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Abstract: Reactions of ligand 4-[(1H-imidazol-4-yl)methylamino|benzoic acid (H,L) with transition metal salts led
to the formation of three complexes [M(HL),(H,0),J(M(ID=Mn(II)(1), Cd(I)(2), Cu(I)(3)) under different conditions.

The single crystal X-ray diffraction analyses revealed that three complexes crystallized in the same triclinic space

group Pl are isomorphous and isostructural, and the molecules are further connected by hydrogen bonds

interactions resulting in formation of 3D structures. Thermal stability and electrochemistry properties of complexes

were also investigated. CCDC: 945340, 1; 945338, 2; 945339, 3.
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Nowadays, crystal engineering is a rapidly
expanding field because of its wide application to
material and solid state sciences!?. The major goal of
this research field is to understand and exploit the
potential of weak intermolecular interactions for the

While

hydrogen bonding is a master key in the area of

construction of novel complex assemblies.

crystal  engineering and  the application of

intermolecular hydrogen bonds is a well known and

R B 1.2013-07-19, W& SchiE H 11 .2013-08-27,
XK HARBE I 4 (No.21272118) % B L H
IR N, E-mail : xjnuist@gmail.com

efficient tool to regulate the molecular arrangements
in crystal structures **. Meanwhile, the design and
(MOFs) are

of great interests not only because of their potential

construction of metal-organic frameworks

applications as functional materials (magnetism,

electric conductivity, catalysis and non-linear optics)

but also due to their structural

(9-14)

intriguing
topologies ! It is known that the nitrogen donor

containing carboxylate ligands are useful building
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blocks for constructing MOFs, and have been utilized
(ID), two- (2D), and three-

coordination architectures 5%,

to generate zero-, one-
dimensional ~ (3D)
Herein, we designed and prepared 4-[(1H-imidazol-4-
yl) methylamino|benzoic acid (H,L) as a logical ligand
to construct novel coordination frameworks. The H,L
is designed as a multifunctional ligand based on the
following considerations: (1) complete or partial
deprotonation of H,L. can produce 1>~ or HL", which
are useful ligands for the construction of complexes

(2) the flexible

arms of H,L. can adopt varied conformations and thus

with novel structures and topologies;

can lead to the formation of diverse structures as well
as the complex isomerism which is interesting in
crystal engineering. In this paper, we report the

complexes [M (HL), (H,0),] (M (Il) =Mn (II) (1), Cd(II)(2),
Cu(I)3)) based on the hydrogen bonding interactions.

1 Experimental

1.1 Materials and instrumentation
All the reagents and solvents were used as
commercial sources without further purification. FTIR
spectra were tecorded on a Bruker Vector22 FTIR
disks.
Perkin-Elmer

Thermogravimetric

Elemental
240C
analyses
(TGA) were performed on a TGA V5.1A Dupont 2100

instrument heating from room temperature to 700 °C

spectrophotometer  using  KBr

analyses were taken on a

elemental  analyzer.

under N, with a heating rate of 20 °C -min . The
luminescent spectra for the powdered samples were
recorded at room temperature on an Aminco Bowman
Series 2 spectrophotometer with xenon arc lamp as the
light source. In the measurements of the emission and
excitation spectra, the pass width was 5.0 nm.
1.2 Synthesis of ligand H,L

This compound was prepared by reaction of p-
aminobenzoic acid with imidazole-4-carboxaldehyde
and sodium borohydride. IR (KBr, ecm™): 3 442 (s),
1 611 (s), 1 589 (s), 1 538 (s), 1 518 (s), 1 476 (ms),
1 380 (s), 1 176 (ms), 844 (m), 788 (s), 641 (ms).
1.3 Synthesis of [Mn(HL),(H;0),] (1)

A mixture of MnCl,-2H,0 (0.016 g, 0.10 mmol),
H,L (0.022 g, 0.10 mmol) and H,O (10 mL) were sealed

in a 15 mL capacity Teflon-lined reaction vessel and
heated at 80 °C for 3 d. After the reaction mixture was
cooled to room temperature, colorless platelet crystals
were collected by filtration, washed by ethanol and air-
dried, yield based on Mn(Il): 39% . Anal. Caled. for
CuHuNOMn  (%): C, 50.48; H, 4.62; N, 16.06. Found
(%): C, 50.44; H, 4.66; N, 16.07. IR (KBr pellet, cm™):
3220 (s), 1 604 (s), 1 553 (s), 1 509 (ms), 1 495 (s), 1
378 (s), 1 242 (s), 1209 (s), 1 188 (s), 1 063 (ms), 850
(s), 794 (s), 639 (s).

1.4 Synthesis of [Cd(HL),(H,0),](2) and [Cu(HL),

(H:0).1(3)

A buffer layer of 4 mL of acetonitrile/water (1/1,
V/V) mixed solvent was carefully layered over 4 mL of
an aqueous solution of H,L. (0.011 g, 0.05 mmol) and
NaOH (0.002 g, 0.05 mmol), then 4 mL of an
acetonitrile solution of M (NOs), -6H,0 (0.05 mmol,
0.017 g for 2; 0.015 g for 3) and was layered over the
buffer layer. After two weeks, colorless block crystals
of 2 were collected in a yield of 46% based on Cd for
2; brown platelet crystals of 3 were obtained in a yield
of 44% based on Cu for 3. Anal. Caled. for
CuHuNOCd (2) (%): C, 45.49; H, 4.16; N, 14.47.
Found (%): C, 45.44; H, 4.14; N, 14.49. IR (KBr
pellet, em™): 3 219 (s), 1609 (s), 1 555 (s), 1 511
(ms), 1 495 (s), 1382 (s), 1 244 (s), 1210 (s), 1188 (s),
1013 (s), 847 (s), 790 (s), 640 (s). Anal. Caled. for
CuHuNOCu  (3) (%): C, 49.67; H, 4.55; N, 15.80.
Found (%): C, 49.64; H, 4.56; N, 15.87. IR (KBr
pellet, ecm™): 3 221 (s), 1 606 (s), 1 555 (s), 1 510
(ms), 1 495 (s), 1 380 (s), 1 244 (s), 1 208 (s), 1 188
(s), 1 062 (ms), 849 (s), 791 (s), 638 (s).

1.5 Complex 3 modified glassy carbon (GC)
electrode

The GC electrode was first carefully polished
with alumina on polishing paper and washed
successively with double distilled water and acetone
in an ultrasonic bath. About 25 pL of complex 3
suspension (0.25 mg-mL™) in acetone was cast on the
surface of GC electrode and dried in air to form a
complex 3 modified electrode (Cu-GCE).

1.6 Crystal structure determination

Crystallographic data of 1~3 were carried out on
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a Rigaku RAXIS-RAPID Imaging Plate diffractometer
at 200 K wusing graphite-monochromated Mo K«
radiation (A =0.071 075 nm). The structures of 1~3
were solved by direct methods with SIR92 P! and
expanded using Fourier techniques™?. All the non-
hydrogen atoms were refined anisotropically on F* by

full-matrix least-squares methods. All the hydrogen

atoms were generated geometrically and refined

isotropically using the riding model. Details of the
crystal parameters, data collection and refinements are
summarized in Table 1, and selected bond lengths and
angles are listed in Table 2. The hydrogen bonding
data are summarized in Table 3.

CCDC: 945340, 1; 945338, 2; 945339, 3.

Table 1 Crystallographic data for 1~3

complex 1 2 3
Chemical formula CHuNsOgMn CHxuNeOCd CHxNeO:Cu
Formula weight 523.41 580.88 532.01
Crystal system Triclinic Triclinic Triclinic
Space group Pl Pl Pl
a/ nm 0.806 5(4) 0.804 4(5) 0.801 3(3)
b/ nm 0.850 4(3) 0.849 9(4) 0.857 2(3)
¢/ nm 0.937 0(4) 0.943 4(6) 0.926 7(4)
al () 67.15(4) 67.35(2) 65.63(1)
B/ 81.65(4) 81.90(3) 80.49(2)

v /(%) 69.71(3) 70.01(2) 70.33(3)
V / nm® 0.555 4(4) 0.559 3(6) 0.545 7(4)
A 1 1 1

T/K 200 200 200

w (Mo Ke) / em™ 6.481 10.314 10.556
D./ (g cm?) 1.565 1.724 1.619

A/ nm 0.071 075 0.071 075 0.071 075
R, 0.096 0.037 0.141
R\(I>20(D))* 0.050 1 0.030 8 0.083 2
wRA(I>20(D))" 0.129 6 0.064 0 0.216 2

“ R=SIFJ-IENSIE). * wR=ISuw(E, P~ E RS ho(F)A"

Table 2 Selected bond lengths (nm) and angles (°) for 1~3

1
Mn(1)-N(11) 0.219 6(2) Mn(1)-0(3) 0.218 9(2) Mn(1)-N(1) 0.237 6(2)
N(11)-Mn(1)-N(11)i 180.0 N(11)-Mn(1)-N(1) 74.65(7) N(11)-Mn(1)-N(1)i 105.35(7)
N(1)-Mn(1)-N(1)i 180.0 N(11)i-Mn(1)-0(3) 92.85(8) N(1)-Mn(1)-0(3)i 91.92(8)
N(11)-Mn(1)-0(3) 87.15(8) N(1)-Mn(1)-0(3) 88.08(8) 0(3)i-Mn(1)-0(3) 180.0
2
Cd(1)-N(11) 0.224 0(2) Cd(1)-03) 0.232 3(2) Cd(1)-N(1) 0.245 0(3)
N(11)-Cd(1)-N(1 1y 180.0 N(11)-Cd(1)-N(1) 73.50(7) N(11)-Cd(1)-N(D)i 106.50(7)
N(1)-Cd(1)-N(1y 180.0 N(11)-Cd(1)-0(3) 86.11(9) N(1)-Cu(1)-0(3) i 88.16(8)
N(11)-Cd(1)-0(3) 93.89(8) N(1)-Cd(1)-0(3) 91.84(8) 0(3) i -Cd(1)-0(3) 180.0
3
Cu(1)-N(11) 0.198 4(4) Cu(1)-03) 0.231 8(5) Cu(1)-N(1) 0.220 7(5)
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Continued Table 2

N(11)-Cu(1)-N(11) 180.0 N(11)-Cu(1)-N(1) 79.2(2) N(11)-Cu(1)-N(1) 100.78(2)
N(1)-Cu(1)-N(1 180.0 N(11)-Cu(1)-0(3) 94.46(2) N(1)-Cu(1)-0(3) 90.17(2)
N(11)-Cu(1)-0(3) 85.54(2) N(1)-Cu(1)-0(3) 89.83(2) 0(3)'-Cu(1)-0(3) 180.0
Symmetry transformations used to generate equivalent atoms for 1: : —x, —y, —z; 2: ': —x, —y+2, —z; 3: ™ —x, -y, —z

Table 3 Details of intermolecular hydrogen bonds in 1~3
Complex D-H---A d(D-H) / nm d(H---A) / nm d(H---A) / nm £ DHA / (°)

N(1)-H(1)---O(1) 0.09 0.208 0.259 3(3) 163
N(12)-H(9)---O(2)F 0.088 0.193 0.279 2(3) 166

. 0(3)-H(11)---0(2)i 0.083 0.19 0.273 3(3) 176
0(3)-H(12)---0(1) 0.085 0.188 0.273 5(3) 175
C(6)-H(5)---O(1) 0.095 0.254 0.330 5(4) 138
C(12)-H(8)---0(2)" 0.095 0.255 0.338 7(6) 148
N(1)-H(1)---0(1)’ 0.076 0.22 0.293 6(4) 164
N(12)-H(9)---O(2) 0.088 0.19 0.276 9(4) 168

. 0(3)-H(11)---0(2)" 0.081 0.193 0.273 8(3) 175
0(3)-H(12)---0(1)" 0.081 0.196 0.275 8(3) 168
C(6)-H(5)---O(1) 0.095 0.254 0.330 1(4) 137
C(12)-H(8)--0(2)" 0.095 0.251 0.335 9(6) 149
N(1)-H(1)---O(4) 0.093 0.203 0.294 6(7) 167
N(12)-H(9)---0(2)" 0.088 0.19 0.277 3(7) 172

3 0(3)-H(11)---O(2)i 0.083 0.196 0.277 3(7) 168
0(3)-H(12)---O(4) 0.082 0.205 0.280 9(7) 154
C(2)-H(2)---O4) 0.095 0.25 0.325 1(8) 136
C(12)-H(8)---0(2)" 0.095 0.254 0.333 0(7) 141

Symmetry codes: =1+, y, 23 ' =1+x, 1+y, =25 "=, 14y, —z; V—x, =y, 1=2; " x, =14y, 23 ¥ 1=, 2—y, —=z; ¥ —x, 2y, 1—z

2 Results and discussion

2.1 Structure description

The reactions of H,L. with metal salts lead to the
formation of complexes 1~3. It is noteworthy that the
deprotonation of the carboxylic groups of the H,L ligand
in complexes 1~3 was confirmed by IR spectral data,
since no IR bands in the range of 1 760~1 680 cm™
were observed in the IR spectra of 1 ~3 (see
experimental section), although no base was added in
the reaction of complex 1. The band at about 3 433 cm™
is assigned to the ¥(0O-H) of the water molecules. The IR
data are coincident with the crystallographic structural
analysis. The results of the X-ray diffraction analysis
provide the direct evidence for the structure of the
complexes, the same space group and the similar cell

parameters of complexes 1 ~3 as listed in Table 1

indicate that the three complexes are isomorphous and
isostructual. Thus only the structure of complex 1 is
taken as an example to describe here in detail. The
complex 1 crystallizes in triclinic space group P1, the
metal center Mn (Il) ion is six-coordinated by four
nitrogen atoms from two different HL.™ ligands and two
oxygen atoms of coordinated water molecules. It is
noteworthy that the two oxygen atoms of the
deprotonated carboxylic group do not coordinate with
the Mn(Il) atom. When adding excess metal salts in the
crystals

experimental conditions, no single

obtained from the reactions of HL and Mn (II) salis

were

without addition of NaOH as well as from the reactions
of HL and Cd(I) salts (Cu(Il) salts) with addition of
NaOH.

As shown in Fig.1, the coordination geometry of

the Mn (I) center can be described as a distorted
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Thermal ellipsoids are drawn at 30% probability and hydrogen atoms were omitted for clarity. Symmetry code:!—x, —y, —z

Fig.1 Crystal structure of complex 1

octahedron with Mn-N bond distances of 0.219 6(2) and
0.237 6(2) nm, Mn-O bond distance of 0.218 9(2) nm
(Table 2). An interesting feature of the structure is the
hydrogen  bonding

presence of inter-molecular

interactions between the water O-H groups and

carboxylate oxygen atoms. The hydrogen bonding data
are summarized in Table 3. The single molecules are
connected by bonding interactions of O(3)-H(12)---0O
(1) (symmetry code: —1 +x, ¥, z) to obtain a one
dimensional (1D) double chain (Fig.2).

Hydrogen bonds are indicated as dash lines in this and the subsequent figures; Symmetry code: 'x, 1+y, z; | —14x, 14y, z; 1 24x, 14y, z

Fig.2 1D infinite double chain

The adjacent 1D chains are further connected
together by hydrogen bonding interactions of O (3)-H
(11)---0(2) (symmetry code: —x, 1—y, —z), N(1)-H(1)---
0(1) (symmetry code: 1+x, y, z) and N(12)-H(9)---O(2)

H11 i, oG
02

Symmetry code: '—1+x, y, z; "~1+x, 1y, z.; "—x, 1-y, -z

Fig.3 2D layer connected by hydrogen bonds

(symmetry code: -1 +x, —1 +y, z) to give a two-
(Fig.3). A three-
(3D) structure as exhibited in Fig.4 is
generated and is further consolidated by the C-H---O

dimensional  (2D) layer structure

dimensional

hydrogen bonding interactions. It gives a nice example

of supramolecular framework based on non-covalent

Fig.4 3D structure of 1
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interactions of hydrogen bonding interactions.
2.2 Thermal property
Thermalgravimetric analyses (TGA) were carried
out to examine the thermal stability of complexes by
heating from room temperature to 700 C under
flowing N,. Owing to the similarity of the composition
and structure of 1~3, they showed similar thermal
stability and only complex 1 was selected to describe
its thermal in Fig.5. The TGA curve of 1 shows that
the first weight loss of 6.74% (Calc.: 6.88%) between
160 and 220 °C corresponds to the loss of two
coordinated water molecules. The decomposition of the
residue was observed at ca. 250 “C and does not end

until heating to 700 C.

100 4
90 1
80
70 -

60

Weight / %

50 1

40 1

30

100 200 300 400 500 600 700
T/C
Fig.5 TGA curves of complex 1
2.3 Electrochemical property

The electrochemical —analyses usually were
conducted under argon with a solution of compound with
other electrolyte ***. However, compound 3 is insoluble
in water and common organic solvents. Thus, the

(GCE) becomes the

optimal choice to study their electrochemical property.

modified glassy carbon electrode

The electrochemical study of Cu-GCE was carried out in
aqueous phosphate buffer solution (pH=5.5).

Different scan rates (from inner to outer) of 50,

100, 150, 200, 250, 300, 350, 400, and 450 mV -s™.
Inset: Cyclic voltammogram of Cu-GCE in pH =5.5
phosphates buffer solution in the potential range of
1.0 to —1.0 V. Scan rate: 100 mV-s™.

Inset in Fig.6 shows the cyclic voltammogram of
3 in the potential range of +1.0 to —1.0 V, at the
modified Cu-GCE, a redox couple attributed to the Cu
(I/Cu (I) was observed % it showed a quasi-

reversible behavior in an aqueous medium ™. The
mean peak potential E,=(E,+E,)/2 was =33 mV vs.
SCE for the Cu-GCE. In fact, there is a sharp
oxidation peak due to Cu(Il) +¢ —Cu (I) while the
reduction peak is very broad. This is most possibly
due to the instability of the reduced form of the
complex with different coordination geometry which
can undergo a fast chemical oxidation in an aqueous
solution of pH =5.5 ™. Scan rates effect on the
Cu-GCE  was
investigated in the potential range of +1.0 to =1.0 V

electrochemical  behavior of the
in pH =5.5 phosphates buffer aqueous solution, as
shown in the Fig.5. When the scan rate was varied
from 50 to 450 mV +s~', the peak potentials change
gradually: the cathodic peak potentials shifted to
negative  direction, namely, the peak-to peak
separation between the corresponding cathodic and
anodic peaks increased, but the mean peak potentials

did not change on the whole.

1o os

00 05 -10
E/V (vs.SCE)

-25

1.0 08 06 04 02 00 -02 -04 -0.6 -0.8 -1.0
E/V (vs.SCE)

Fig.6  Cyclic voltammogram of Cu-GCE in pH=5.5

phosphates buffer solution at different scan rates

3 Conclusions

Three novel complexes [M(HL),(H,0),](M(I)=Mn
M (1), Cd () (2), Cu (M) (3)) were synthesized under
different conditions, and the structures are further
connected by hydrogen bonds interactions resulting in
formation of 3D structures. The hydrogen bonding
interactions are the most prominent of supramolecular
interactions, not only in synthetic systems but also in
nature. In addition, the thermal stability property of 1

and electrochemistry property of 3 are investigated.

The results showed that the metal centers have



2672 gl

i

- %29 %

remarkable influence on the property of the

complexes. This work provides useful information for
employing carboxylate and imidazolate/imidazole-
containing ligand to assemble functional coordination

polymers with novel structure and property.
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