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Hydrothermal reactions of 4,4′-bipyridine, benzoic acid/p-methylbenzoic acid, Ni(NO3)2 · 6H2O
and NH4OH yielded [Ni(bpy)1.5(H2O)2(BA)2]·H2O (1) and [Ni(bpy)(HMBA)(MBA)2]n (2) (bpy
= 4,4′-bipyridine, HBA = benzoic acid, HMBA = p-methylbenzoic acid). The Ni(II) ions of com-
pound 1 are six-coordinated and bridged by 4,4′-bipyridine ligands to form a binuclear structure while
complex 2 features polymeric chains which are connected by 4,4′-bipyridine molecules. Variable-
temperature magnetic susceptibility measurements from 300 to 30 K showed the presence of weak
ferromagnetic interactions between the Ni(II) (S = 1) ions via the 4,4′-bipyridine bridges.
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Introduction

Supramolecular systems have attracted considerable
attention, not only for their various structure features,
but also for their potential applications in gas storage
and separation, magnetic devices, molecular recogni-
tion etc. [1 – 11]. Supramolecular assemblies can be
designed and constructed based on non-covalent in-
termolecular interactions such as, among others, hy-
drogen bonds, aromatic π-π-stacking, electrostatic and
van der Waals forces. The judicious choice of spe-
cial inorganic and organic building blocks is the key
steps for manipulating the network structure of such
materials. Aromatic carboxylic acids, such as ben-
zoic m-nitrobenzoic acid, o-phthalic, m-phthalic and
p-phthalic acids, have been shown to produce a great
variety of interesting structures [12 – 30], because they
can not only coordinate metal ions in a variety of ways
but also act as a hydrogen-bond acceptors, taking part
in the formation of polymeric networks [31].

Our efforts to explore supramolecular nickel(II)
complexes with aromatic carboxylic acid and 4,4′-
bipyridine resulted in the preparation of two new
nickel coordination polymers: [Ni(bpy)1.5(H2O)2
(BA)2]·H2O (1) and [Ni(bpy)(HMBA)(MBA)2]n (2)
(bpy = 4,4′-bipyridine, HBA = benzoic acid, HMBA

= p-methylbenzoic acid). Their single-crystal X-ray
structures, magnetic properties, infrared spectra and
thermal degradation are discussed herein.

Results and Discussion

Description of the crystal structures

[Ni(bpy)1.5(H2O)2(BA)2]·H2O (1)

Complex 1 crystallizes in the triclinic space group
P1̄, and the asymmetric unit contains one Ni(II) ion,
one and a half 4,4′-bipyridine molecules (bpy), two
benzoate anions (BA−), two aqua ligands and one
guest water molecule (Tables 1, 2). As shown in Fig. 1,
the Ni(II) ion is six-coordinated defined by two oxy-
gen atoms from two BA−, two hydroxyl oxygen
atoms from aqua ligands and two nitrogen atoms
from different bpy ligands forming an octahedral unit
NiN2O4 with the distances in the range of Ni–O =
2.046 – 2.099 Å, Ni–N = 2.114 and 2.119 Å (Table 2).
The cisoid and transoid bond angles fall in the re-
gion 84.7 – 93.9◦ and 174.9 – 177.4◦, respectively, and
they deviate from the ideal values, indicating the oc-
tahedral coordination to be slightly distorted. The av-
erage Ni–N and Ni–O bond lengths are 2.117 Å and
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Fig. 1. ORTEP view of
the coordination environ-
ment of the Ni(II) ion in
[Ni(bpy)1.5(H2O)2(BA)2]·
H2O (1) with 45% dis-
placement ellipsoids (sym-
metry code: #1 = 2 − x,
1− y, 1− z).

Table 1. Crystal structure data for 1 and 2.

1 2
Empirical formula C29H28N3NiO7 C34H29N2NiO6
Mr 589.26 621.31
Crystal size, mm3 0.32× 0.22× 0.13 0.48× 0.44× 0.23
Crystal system triclinic monoclinic
Space group P1̄ P21/n
a, Å 8.033(2) 10.653(2)
b, Å 12.477(3) 24.370(5)
c, Å 14.756(3) 11.276(2)
α , deg 71.74(3) 90.0
β , deg 76.44(3) 94.72(3)
γ , deg 86.88(3) 90.0
V , Å3 1365.1(5) 2917.6(10)
Z 2 4
Dcalcd., g cm−3 1.43 1.41
µ(MoKα ), cm−1 0.8 0.7
F(000), e 614 1296
hkl range ±10, ±16, ±19 ±13, ±31, ±14
((sinθ)/λ )max, Å−1 0.65 0.65
Refl. measured/unique/ 13201/6143/ 27618/6565/
Rint 0.043 0.06
Param. refined 364 388
R(F)/wR(F2)a,b (all refls) 0.0932/0.1338 0.0677/0.1201
GoF (F2)c 1.175 1.091
∆ρfin (max/min), e Å−3 0.92/−0.86 0.09/−0.86

aR(F) = Σ||Fo| − |Fc||/Σ|Fo|; wR(F2) = [Σw(F2
o − F2

c )2/
Σw(F2

o )2]1/2; GoF = [Σw(F2
o − F2

c )2/(nobs − nparam)]1/2;
w = [σ2(F2

o ) + (aP)2 + bP]−1, where P = (Max(F2
o ,0) + 2F2

c )/3;
for 1: a =−0.0175, b = 2.1407; for 2: a = 0.0484, b = 1.7884.

2.073 Å, respectively, which are close to literature val-
ues [32 – 34].

The Ni(II) atoms are bridged by 4,4′-bipyridine
groups to form binuclear units, arranged around an

Table 2. Selected bond lengths (Å), and angles (deg) for 1
with estimated standard deviations in parenthesesa.

Distances
Ni–O1 2.046(3) Ni–O6 2.099(3)
Ni–O3 2.070(3) Ni–N1 2.119(3)
Ni–O5 2.078(3) Ni–N3 2.114(3)

Angles
O1–Ni–O3 89.7(1) O3–Ni–N3 90.5(1)
O1–Ni–O5 92.9(1) O5–Ni–O6 87.4(1)
O1–Ni–O6 90.8(1) O5–Ni–N1 91.2(1)
O1–Ni–N1 175.7(1) O5–Ni–N3 90.4(1)
O1–Ni–N3 84.7(1) O6–Ni–N1 90.8(1)
O3–Ni–O5 177.4(1) O6–Ni–N3 174.9(1)
O3–Ni–O6 91.9(1) N1–Ni–N3 93.9(1)
O3–Ni–N1 86.3(1)

Hydrogen bonding contacts
D–H d(D–H) d(H···A) d(D–H···A) ∠(D–H···A) A
O5–H5B 0.86 1.88 2.744(5) 177 N2#2

O5–H5C 0.82 2.08 2.761(5) 141 O7#3

O6–H6B 0.86 1.79 2.627(4) 165 O4
O6–H6C 0.88 1.86 2.617(5) 144 O2
O7–H7B 0.84 2.08 2.889(5) 161 O6#3

O7–H7C 0.86 1.92 2.731(5) 156 O4

a Symmetry transformations used to generate equivalent atoms:
#2 x, 1+ y, z; #3 1− x, 1− y, −z.

inversion center. In the [001] direction, the dimers
are linked via hydrogen bonds with the guest water
molecule (O7–H7C···O4 and O7–H7B···O6#2, #2 =
1− x, 1− y, −z) into supramolecular chains (Fig. 2),
which are further linked by π-π stacking (the face-
to-face distances between the BA− and unbridged bpy



64 X.-K. Yu et al. · Two Nickel(II) Compounds with 4,4′-Bipyridine Ligands

Fig. 2 (color online). Lay-
ers connected by O–H· · ·O
hydrogen bonding and π-π
stacking in crystals of 1.

aromatic rings being 3.8 Å) into layers parallel to the
(1̄11) plane (Fig. 2). The layers are arranged alternately
in an ···ABAB··· sequence and further assembled into
a three-dimensional network by aromatic stacking in-
teractions, the face-to-face distances between BA− and
bridging bpy benzene rings being 3.7 Å.

[Ni(bpy)(HMBA)(MBA)2]n (2)

Compound 2 crystallizes in the space group P21/n,
and the asymmetric unit consists of a Ni(II) ion, one
4,4′-bipyridine molecule (bpy), two p-methylbenzoate
anions (namely MBA1 and MBA2 containing the oxy-
gen atoms O1/O2 and O5/O6, respectively) and one
molecule of coordinated p-methylbenzoic acid HMBA
containing the oxygen atoms O3/O4 (Tables 1 and 3).
Two carboxyl oxygen atoms O1 and O3 of MBA1
and HMBA are monodentate to the Ni(II) atom, while
MBA2 is a bidentate chelating ligand. As shown in
Fig. 3, Ni(II) is in an octahedral geometry, coordinated
by two nitrogen atoms from bpy ligands, two oxygen
atoms from MBA2 and one oxygen atom from MBA1
and HMBA each. The Ni atoms display Ni–O/N bond
lengths in the range of Ni–O/N = 2.02(1) – 2.13(1) Å.
The cisoid and transoid bond angles fall in the re-
gions 61.8(1) – 110.2(1)◦ and 155.1(1) – 177.4(1)◦, re-
spectively, indicating the octahedral coordination to be
distorted.

The [Ni(bpy)(HMBA)(MBA)2]n molecules are bpy-
bridged to give rise to a chain structure along the [001]
direction (Fig. 4). The one-dimensional Ni(II) coordi-
nation polymers 1

∞[Ni(bpy)(HMBA)(MBA)2] are con-
nected through offset face-to-face π-π stacking inter-
actions with a mean interplanar distance of 3.35 Å
between MBA1 and HMBA to generate a two-
dimensional network parallel to (010) (Fig. 4). The
MBA2 groups are almost perpendicular to the layer on
both sides. Along the [010] direction, each MBA2 of
one layer protrudes into the void between two adjacent
p-methylbenzoic acid groups of the neighboring lay-
ers, so that the layers are stacked to form bi-layers. The
bi-layers are stabilized by intermolecular π-π stack-
ing interactions between p-methylbenzoic acid ligands
(mean inter-planar distances are 3.45 and 3.50 Å). The
bi-layers are arranged alternately in an ···ABAB··· se-
quence and further assembled into a three-dimensional
network by van der Waals forces.

A comparison of the dinuclear complex
[Ni(bpy)1.5(H2O)2(BA)2]·H2O (1) with the previously
obtained 1D complex [Ni(bpy)(H2O)2(BA)2]n [18]
is particularly worthwhile. The compounds differ
only in the bpy content apart from a co-crystallized
water molecule with key structural features being
similar. In the complex [Ni(bpy)(H2O)2(BA)2]n,
there are two molecules of bpy per dimer while in
1 there are three bpy per dimer. Slow evaporation of
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Fig. 3. ORTEP view of the complex [Ni(bpy)(HMBA)(MBA)2]n (2) with displacement ellipsoids (45% probability) and
atomic labeling (symmetry codes: #1 = x, y, 1+ z; #2 = x, y, 1− z).

mixed solvent (acetone, MeOH and EtOH) from the
reaction mixture yielded 1D [Ni(bpy)(H2O)2(BA)2]n

in a diffusion-controlled reaction while 1 was ob-
tained by hydrothermal synthesis in aqueous solution.
Table 4 gives a concise summary of the reaction
conditions leading to [Ni(bpy)(H2O)2(BA)2]n [18], 1
and 2. Thus the main reasons leading to the different
compositions of these complexes may be temperature
and pressure.

The new complexes 1 and 2 were both prepared by
hydrothermal methods with HMBA being used for 2
instead of HBA. Obviously, their structural differences
are mainly due to the different substitution pattern of
the bencoic acid.

PXRD

The products 1 and 2 were checked by PXRD, and
the experimental and simulated PXRD patterns are
shown in Fig. S1 (Supporting Information, available
online; see note at the end of the paper for availabil-

Table 3. Selected bond lengths (Å), and angles (deg) for 2
with estimated standard deviations in parenthesesa.

Distances
Ni–O1 2.021(2) Ni–O6 2.132(2)
Ni–O3 2.029(2) Ni–N1 2.088(2)
Ni–O5 2.125(2) Ni–N2#1 2.076(2)

Angles
O1–Ni–O3 110.1(1) O3–Ni–N2#1 89.2(1)
O1–Ni–O5 157.4(1) O5–Ni–O6 62.2(1)
O1–Ni–O6 95.2(1) O5–Ni–N1 90.8(1)
O1–Ni–N1 89.0(1) O5–Ni–N2#1 91.4(1)
O1–Ni–N2#1 88.9(1) O6–Ni–N1 90.3(1)
O3–Ni–O5 92.5(1) O6–Ni–N2#1 90.6(1)
O3–Ni–O6 154.7(1) N1–Ni–N2#1 177.8(1)
O3–Ni–N1 90.9(1)

a Symmetry transformations used to generate equivalent atoms:
#1 x, y, 1+ z.

ity). Their peak positions are in good agreement with
each other, indicating good phase purity of the bulk
samples. The difference in intensity may be due to the
preferred orientations in the powder samples.
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Table 4. Summary of synthesis conditions leading to complexes [Ni(bpy)(H2O)2(BA)2]n [18], 1 and 2.

Synthesis Synthesis condition Complexes Ref.
Diffusion upper layer 4,4′-bpy acetone + MeOH + EtOH [Ni(bpy)(H2O)2(BA)2]n [18]

lower layer Ni(NO3)2 ·6H2O, BANH4 H2O
 

 

 
 
 
 
 
 
 
 
 

Hydrothermal HBA, Ni(NO3)2 ·6H2O, [Ni(bpy)1.5(H2O)2(BA)2]·H2O (1) this work
4,4′-bpy, NH3·H2O, H2O
453 K, 3 d

 
 

 
 
 
 
 
 
 
 
 

Hydrothermal HMBA, Ni(NO3)2 ·6H2O, [Ni(bpy)(HMBA)(MBA)2]n (2) this work
4,4′-bpy, NH3·H2O, H2O
453 K, 3 d

 

Infrared spectra

As shown in Fig. S2 (Supporting Information), the
IR spectra of the title complexes are in agreement with
the key structural characteristics as shown above. For
1, the IR spectrum shows broad bands centered at 3502
and 3294 cm−1, indicating the presence of water in the
complex. The strong absorption bands centered at 1598
and 1556 cm−1 for 1, 1630, 1607 and 1571 cm−1 for 2,
can be ascribed to the asymmetric stretching vibration
of the -COO groups, while the symmetric stretching
vibration of the -COO groups results in absorptions at
1413 and 1392 cm−1 for 1, 1541, 1512 and 1427 cm−1

for 2. The separations are 185 and 164 cm−1 respec-
tively for 1, 89 – 144 cm−1 for 2, of which the values

of 1 correspond to monodentate coordination modes
of the carboxylate groups and the value of 2 corre-
sponds to mono- and bidentate modes of the carboxy-
late groups [35], which agrees well with the X-ray
structural analyses. Both for 1 and 2, the absorptions
in the range 600 – 900 cm−1 can be attributed to the
out-of-plane C–H vibrations of the organic ligand.

Thermal analysis

The TG curves are depicted in Fig. S3 (Support-
ing Information). Thermogravimetric analysis of com-
plex 1 shows that the weight loss of the first step be-
tween 59 – 115 ◦C is 8.6% in good agreement with
the value of 9.2% calculated for three moles H2O per



X.-K. Yu et al. · Two Nickel(II) Compounds with 4,4′-Bipyridine Ligands 67

Fig. 4 (color online). 2D supramolecular network in crystals
of 2.

formula, implying complete dehydration. The second
weight loss between 120 – 188 ◦C reaches 13.0% close
to the calculated value 13.3% for removal of half of
the 4,4′-bipyridine ligands. Upon heating, the observed
weight loss of 61.7% over 188 – 420 ◦C corresponds to
decomposition of benzoic acid and release of all 4,4′-
bipyridine. When further heated, the resulting interme-
diate loses weight very slowly. Thermal analysis shows
2 to be stable below 191 ◦C, at which temperature de-
composition starts. The weight loss reaches 78.3% at
409 ◦C. When further heated, the residue loses weight
very slowly.

Magnetic properties

Temperature-dependent magnetic susceptibility
measurements on compounds 1 and 2 were performed
on polycrystalline samples in the temperature range
of 2 – 300 K in a fixed magnetic field of 1 KOe
(1 kOe = 7.96× 104 A m−1). The magnetic behavior
presented in the form of χMT and χM versus T plots
is depicted in Fig. 5 (χM is the magnetic susceptibility
for 1 and 2).

Fig. 5 (color online). Temperature dependence of the mag-
netic susceptibilities of 1 and 2.

Concerning compound 1, the effective magnetic
moment (µeff) at room temperature is 4.31 µB, very
closed to the expected value of 4.00 µB for two Ni(II)
ions. Upon lowering the temperature, χM T first slowly
increases down to about 45 K and then rapidly in-
creases to a value of 2.81 cm3 K mol−1 at 16 K, show-
ing ferromagnetic interactions. Below 16 K, χMT has
a rapid drop, which may be attributed to antiferro-
magnetic exchange interactions or zero-field splitting
(ZFS). The whole profile of the χMT vs. T curve
is indicative of the occurrence of two conflicting ef-
fects [36, 37]. Therefore according to the crystal struc-
ture, the expression for the magnetic susceptibility
(χMT ) of a Ni(II) dimer derived from Van Vleck’s
equation (the spin Hamiltonian Ĥ =−2J · Ŝ1 · Ŝ2) [38]
is expressed in Eq. 1.

χM =
2Ng2β 2

kT
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·

{
55+30exp(−10J/kT )+14exp(−18J/kT )

+5exp(−24J/kT )+ exp(−28J/kT )

}
 11+9exp(−10J/kT )+7exp(−18J/kT )

+5exp(−24J/kT )+3exp(−28J/kT )
+exp(−30J/kT )


(1)

Considering the molecular field approximation, the to-
tal molar magnetic susceptibility takes the form of
Eq. 2, where zJ′ is the interaction between molecules,
and the N, g, β are parameters which have their usual
physical meanings.

χtot =
χM

(1−2z j′χM/Ng2β 2)
(2)

In order to determine the value of the weak ferro-
magnetic coupling observed in 2, we have fitted the
high temperature magnetic data (T > 32 K). The best-
fit parameters obtained are g = 2.05, J = 7.88 cm−1,
zJ′ = 1.25 cm−1 with an agreement factor of R =
Σ[(χM)obs− (χM)calcd]2/[(χM)obs]2 = 8.36× 10−3 for
complex 1.

For compound 2, the effective magnetic moment at
room temperature is 3.29 µB, which falls into a rea-
sonable range (2.8 – 3.9 µB) for one Ni(II) ion. The
value χMT in the range 50 – 300 K displays a slow con-
tinuous increase with the decrease of temperature and
then a sharp increase when lowering the temperature
from 50 to 20 K. Below 20 K, there is a clear decrease
of the χMT values. This behavior at low temperature
may be a zero-field splitting effect or/and an antifer-
romagnetic interaction between Ni(II) ions. The mag-
netic susceptibility data can be analyzed by the fol-
lowing expression based on a Heisenberg Hamiltonian

Ĥ =−J
n−1
∑

i=1
ŜiŜi+1 (S = 1) [39]:

χM =
Ng2β 2

3kT
S(S +1)

1+u
1−u

+T IP

u = coth(JS(S +1)/kT )− kT/(JS(S +1))

χtot =
χM

(1−2z j′χM/Ng2β 2)

The best fit from 300 to 25 K leads to g = 2.01, J =
7.32 cm−1, zJ′ = 0.25 cm−1, and an agreement factor
R = Σ[(χM)obs− (χM)calcd]2/[(χM)obs]2 = 3.59×10−3

for 2.
The positive J clearly indicates the existence of

a ferromagnetic superexchange for 1 and 2, possi-
bly via 4,4′-bipyridine interactions between adjacent

Ni(II) ions, consistent with the magnetic behavior il-
lustrated by the χMT vs. T plots.

Conclusion

Two new 4,4′-bipyridine-bridged nickel(II) com-
pounds, dinuclear [Ni(bpy)1.5(H2O)2(BA)2]·H2O
(1) and polymeric [Ni(bpy)(HMBA)(MBA)2]n (2),
have been synthesized. The compounds form 3D
supramolecular structures formed via hydrogen
bonds and π-π stacking interactions. The magnetic
behavior of 1 and 2 exhibits the occurrence of two
complementary couplings between adjacent Ni(II)
ions.

Experimental Section

Materials

All chemicals were commercially available in reagent
grade and were used without further purification.

Physical methods

Powder X-ray diffraction measurements were carried out
with a Bruker D8 Focus X-ray diffractometer to identify the
products as well as to check phase purity. The C, H and N
microanalyses were performed with a Perkin Elmer 2400II
CHN/S elemental analyzer. The FT-IR spectra in the re-
gion 4000 – 400 cm−1 were recorded at room temperature on
pressed KBr discs with a Shimadzu FTIR-8900 spectrome-
ter. Thermogravimetric (TG) measurements, using a Seiko
Exstar 6000 TG 6300 apparatus, were conducted from room
temperature to 780 ◦C on preweighed samples in flowing ni-
trogen with a heating rate of 10 ◦C min−1. Single-crystal X-
ray diffraction data were collected by a Rigaku R-Axis-Rapid
X-ray diffractometer. The temperature-dependent magnetic
susceptibilities were determined with a Quantum Design
SQUID magnetomer (Quantum Design Model MPMS-7) in
the temperature range from 2 to 300 K.

Synthesis of [Ni(bpy)1.5(H2O)2(BA)2]·H2O (1)

A homogenized mixture of 0.078 g (0.5 mmol) 4,4′-
bipyridine (bpy), 0.061 g (0.5 mmol) benzoic acid (HBA),
0.155 g (0.50 mmol) Ni(NO3)2·6H2O, 12 mL H2O, and
0.1 mL of 7 M NH4OH was loaded into a 25 mL Teflon-lined
stainless-steel autoclave, heated to 180 ◦C and kept at
this temperature for 3 d, and subsequently cooled to room
temperature at a rate of 5 K h−1. After filtration and washing
with distilled water, 75 mg of green crystals of 1 were
separated by hand-picking from the milky-white precipitate
(ca. 25% on the basis of the initial Ni(NO3)2·6H2O input).
– Anal. for C29H28N3NiO7 (%): calcd. C 59.11, H 4.79,
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N 7.13; found C 59.31, H 4.92, N 7.25. – XRD (CuKα ,
λ = 1.54056 Å, Fig. S1) data: (2θ/I) = 7.50/70, 13.03/57,
14.32/47, 15.17/100, 17.21/88, 21.43/38, 22.82/30,
24.76/47, 25.15/37, 26.18/36, 26.97/58, 27.78/29. – IR
(KBr, cm−1, Fig. S2): ν = 3502(w), 3294(w), 2925(m),
1598(vs), 1556(vs), 1535(s), 1413(s), 1392(vs), 1218(w),
1070(w), 820(m), 721(m).

Synthesis of [Ni(bpy)(HMBA)(MBA)2]n (2)

Complex 2 was synthesized analogously to 1 except
that 0.061 g (0.5 mmol) m-benzoic acid (HMBA) was
used instead of 0.069 g (0.5 mmol) benzoic (HBA). After
filtration and washing with distilled water, 55 mg (ca. 18%
on the basis of the initial Ni(NO3)2 · 6H2O input) green
crystals of 2 were separated by hand-picking from the
milky-white precipitate and verified to be a pure phase by
comparing the experimental PXRD with the simulated one
based on the single-crystal data. – Anal. for C34H29N2NiO6
(%): calcd. C 65.83, H 4.71, N 4.52; found C 65.99, H
7.83, N 4.63. – XRD (CuKα , λ = 1.54056 Å, Fig. S1) data:
(2θ/I) = 7.19/68, 8.68/12, 11.37/22, 12.50/11, 13.34/9,
15.81/15, 16.57/100, 18.06/14, 18.51/10, 19.62/12,
23.12/25, 24.60/23, 26.70/11, 28.90/15, 30.10/14. – IR
(KBr, cm−1, Fig. S2): ν = 3065(w), 2916(w), 1631(s),
1606(vs), 1585(w), 1541(w), 1510(s), 1423(vs), 865(w),
831(w), 761(s), 636(w).

X-Ray structure determinations

Suitable crystals of 1 and 2 were selected under a polar-
izing microscope and fixed with epoxy cement on fine glass
fibers, which were then mounted on a Rigaku R-Axis Rapid
IP X-ray diffractometer with graphite-monochromatized
MoKα radiation (λ = 0.71073 Å) for cell determination

and subsequent data collection. The data were corrected for
Lp and absorption effects. The programs SHELXS-97 and
SHELXL-97 were used for structure solution and refinement,
respectively [40, 41]. Some non-hydrogen atoms were ob-
tained by using the heavy-atom method, and the subsequent
difference Fourier syntheses gave the positions of the remain-
ing non-hydrogen atoms. After several cycles of refinement,
some hydrogen atoms associated with carbon atoms were ge-
ometrically generated, and the rest of the hydrogen atoms
located from successive difference Fourier syntheses. Fi-
nally, all non-hydrogen atoms were refined with anisotropic
displacement parameters by full-matrix least-squares tech-
niques, and hydrogen atoms refined with isotropic displace-
ment parameters. Detailed information about the crystal data
and structure determination is summarized in Table 1. Se-
lected interatomic distances and bond angles are tabulated
in Tables 2 and 3.

CCDC 955732 (1) and 955733 (2) contain the supple-
mentary 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

Experimental PXRD patterns and diffraction diagrams
simulated on the basis of the single-crystal structure deter-
minations for 1 and 2 (Fig. S1), infrared spectra (Fig. S2)
and TG curves (Fig. S3) are given as Supporting Information
available online (DOI: 10.5560/ZNB.2013-3242).
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