l As free H,pydc
exhibits a weak luminescence at around 490 nm in the solid
state at room temperature, and free 2,2'-bpy and 4,4'-bpy
display a weak luminescence at around 530 and

486 nm,[!-12] respectively, the red shifts and the luminescent
enhancement for both 1 and 2 may be attributed to the
coordination between the ligands and Ni

600 1
2

10 [11]

Intensi

540 580 580 600 620 640 BEO  GBBO  TOO

Wavelength/nm

Figure 8. Fluorescent emission (A, = 427 nm) spectra of com-
pounds 1 and 2 at room temperature.

Conclusions

In summary, the assembly of NiCl,, pydc and bipyridyl
ligands results in two 2D layered coordination frameworks
with different directional cavities. It is interesting that one
structure contains parallel rectangular channels that accom-
modate large 4,4'-bpy guests whereas the other contains
vertical channels with coordinated 2,2'-bpy ligands. The
magnetic analyses show the presence of magnetic interac-
tions. Excitation of compounds 1 and 2 produces an intense
orange fluorescence.

Experimental Section

General: All commercially available chemicals were of reagent
grade and were used as received. Elemental analyses were deter-
mined with an Elemental Vario ELIII elemental analyzer. IR spec-
tra were measured as KBr pellets with a Perkin-Elmer Spectrum
One FTIR spectrometer in the range 200-4000 cm™!. Thermogravi-
metric analyses were carried out with a Netzsch STA 449C unit
from 30 to 900 °C at a heating rate of 10 °Cmin~' under nitrogen.
Variable-temperature (5.0-300.0 K) magnetic susceptibility mea-
surements were carried out in an external field of 10.0 kG with a
Quantum Design PPMS model 6000 magnetometer. Fluorescent
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analyses were performed with a Perkin—Elmer LS55 luminescence
spectrometer.

Synthesis of 1: A mixture of NiCl,-6H,O (71 mg, 0.30 mmol),
H,pyde (50 mg, 0.30 mmol) and 4,4'-bpy (47 mg, 0.30 mmol) in
H,O (10 mL) was heated to 170 °C for 4 d. After cooling to room
temperature, green crystals of 1 were collected by filtration, washed
with distilled water and dried to afford a yield of 41% (41.56 mg)
based on Ni. C,4H»,N,4Ni,O,, (675.84): calcd. C 42.65, H 3.28, N
8.29; found C 42.28, H 3.72, N 8.43. IR (KBr pellet): ¥ = 3286 (m),
1626 (s), 1574 (s), 1552 (s), 1489 (m), 1404 (s), 1223 (m), 1174 (m),
987 (m), 683 (m), 606 cm™! (m).

Synthesis of 2: A mixture of Ni(OAc),-4H,O (0.25 mmol), H,pydc
(0.25 mmol) and bpy (0.25 mmol) in H,O (10.0 mL) was heated to
170 °C for 4 d and then cooled at a rate of 5°Ch™! to room tem-
perature. Green plate-like crystals of 2 were isolated in 45% yield
(46.80 mg) based on Ni. C34H30NgNi,O, (832.06): calcd. C 49.08,
H 3.63, N 10.10; found C 49.01, H 3.48, N 10.02. IR (KBr pellet):
¥ = 3444 (m), 3124 (m), 1614 (s), 1568 (s), 1477 (m), 1444 (m),
1390 (s), 1194 (w), 1026 (w), 827 (m), 768 (m), 683 (m), 656 cm™!
w).

X-ray Crystallography: Intensity data for compounds 1 and 2 were
measured on a Siemens Smart CCD diffractometer with graphite-
monochromated Mo-K,, radiation (1 = 0.71073 A) at 173 K. Em-
pirical absorption corrections were applied by using the SADABS
program for the Siemens area detector. The structures were solved
by direct methods and all calculations were performed with the
SHELXL-97 program. The metal atoms were found in the electron
density map, and subsequent difference Fourier syntheses gave all
the coordinates of the non-hydrogen atoms, which were refined an-
isotropically. All hydrogen atoms were added in the riding model
and refined isotropically with C—-H = 0.96 A.

Crystal Data for Compound 1: Triclinic, space group Pl, a =
7.0457(3) A, b = 7.9225(4) A, ¢ = 16.3125(1) A, a = 78.445(2)°, B
= 77.782(3)°, y = 75.833(3)°, V = 852.20(6)A3, Z = 2, T =
2932) K, D. = 1.539 gem™3, u(Mo-K,) = 1.179 mm™!, F(000) =
407, 2969 independent reflections (R;,, = 0.0476) with 20 = 50.18°.
Refinement of 247 parameters converged at final R, [for selected
data with 7 > 20(D)] = 0.0694, wR, = 0.2095 and S = 1.107.

Crystal Data for Compound 2: Triclinic, space group PI, a =
11.5331(8) A, b = 12.0447(8) A, ¢ = 14.4712(9) A, a = 71.811(2)°,
= 69.716(2)°, y = 68.285(2)°, V = 171232 A3, Z =2, T =
2932) K, D, = 1.614 gem™3, u(Mo-K,) = 1.175mm™!, F(000) =
856, 5946 independent reflections (R;,, = 0.0491) with 26 = 50°.
Refinement of 511 parameters converged at final R, [for selected
data with 7 > 2o(1)] = 0.0640, wR, = 0.1679 and S = 0.987.

CCDC-232641 (1) and -290754 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): TGA curves for compounds 1 and 2.
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