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Syntheses, crystal structures, and fluorescent properties
of two Cd(IT) complexes based on 2,2’'-(ethane-1,
2-diyl)bis(1 H-imidazole-4,5-dicarboxylic acid)
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Two new complexes, [Cd,(H4ebidc),(CH;3;0H)4]-2CH;0H (1) and {[Cd(Cl)(I)(Heebidc); 2] -
1/2bbe-H,0},, (2) (Hgebide =2,2'-(ethane-1,2-diyl)bis(1 H-imidazole-4,5-dicarboxylic acid),
bbe = 1,2-bis(2-benzimidazolyl)ethane), are obtained through self-assembly of Hgebide with
Cd(II). Single-crystal X-ray diffraction shows that 1 has a binuclear structure and each
tridentate chelating ligand coordinates to two Cd(II) ions with p,-O. Complex 2 displays a 1-D
chain structure and each tetradentate ligand bridges two Cd(II) ions in chelating fashion.
Fluorescent properties have also been determined.

Keywords: Cadmium complex; Crystal structure; Fluorescent property

1. Introduction

Metal-organic frameworks (MOFs) are of interest for intriguing structures and
potential applications in ion exchange, molecular recognition and separation, hetero-
geneous catalysts, gas sorption and storage, drug delivery and medical imaging and
optical, magnetic, and porous materials [1-14]. Though a large number of complexes
have been reported, synthetic strategies remain a long-term challenge because the
structure of the resultant framework is influenced by many factors. Key factors are to
choose metal ions with suitable coordination geometries and to rationally design
ligands. Cadmium ion is a favorable building block or connecting node for complexes
for ease to coordinate to N and O-containing ligands and closed-shell d'° Cd-Cd
interactions can often give intriguing supramolecular motifs and properties [15, 16].
Multifunctional organic ligands play an important role in directing the extended
structure of the complexes [17-22]. Thus, deliberate selection of multifunctional ligands
to prepare interesting polymeric frameworks is an attractive topic.
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Scheme 1. The existing modes of Hiidc at different pH values.

In recent years, N-heterocyclic carboxylates have attracted interest in preparation of
new MOFs and a number of complexes have been synthesized using different nitrogen/
oxygen donors, such as pyridine carboxylic acid [23, 24], pyrazole carboxylic acid
[25, 26], and imidazole carboxylic acid [27, 28]. For example, research based on the
assembly of metal-organic complexes from 4,5-imidazoledicarboxylic acid (Hsidc) has
been extensively carried out [29-31]; since Hiidc has six potential donors, it can be
partially or fully deprotonated to generate Hoide™, Hidc®~, and idc®~ at different pH
values (scheme 1) and shows various coordination modes [32-35]. In contrast,
complexes containing the N-heterocyclic carboxylate 2,2'-(ethane-1,2-diyl)bis(1H-
imidazole-4,5-dicarboxylic acid) (Heebidc) have been scarcely reported until now.

As a derivative of Hsidc, 2,2'-(ethane-1,2-diyl)bis(1H-imidazole-4,5-dicarboxylic
acid) (Hgebidc) has abundant nitrogen/oxygen donors and possesses interesting
structural features. First, there are 12 potential donors in the free ligand. Second,
Hgebidc can remove one to six protons forming H,ebidc (=0, 1, 2, 3, 4, and 5). Thus,
one may expect that deprotonated H,ebidc exhibits various coordination modes. Third,
Hgebidc offers tunability of structural frameworks owing to the presence of the
ethanediyl spacer. Fourth, Hgebidc can act as both hydrogen bond acceptors and
donors due to amino group of imidazole ring and carboxyl group. We have focused our
attention on synthesis, structure, and properties of complexes with Hgebidc, a number
of complexes containing this ligand have been prepared [36, 37]. Here, through
reactions of Hgebide with Cd(II) salts, we obtain two new complexes,
[Cdy(Hy4ebidc),(CH30H)4] - 2CH3OH (1) and {[Cd(Cl)(I)(Heebidc), 5] - 1/2bbe - H,O},,
(2). IR and fluorescent properties are also investigated.

2. Experimental

2.1. General information and materials

All chemicals are of AR grade and used without purification. IR data were recorded on
a BRUKER TENSOR 27 spectrophotometer with KBr pellets from 400-4000cm ™.
Elemental analyses were carried out on a FLASH EA 1112 elemental analyzer. Steady
state fluorescence measurements were performed using a Hitachi F-4500 spectro-
fluorimeter at room temperature in the solid state. TG measurements were performed
by heating the sample from 30°C to 837°C at 10°Cmin~" in air on a NETZSCH STA
409 PC/PG differential thermal analyzer. 2,2'-(Ethane-1,2-diyl)bis(1 H-imidazole-4,5-
dicarboxylic acid) (Hgebide) and 1,2-bis(2-benzimidazolyl)ethane hydrochloride
(bbe - HCI) are synthesized according to the literature method [38].
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2.2. Synthesis of [Cdy( Hebidc),(CH;0H),]+-2CH;0H (1)

An aqueous solution (3mL) of Cd(NO3),-3H>0O (0.05 mmol) was added dropwise to a
methanol solution of Hgebidc (0.05 mmol) with filtering to give a clear solution at room
temperature. Colorless crystals suitable for X-ray analysis were obtained four weeks
later. Anal. Caled for C;sH,oCdN4Oq; (%): C, 33.05; H, 3.71; N, 10.28. Found (%): C,
33.35; H, 3.77; N, 10.12. IR (KBr, cm™"): 3430(m), 3122(m), 1696(m), 1537(s), 1357(s),
1250(m), 1162(m), 1094(m), 1056(m), 975(w), 943(w), 833(m), 780(s), 748(m), 667(m).

2.3. Synthesis of {{Cd(Cl)(I)(Hgebidc) 5]+ 1/2bbe+ H,0}, (2)

An aqueous solution (3mL) of CdI, (0.05mmol) was added dropwise to a methanol
solution of Hgebidc (0.05mmol), then a methanol solution (3mL) of bbe-HCI
(0.05mmol) was added dropwise into the above mixture and filtered to give a clear
solution at room temperature. Colorless block crystals suitable for X-ray analysis were
obtained five weeks later. Anal. Calcd for C14H4CdCIIN4Os (%): C, 28.33; H, 2.38; N,
9.45. Found (%): C, 28.55; H, 2.41; N, 9.36. IR (KBr, cm™'): 3461(w), 2930(w),
1706(m), 1624(m), 1572(m), 1531(s), 1483(s), 1442(m), 1394(m), 1287(w), 1117(m),
761(s), 654(w), 486(w).

2.4. Single-crystal structure determination

A suitable single crystal of each complex was carefully selected and glued to a thin glass
fiber. Crystal structure determinations by X-ray diffraction were performed on a
Rigaku Saturn 724 CCD area detector with a graphite monochromator for the X-ray
source (Mo-Ka radiation, 2 =0.71073 A) operating at 50kV and 40 mA. The data were
collected in w scan mode at 293(2) K with crystal-to-detector distance of 45mm. An
empirical absorption correction was applied and data were corrected for Lorentz-
polarization effects. The structures were solved by direct methods and completed by
difference Fourier syntheses and refined by full-matrix least-squares using SHELXS-97
[39]. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
positioned geometrically and refined using a riding model. All hydrogen atoms were
assigned with common isotropic displacement factors and included in the final
refinement by using geometrical restraints. Crystallographic parameters and structural
refinement for the complexes are summarized in table 1. Selected bond lengths and
angles are listed in table 2. Hydrogen bonds are listed in table 3.

3. Results and discussion

3.1. Crystal structures of [ Cdy(Hyebidc),(CH;0H),]+-2CH;0H (1)

Hgebide reacts with Cd(NOj3),-3H,O to give 1 at room temperature. Single crystal
X-ray analysis reveals that it crystallizes in triclinic space group Pi. As shown in
figure 1(a), each Hebidc>~ coordinates to Cd(II) in Mode I (scheme 2), in which N1
and N3 coordinate to Cdl and O7 coordinates to Cdl and Cdl1A. Two u,-O (O7 and
O7A) bridge two Cd(II) ions forming a binuclear unit [Cd,(H4ebidc),(CH;0H),4] with
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Table 1. Crystal data and structural refinement of 1 and 2.

Complex
Empirical formula
Formula weight
Temperature (K)
Crystal system
Space group

Unit cell dimensions (A,O)

™R O >

v .
Volume (A%), Z

Calculated density (Mgm ™)
Absorption coefficient (mm ")

F(000)
Crystal sizes (mm?®)

1

Cy5sHy0CdN4O

544.75
293(2)
Triclinic
Pi

9.4118(1
9.815(2)

9)

11.773(2)

77.04(3)
77.79(3)
72.30(3)

997.6(4), 2

1.814
1.163
548

0.18x0.17 x 0.14

2

C4H 4CdCIIN4O5
593.04

293(2)

Monoclinic

C2/c

25.848(5)
9.2368(18)
17.416(4)

90

94.41(3)

90

4145.9(14), 8
1.900

2.701

272

0.21 x 0.12 x 0.09

Independent reflection R(int) =0.0384 R(int) =0.0798

Data/restraints/parameters 3683/1/281 3808/0/235

Goodness-of-fit on F> 1.025 1.090

Final R indices [/ > 20(])] R;=0.0490 R, =0.0883
wR,=0.1079 wR,=0.2244

R indices (all data) R;=0.0610 R;=0.1325
wR,=0.1176 wR,=0.2581

Table 2. Selected bond lengths (A) and angles (°) for 1 and 2.

1

Cd(1)-O(T)#!1 2.249(3) Cd(1)-N(1) 2.252(4)

Cd(1)-0(9) 2.335(4) Cd(1)-0(10) 2.371(4)

Cd(1)-N(3) 2.411(4) Cd(1)-0(7) 2.422(4)

O(7)#1-Cd(1)-N(1) 132.79(14) O(7#1-Cd(1)-0(9) 103.00(16)

N(1)-Cd(1)-O(9) 96.31(16) O(M#1-Cd(1)-0(10) 82.28(15)

N(1)-Cd(1)-O(10) 86.11(16) 0(9)-Cd(1)-0(10) 169.77(15)

O(7T)#1-Cd(1)-N(3) 134.55(14) N(1)-Cd(1)-N(3) 89.57(15)

0O(9)-Cd(1)-N(3) 84.19(16) 0O(10)-Cd(1)-N(3) 85.89(15)

O(T#1-Cd(1)-O(7) 68.06(14) N(1)-Cd(1)-0O(7) 157.60(14)

0O(9)-Cd(1)-0(7) 84.25(14) 0O(10)-Cd(1)-0(7) 89.73(14)

N(3)-Cd(1)-O(7) 68.16(13)

2

Cd(1)-N(2) 2.264(8) Cd(1)-0(1) 2.41709)

Cd(1)-CI(1) 2.500(3) Cd(1)-CI(1)#1 2.651(3)

Cd(1)-1(1) 2.722(2)

N(2)-Cd(1)-O(1) 72.2(3) N(2)-Cd(1)-CI(1) 138.2(3)

O(1)-Cd(1)-CI(1) 89.8(2) N(Q2)-Cd(1)-CI(1)#1 96.0(2)

O(1)-Cd(1)-ClI(1)#1 156.5(3) CI(1)-Cd(1)-CI(1)#1 85.92(10)

N(2)-Cd(1)-I(1) 105.9(2) O(1)-Cd(1)-1(1) 99.5(3)

CI(1)-Cd(1)-1(1) 114.24(12) CI(1)#1-Cd(1)-1(1) 103.33(12)

Cd(1)-CI(1)-Cd(1)#1 94.08(10)

Symmetry transformations used to generate equivalent atoms: for 1: #1: —x+ 1, —y+2, —z+1; for 2: #1:

—x+1/2, =y+5/2, —z.
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Table 3. Hydrogen bonds of 1 and 2.

D-H---A dD-H) (A)  dH---A) (A)  dD---A)(A) (D-H---A) ()
1

0(6)-H(6)- - -O(8) 0.85 1.62 2.468(6) 178.7
0(3)-H(3)---0(2) 0.84 1.63 2.478(6) 179.6
N(4)-H(4A)- - -O(1)#2 0.86 2.09 2.902(6) 157.6
N(Q)-H(Q2A). - -O(11)#2 0.86 1.89 2.716(9) 159.7
O(11)-H(11)- - -OQ2)#3 0.85 2.55 3.398(15) 179.2
0(9)-H(9)- - -O(4)#4 0.85 2.03 2.753(6) 142.7
O(10)-H(10)- - -O(5)#5 0.85 1.92 2.741(6) 160.8
2

N(1)-H(1)- - -O(5) 0.86 2.04 2.86(2) 157.8
0(2)-H(2)--0(4) 0.82 1.74 2.485(13) 149.3
0(3)-H(3)---0(5) 0.85 2.35 3.192) 179.6
O(5)-H(5B)- - I()#2 0.85 2.94 3.78(2) 171.4
N(3)-H(3A)- - -O(1)#4 0.86 1.98 2.834(11) 174.3

Symmetry transformations used to generate equivalent atoms: for 1: #2: x+1, y, z; #3: —x, —y+ 1, —z+2;
#4 —x+1, —y+1, —z+2; #5: —x+2, —y+2, —z+1; for 2: #2: —x+1/2, —y+3/2, —z; #4: x, y—1, z.

Cd---Cd distance of 3.873A. Each Cd(II) is six-coordinate and features a distorted
octahedral coordination geometry. The equatorial plane is formed by two nitrogen
atoms (N1 and N3) and two oxygen atoms (O7 and O7A) from two Huebidc®™ groups
(mean deviations from plane of 0.0918 A), while the vertices are occupied by two
oxygen atoms (O9 and O10) from two methanol groups with the O9—-Cd1-O10 bond
angle of 169.77(15)°. As shown in figure 1(b), intramolecular O-H- - -O hydrogen bonds
between carboxyl/carboxylate groups stabilize the molecular configuration. There are
five kinds of intermolecular hydrogen bonds in 1. Nitrogen (N4) of Huebidc®~ forms
hydrogen bonds (N4---O1: 2.902A) with carboxylate oxygen (O1) of Hebidc®.
Nitrogen (N2) of Hyebide?™ forms hydrogen bonds (N2---O11: 2.7161&) with oxygen
atoms (O11) of uncoordinated methanol. Oxygen (O11) forms hydrogen bonds
(O11---02: 3.398A) with carboxylate oxygen (02) of Huebidc?~. There are also
O-H---O hydrogen bonds (O9-H9---O4: 2.753 A, 142.7°; O10-H10---O5: 2.741 A,
160.8°) between neighboring binuclear units [Cd,(Hyebidc)>,(CH;OH),]. Thus,
N-H---O hydrogen bonds along with O—-H---O hydrogen bonds link binuclear unit
[Cd,(H4ebide),(CH3;0H)y] and uncoordinated methanol into the 2-D structure
(figure 1c).

3.2. Crystal structures of {[Cd(Cl)(1)(Hgebidc),>]+1[2bbeH,0}, (2)

When bbe - HCl is added into the mixture of Hgebidc and CdI,, a new 1-D complex, 2,
with a different structure than 1 is obtained. There is one Cd(II), one chloride, one
iodide anion, a half of Hgebidc, a half of uncoordinated bbe, and one uncoordinated
water in the asymmetric unit of 2. As shown in figure 2(a), the coordination number of
Cd(IT) and the coordination mode of Hgebidc are different from those in 1. Each Cd(IT)
is five-coordinate by one nitrogen and one oxygen from the same Hgebidc, two bridging
chlorides and one terminal iodide forming a distorted square pyramidal geometry. The
square is completed by OI, N2, CIl, and CIlIA (mean deviations from plane of
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(a) 05A

Figure 1. (a) Coordination environment of Cd(II) center in 1 with atom numbering scheme. Uncoordinated
methanol groups and hydrogen atoms are omitted for clarity (A: 1 —x, 2—y, 1 —z); (b) view of hydrogen
bondsinl (A: 1 —x,2—y, 1 —z;B: —x,2—p, 1=z, C: =1 +x,y,z;D: x, 1 +p, =1 +z; E: | —x, 3—y, —2);
and (c) view of the 2-D structure of 1 supported by hydrogen bonds.
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Scheme 2. Two coordination modes of Hgebidc in 1 and 2.

Figure 2. (a) View of the molecular structure of 2 with atom numbering scheme. Uncoordinated water
molecules, uncoordinated bbe, and hydrogen atoms are omitted for clarity (A: 0.5 —x,2.5—y, —z; B: 0.5 — x,
1.5—y, —z; C: x, =1+, z) and (b) view of the 2-D structure of 2 supported by hydrogen bonds.



Downloaded by [Renmin University of China] at 10:38 13 October 2013

3118 T. Li et al.

Complex 2

Complex 1

e

Relative intensity

bbe-HCI

T L T L T % 1 2 T ' T
460 465 470 475 480 486
Wavelength/nm

Figure 3. Solid-state emission spectra of free Hqebidc, bbe- HCI, 1, and 2 at room temperature.

0.1540 A) and the vertex is occupied by I7. Each Hgebidc in 2 coordinates to Cd(II) in
Mode II (scheme 2). O1, O1B, N2, and N2B from the tetradentate Hgebidc bridge two
Cd(II) ions in chelating fashion. As depicted in figure 2(a), the bridging chlorides form a
binuclear unit [Cd,Cl,I,] with Cd---Cd distance of 3.771 A. These [Cd>ClL15] units are
further connected by He¢ebide to form the 1-D chain structure. The Cd---Cd distance
separated by Hgebidc is 7.729 A. There are five kinds of hydrogen bonds in 2:
(a) hydrogen bond of uncoordinated water/iodide (O-I distance: 3.78(2) A); (b)
hydrogen bond of carboxyl/carboxylate (O-O distance: 2.485(13) A); (c) hydrogen bond
of carboxyl O/uncoordinated water (O-O distance: 3.19(2) A); (d) hydrogen bond of
imidazole/uncoordinated water (N-O distance: 2.86(2) A); and (e) hydrogen bond
of benzimidazole groups/carboxyl O (N-O distance: 2.834(11)1&). The 1-D chains are
connected by N-H- - -O hydrogen bonds between benzimidazole and carboxyl O leading
to the 2-D structure; other kinds of hydrogen bonds further stabilize the 2-D structure
(figure 2b).

3.3. Fluorescence

Luminescent properties of complexes with d'” metal centers have attracted interest for
potential applications in chemical sensors, photochemistry, and electroluminescent
displays [40, 41]. In this study, we have investigated the fluorescence of free Hgebidc,
bbe - HCIL, 1 and 2 in solid state at room temperature. As shown in figure 3, free Hgebidc
gives an emission band at 469 nm upon excitation at 219 nm and bbe - HCI shows an
emission band with a maximum at 471 nm (Aex =214 nm). Both 1 and 2 display emission
bands at 470 nm when excited at 218 and 203 nm, respectively. Obviously, the emissions
observed are neither MLCT (metal-to-ligand charge transfer) nor LMCT (ligand-to-
metal charge transfer) since the Cd>" ions are difficult to oxidize or reduce due to their
d'° configuration [42]. As a result, the emission band of 1 can be assigned to intraligand
fluorescent emissions since a similar emission is also observed for Hgebidc [43, 44], and
the emission band of 2 may be attributed to cooperative effects of the Hqebidc and
bbe - HCL.
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Figure 4. The TG curve of 1 at heating rate of 10°C-min~"' in air.

3.4. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of 1 was performed by heating the complex from
30°C to 837°C in air. As shown in figure 4, the first mass loss of 5.70% occurs between
55°C and 87°C, corresponding to the release of uncoordinated methanol (Caled 5.88%).
Then a plateau region is observed from 87°C to 133°C. The solid continues to lose mass
from 133°C to 258°C corresponding to the release of coordinated methanol.
Continuous mass loss from 258°C to 660°C corresponds to the decomposition of
Hyebide?™. Finally, a plateau occurs from 660°C to 837°C. The residue equals 23.42%,
which is attributed to CdO (Calcd 23.57%). The results are in agreement with the
aforementioned crystal structure. TGA of complexes containing halogens cannot be
performed on a NETZSCH STA 409 PC/PG differential thermal analyzer, so TGA of 2
has not been carried out.

4. Conclusion

Studies of coordination of Hsidc and structures of the Cd(II) complexes reveal that
singly deprotonated Hjidc generally coordinates in the monodentate imidazole-N or
N,O-chelate mode [45, 46], the doubly deprotonated Hidc coordinates in the u2, u3, or
u4 mode [47-49], and the triply deprotonated idc can coordinate in the u3, ud, or u5
mode [50, 51]. As a derivative of Hsidc, 2,2'-(ethane-1,2-diyl)bis(1 H-imidazole-4,5-
dicarboxylic acid) can provide more coordination modes with the 12 potential donors,
forming interesting structures, and can be partially or fully deprotonated to generate
anions with one, two, three, four, or five charges at different pH values giving acidity-
dependent coordination modes. In this article, we select the flexible N-heterocyclic
carboxylate Hgebidc to self-assemble with Cd(II) and obtained a binuclear complex (1)
in which tridentate chelating ligand coordinates to two Cd(II) ions with p,-O and a 1-D
chain complex (2) in which each tetradentate ligand bridges two Cd(II) ions in chelating
fashion. Our results reveal that introduction of bbe - HCl into the complex can influence
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the coordination modes of Hgebidc and the coordination number of the central metal
ion, and thus influence the structures of the complexes. As a promising N-heterocyclic
carboxylate, Hgebidc can be potentially utilized in constructing more complexes with
charming structures under different conditions.

Supplementary material

Crystallographic data reported in this article have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication. CCDC numbers are
855314 and 855315. This data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033).
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