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Reactions of a new asymmetric ligand, 1-(1-imidazolyl)-4-(imidazol-1-ylmethyl)benzene (IIMB), with various
metal [Cd(11), Mn(11), Zn(11)] salts led to the formation of molecular, one- (1D) and two-dimensional (2D)
architectures [Cd(IIMB),(H,0)(SO,4)]-7.5H,0 1, [Cd(IIMB),Cl,]-H,O 2, [Cd(IIMB)4(H,0),](NO3),-5H,0 3,
[CAIIMB)(0OAc),]-H,O 4, [Mn(IIMB),(SO4)(H,0)]-8.2H,0 5, [Mn(IIMB),(H,0),]Cl,-5H,0 6 and
[Zn(IIMB),]4(NO3)s-13.5H,0 7. All the structures were established by single-crystal X-ray diffraction analysis.
Both compounds 1 and 5 with sulfate anion are 2D polycatenanes formed by the interlocking of 1D double-
stranded chains, while 2 and 4 with chloride and acetate anions are 1D chains. The results provide nice examples
of topologies of metal-organic frameworks controlled by the counter anions. Interestingly, 3 and 6 are discrete
molecular complexes with monometallic cores and form 2D networks through strong intermolecular
hydrogen bonds. Complex 7, obtained under the same conditions as 3, is a 1D tubular chain. The structural
difference between 3 and 7 suggests the metal ions also have a significant effect on the construction of
supramolecular architectures. Furthermore, the photoluminescence properties of these compounds were

investigated in the solid state at room temperature.

Introduction

Construction of supramolecules with novel structures and
topologies have attracted great interest from chemists because
of their potential applications in material science, medicine,
chemical technology, efc.! In the previous reports, there are
several strategies to construct pre-designed metal-organic
frameworks (MOFs),? for example using rationally designed
organic ligands and/or elaborately chosen metal salts with
defined coordination geometries, introducing non-covalent
weak interactions such as hydrogen bonds, n-m interactions
or even hydrophobic forces.> However, the self-assembly pro-
cess is complex and frequently influenced by factors such as
solvent, template, pH of solution, geometric requirements of
the metal ions, counter ions and even the synthesis conditions.*
Therefore, much more work is required to achieve information
of the relevant structural types and establish the proper rela-
tionship between the structures and properties. In the past dec-
ades, extensive work has been carried out and a variety of one-
(1D), two- (2D) and three-dimensional (3D) frameworks with
specific topologies and interesting properties have been
obtained. It has been recognized that the use of bridging
ligands to tune the supramolecular architectures has become
a key step during the self-assembly process. For example, the
flexible bridging ligand 1,4-bis(imidazole-1-ylmethyl)benzene
(bix, Scheme 1) gave an infinite 2D polyrotaxane network by
reaction with silver(1) nitrate or zinc(i) nitrate hexahydrate,

1 Electronic supplementary information (ESI) available: tables of
bonding parameters for compounds 1-7; additional figures of the crys-
tal structures; the excitation and emission spectra of compounds 1-4
and 7. See http://www.rsc.org/suppdata/nj/b3/b315842j/
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Scheme 1 Ditopic ligands bix, bimb and IIMB.
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and an infinite 1D chain with manganese(ir) nitrite.’ Recently,
an infinite 3D entanglement network was obtained by the reac-
tion of bix and cobalt sulfate.>

We focus our attention on the design and synthesis of MOFs
with specific topologies and properties by using flexible imida-
zole-containing ligands such as 4,4'-bis(imidazole-1-ylmethyl)-
biphenyl (bimb), 1,3,5-tris(imidazol-1-ylmethyl)benzene (TIB)
and 1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-trimethylbenzene
(TITMB).® In our previous studies, the ligand bimb was synthe-
sized to detect the effect of n-m interactions on the formation of
the supramolecular architectures and to study the influence of
the spacer group on the MOFs.%*® As an extension of our
studies,*” we have designed and prepared a new imidazole-
containing ligand, 1-(1-imidazolyl)-4-(imidazol-1-ylmethyl)-
benzene (IIMB), and its reactions with various metal salts were
carried out. In this paper, we report the syntheses, crystal
structures and photoluminescence properties of complexes
[CAIIMB)»(H,0)(SO4)]-7.5H,0 (1), [Cd(IIMB),CL]-H,O (2),
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[CA(IIMB)4(H,0),](NO3),-:5H,0 (3), [CA(IIMB)(OAc),]-H,O
4), [Mn(IIMB),(SO4)(H,0)]-:8.2H,O  (5), [Mn(IIMB),4
(H»0),]CL-5H,O (6) and [Zn(IIMB),]4(NO3)s-13.5H,O (7)
obtained by reactions of IIMB with the corresponding metal
salts. To the best of our knowledge, compounds 1 and 5 are
the first examples of 2D polycatenanes formed by interlocking
of 1D double-stranded chains.

Experimental
Materials and measurements

All commercially available chemicals are of reagent grade and
used as received without further purification. Solvents were
purified by standard methods prior to use. Elemental analyses
of C, H and N were taken on a Perkin—-Elmer 240C elemental
analyzer, at the Center of Materials Analysis, Nanjing Univer-
sity. 500 MHz "H NMR spectra were measured on a Bruker
DRX-500 NMR spectrometer at room temperature. The lumi-
nescent spectra for the powdered solid samples were recorded
at room temperature on an Aminco Bowman Series 2 spectro-
fluorometer with a xenon arc lamp as the light source. In the
measurements of emission and excitation spectra the pass
width was 5.0 nm. All the measurements were carried out
under the same experimental conditions.

Syntheses

Synthesis of IIMB. The ligand 1-(1-imidazolyl)-4-(imidazol-
1-ylmethyl)benzene (IIMB) was synthesized by the Ullmann
condensation method between imidazole and 1-bromo-4-(imi-
dazol-1-ylmethyl)benzene, which was prepared by reaction of
4-bromobenzyl bromide with imidazole under alkaline condi-
tions.® Reaction of imidazole (4.1 g, 60 mmol), sodium hydro-
xide (2.6 g, 65 mmol) and 4-bromobenzyl bromide (15.0 g, 60
mmol) in dimethylsulfoxide (DMSO; 80 mL) solution was
carried out following the procedures reported for preparation
of TITMB as described previously,®® to give 12.1 g (85%)
1-bromo-4-(imidazol-1-ylmethyl)benzene. 1-Bromo-4-(imidazol-
1-ylmethyl)benzene (12.1 g, 51 mmol), imidazole (3.0 g, 56
mmol), K,CO; (7.8 g, 56 mmol) and CuSOy, (1.25 g, 5 mmol)
were mixed and heated at 180°C for 12 h under a nitrogen
atmosphere. After being cooled to room temperature, the reac-
tion mixture was washed by water and the residue was
extracted by CH,Cl, (5 x 30 mL). The organic layer was sepa-
rated, dried over sodium sulfate and evaporated to dryness to
give the crude product of IIMB, which was recrystallized from
dichloromethane and petroleum ether. Yield: 8.11 g (71%). 'H
NMR (500 MHz, D,O): 6 7.89 (s, 1H), 7.65 (s, 1H), 7.34
(s, 1H), 7.32 (d, 2H), 7.23 (d, 2H), 7.02 (s, 1H), 7.01 (s, 1H),
6.90 (s, 1H), 5.12 (s, 2H). Anal. Caled for C;3sHp)Ny: C,
69.62; H, 5.39; N, 24.98. Found: C, 69.68; H, 5.50; N, 25.03.

[CA(TIMB),(H,0)(S0,)]-7.5H,0, 1. A solution of IIMB
(67.2 mg, 0.3 mmol) and CdSO4-2.7H,0 (38.5 mg, 0.15 mmol)
in water (15 mL) was sealed in a stainless steel vessel and
placed in an oven at 120°C for 3 days. The resulting colorless
crystals of 1 were collected in 81% yield. Anal. Caled for
Cy6H41CdNgO5.50S: C, 38.55; H, 5.10; N, 13.83. Found: C,
38.56; H, 4.96; N, 13.79%.

[Cd(IMB),CL,]-H,0, 2. A solution of IIMB (44.8 mg, 0.2
mmol) in ethanol (7 mL) was layered over a solution of
CdCl,-2.5H,0 (22.8 mg, 0.1 mmol) in water (5 mL). Colorless
single crystals of 2 suitable for X-ray diffraction analysis were
obtained by slow inter-layer diffusion in 45% yield. Anal.
Caled for CysHysCdCINgO: C, 48.00; H, 4.06; N, 17.21.
Found: C, 48.05; H, 4.03; N, 17.24%.

[CdIMB)4(H,0),l(NO3),-5H,0, 3. A solution of
Cd(NO3),-4H,O (23.1 mg, 0.075 mmol) in water (10 mL)
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was added to a solution of IIMB (67.2 mg, 0.3 mmol) in
MeOH (20 mL). The mixture was stirred for ca. 10 min, then
filtered. The compound 3 was obtained by slow evaporation of
the filtrate at room temperature in 54% yield. Anal. Calcd for
C52H62CdN18013Z C, 4959, H, 496, N, 20.02. Found: C,
49.63; H, 5.01; N, 19.98%.

[CAIIMB)(OACc),]-H,0, 4. A solution of IIMB (44.8 mg, 0.2
mmol) and Cd(OAc),-2H,0 (53.3 mg, 0.2 mmol) in water (20
mL) was stirred for ca. 1.5 h at room temperature. Then the sol-
vent was removed under reduced pressure and the residue was
dissolved in N,N-dimethylformamide (DMF; 10 mL) and fil-
tered. Colorless single crystals of 4 suitable for X-ray diffraction
analysis were obtained by slow diffusion of diethyl ether into
the above filtrate at room temperature over several days. The
yield was ca. 51%. Anal. Calcd for Ci7HoCdN4Os: C, 43.19;
H, 4.26; N, 11.85. Found: C, 43.33; H, 4.31; N, 11.86%.

[Mn(IIMB),(SO4)(H,0)]-8.2H,0, 5. A solution of
MnSO4-H,0 (16.9 mg, 0.1 mmol) in water (10 mL) was added
to a solution of IIMB (44.8 mg, 0.2 mmol) in water (10 mL).
The mixture was stirred for ca. 20 min, then filtered. The
compound 5 was obtained by slow evaporation of the fil-
trate at room temperature in 75% yield. Anal. Calcd for
C26H42'43N8M1’1013‘22SI C, 4079, H, 559, N, 14.64. Found:
C, 40.79; H, 5.53; N, 14.75%.

[Mn(IIMB)4(H,0),|Cl,-5H,0, 6. A  solution of
MnCl,-4H,0 (9.9 mg, 0.05 mmol) in water (10 mL) was added
to a solution of IIMB (44.8 mg, 0.2 mmol) in water (10 mL).
The mixture was stirred for ca. 20 min, then filtered. The
compound 6 was obtained by slow evaporation of the fil-
trate at room temperature in 63% yield. Anal. Caled For
Cs5,HgCIN MnO;: C, 54.36; H, 5.44; N, 19.50. Found: C,
54.15; H, 5.52; N, 19.47%.

[Zn(IIMB),]4(NO3)s-13.5H,0, 7. A solution  of
Zn(NOj3),-6H,0 (29.7 mg, 0.1 mmol) in water (20 mL) was
added to a solution of IIMB (44.8 mg, 0.2 mmol) in MeOH
(10 mL). The mixture was stirred for ca. 10 min, then filtered.
The compound 7 was obtained by slow evaporation of the
filtrate at room temperature in 48% yield. Anal. Calcd for
C|04H]23N40037‘502n4: C, 4469, H, 444, N, 20.05. Found:
C, 44.75; H, 4.57; N, 19.86%.

Crystallographic analyses

The X-ray diffraction measurements for compounds 1-7 were
carried out on a Rigaku RAXIS-RAPID imaging plate dif-
fractometer at 200 K, using graphite-monochromated Mo-
Ka radiation (4 = 0.7107 A). The structures were solved by
direct methods using SIR92° and expanded using Fourier tech-
niques.'® One of the lattice water molecules with the O6 atom
in 3 was disordered into two positions with site occupation fac-
tors of 0.672(11) and 0.328(11). The O3 atom (from one of the
uncoordinated water molecules) in 6 has two positions with
site occupation factors of 0.68(3) and 0.32(3). The O41, 042,
043 atoms in 7 are part of one nitrate ion and have two posi-
tions with site occupation factors of 0.640(8) and 0.360(8). The
083 and N8 atoms in 7 are part of one nitrate ion and have
two positions with site occupation factors of 0.640(8) and
0.360(8). The nitrate ion with O71, 072, O73 and N7 atoms
in 7 is disordered into two positions with site occupation
factors of 0.515(9) and 0.485(9). In addition, two imidazole
groups and two nitrate anions of 7 are also disordered into
two positions. All the non-hydrogen atoms were refined aniso-
tropically by the full-matrix least-squares method except for
the O43, N§, N8B atoms in 7, which were refined isotropically.
The crystal parameters, data collection and refinement results
for the compounds 1-7 are summarized in Table 1. Selected

New. J. Chem., 2004, 28, 1010-1018

1011



http://dx.doi.org/10.1039/B315842J

View Online

"€/ GAT+ ) = d 23Um [d166Y°0T + (d¥111°0) + (G 01/ 1 = a5 €/ GAT+ ) = d 334m “[(d0T01°0) + (3211 =t ,¢/GAT+ 20) = d 230Um [ (d9860°0) + (3).2)/1 = at , "¢/(GAT+ D) = d
aroym [ (d€620°0) + (D) 2l/1 = m , "€/GAT+ ) = d 210U [(d8€90°0) + (3 0l/1 = , "¢/(GAT+ ) = d 333um [(d6LT0°0) +(2)01/1 = m , "€/GAT+ ) = d 21un [ (d6780°0) + (2D 2l/1 = o ,

112€°0 S9LT'0 SELTO L590°0 90210 SILO0 LLST'0 (eyep qre) Yo
LLLTO 1801°0 6¥60°0 1690°0 75800 1%60°0 8€0T°0 (erep [re) ¥
$€C8T0 LST0 ,S091°0 50900 HTIT0 40€90°0 SLSTT0 [(Doz < 1] ym
S001°0 L090°0 0850°0 09€0°0 L870°0 2700 9190°0 Doz <1y
LOOYT 12823 85SY 8L0€ ¥20L 916€ €08% SUOIBPAI 'SqQO
6950°0 00L0°0 £880°0 $990°0 0$90°0 1190°0 7960°0 Y
8ILLT 679 616L (4424 8€LTI 05279 LLYL suonoayar “dapuy
6168S 660ST SoT e 8L 81 9LY LT vl 68S ST Pa10o[[0d Bl
SL80 00t°0 Y150 9611 99%°0 920°1 68L°0 | /7
002 002 002 002 002 00T 00T /L
4 12 8 ¥ 14 4 8 4
@r1°L019 (6)€5SS (00)¥r69 (EDLELY61 (€)9°0995 (omLETLE (6)8'7699 v/0
(6)¥¥8T°88 00°06 00°06 00°06 00°06 (@L09°0L 00°06 Sop/d
LELYTSL (®)rTe01 (ITD6E 111 (EDLOYY 16 (8)8+88'+01 (2)s29°08 (€)SOL'TIT 3op/¢
(9)1L16°69 00'06 00'06 00'06 00°06 (2)955°€9 0006 Sop/»
(9)6268°1C F11L9°91 (9)08°9T (6)8€18°€C (9)6675°91 (€)oLIE YT (Q)zes9t v/?
(#)89LT'81 (1pssrel @svv1 (€)699T°6 (#)$861°C1 ($)895L1 (11)89sL°€1 v/4
(€)9918'¥1 (©r1-8c (@961 (#)088'8 (6)cT10'6T (£)0868'8 (€DTITS 61 y/?
I-d 2[00 2/ u/led 20 I-d 2/ dnoi3 ooedg
OMEEOCP UMEEQOEOE OMEEOOEOE omE:oOEOE omE:oOEOE UMEEOCH‘ omchOEOE Eoum%m ~mum>k0
06'+6LT 0611 96°69L LL'TLY 09°65C1 $8°619 €018 1ySrom e[nuiIo
#ﬁNcm.hmOAu¢ZMN~EVC~U hOEE@-ZﬁUNc:NmQ MNN.m~OE2mev.N¢EcNU mO#Z@UCNmzo m-OfZUON@ENmU OWZNAU—QOGNEGNU mm.N~OwZUQ~vECNU ._Nj.—EMOm ~.N0m.umn—am
L 9 S 14 € 4 I

[Z¥8STE/6£0T 0T:1op | Bio-as.isgnd//:dny uo pausiiand
0TOZ Jequiaded zZ uo papeo|umod

L—1 spunodwoo 10J s1djowered juswouyel pue eyep [e1sA1) | dqeL

This journal is © The Royal Society of Chemistry and the

Centre National de la Recherche Scientifique 2004

1012 ‘ New. J. Chem., 2004, 28, 1010-1018 ‘



http://dx.doi.org/10.1039/B315842J

Downloaded on 22 December 2010
Published on http://pubs.rsc.org | doi:10.1039/B315842]

bond length and angles are listed in Table S1 [Electronic sup-
plementary information (ESI)]. Further details are provided in
the ESL.i

Results
Description of crystal structures

[CA(IIMB),(H,0)(SOy)] - 7.5H,0, 1. In contrast to the sym-
metric ligands bix and bimb (Scheme 1), IMB is asymmetric
since one imidazole group is attached to the benzene group
via a methylene group and the other one is directly attached
to the benzene group. Novel MOFs with different structures
and topologies from those with bix and bimb ligands can be
expected by assembly reactions of IIMB with metal salts. As
illustrated in Fig. 1(a), each Cd" center in compound 1 has a
slightly distorted octahedral environment and is coordinated
by four imidazole groups of four IIMB ligands with Cd1-N
bond lengths in the range of 2.291(4)-2.327(4) A [Cdl-
N,y = 2.310(15) A].“ The Cd" atom lies 0.11 A out from the
N4 plane towards the O11 atom; such a deviation may be
attributed to the different axial ligands (water molecule and
sulfate anion). Each IIMB ligand links two Cd" atoms to form
a double-stranded 1D chain containing 24-membered rings
with a Cd- - -Cd intra-chain distance of 11.94 A [Fig. 1(b)]. In
each ring, the two benzene ring planes are parallel to each
other and are almost perpendicular to the chain plane defined
by the cadmium and methylene carbon atoms [Fig. 1(b)], since
the dihedral angles between them are 87.7 and 85.4°, respec-
tively. The distance between the two benzene ring planes
within one 24-membered ring is 6.65 A, which makes it possi-
ble for an aromatic ring from another ligand to pass through
the ring. Therefore, the remarkable feature of 1 is that the
1D chains are interlaced with each other to generate a 2D poly-
catenane network structure (Fig. 2). In the interlocked 2D
structure, there are face-to-face m-m interactions between the
benzene ring planes with centroid-centroid separations ranging
from 3.67 to 3.75 A (Fig. S1 in ESI). In addition, the oxygen
atoms of the coordinated SO4>~ anion form hydrogen bonds
with the coordinated water and with the imidazole ring C-H

(b}

Fig. 1 (a) A view of 1 showing the coordination environment around
the Cd" center (ellipsoids at 30% probability). (b) A view of the double-
stranded 1D chain of 1. The hydrogen atoms and solvent molecules are
omitted for clarity.

I CCDC reference numbers 204243-204244 and 225285-225289. See
http://www.rsc.org/suppdata/nj/b3/b315842j/ for crystallographic
data in .cif or other electronic format.
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(b)

Fig. 2 (a) Wire-frame and (b) space-filling views of the 2D polycate-
nane network formed from independent double-stranded 1D chains
in 1.

from the adjacent interlaced chains. In addition, there are a
lot of O-H---O hydrogen bonding interactions between the
SO427 and water molecules, water and water molecules, and
C-H:---O hydrogen bonds between the imidazole ring C-H
and water molecules. The data on the hydrogen bonds are
summarized in Table S2 in the ESI. Such hydrogen bonds,
as well as ©-m interactions, stabilize the interpenetrated struc-
ture and link the 2D sheets into a 3D structure (Fig. S2, ESI).

[Cd(IIMB),Cl,]-H,0, 2. When IIMB reacts with cadmium
chloride, instead of the sulfate salt, complex 2 was obtained.
Crystallographic study shows that the Cd" center in 2 has a
similar coordination environment as that in 1 except two
chloride ions, rather than sulfate anion and water molecule,
occupying the axial positions with a Cl1-Cd-CI2 angle of
176.67(4)° [Fig. 3(a) and Table S1). The Cd1-N bond lengths
range from 2.313(3) to 2.371(3) A with Cd1-N, of 2.343(29)
A, which is slightly longer than that in compound 1
(Table S1). Complex 2 is also a hinged 1D chain containing

New. J. Chem., 2004, 28, 1010-1018
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Fig. 3 (a) Crystal structure of compound 2 with atom numbering
scheme. The thermal ellipsoids are drawn at 30% probability. (b) Infi-
nite hinged 1D chain structure of 2. The hydrogen atoms and solvent
molecules are omitted for clarity.

24-membered rings with a Cd---Cd intra-chain distance of
12.91 A, which is longer than that in 1 [Fig. 3(b)]. However,
there are definite differences between complexes 1 and 2. In
contrast to the near perpendicular orientation of the benzene
ring planes to the chain plane in 1, the benzene ring planes
in 2 are nearly parallel to the chain plane since the dihedral
angles between the benzene ring plane and the chain plane
defined by cadmium and methylene carbon atoms are 13.0
and 11.5°, respectively. And the shortest H---H distance
between two benzene rings within the 24-membered ring is
2.94 A, which is too narrow for another ligand to pass through
the ring. As a result, the structure of 2 is a hinged 1D chain; no
interpenetration of 1D chains was observed. Instead, the 1D
chains are linked by two O-H-:--Cl, two C-H---O and one
C-H- - -Cl hydrogen bonding interactions (Table S2) and weak
n-n interactions (the shortest centroid-centroid separation is
4.26 A) to form a 3D structure (Fig. S3, ESI).

[CA(IIMB)4(H,0),I(NO3),-5H,0, 3. It is interesting that a
mononuclear complex 3 was obtained when cadmium nitrate
was used to react with IIMB. Fig. 4(a) shows a view of the
coordination environment of the metal atom in 3 with the
atom numbering scheme. It is clear that only the imidazole
group connected to the benzene ring through the methylene
group coordinates to the Cd" atom, while the one connected
directly to the benzene ring is uncoordinated. In the complexes
1 and 2, each cadmium atom is coordinated by four N atoms,
two of which are from imidazole groups attached to the ben-
zene ring directly and the other two are from ones attached
to the benzene ring via the methylene group. The coordination
geometry around the Cd" atom is distorted octahedral with a
N,;O, binding set. The Cd1-N bond lengths range from
2.289(10) to 2.343(10) A [CdI-N,, = 2.318(23) A], and two
water molecules coordinated to the Cd" atom are in a trans
arrangement with bond lengths of Cd1-O1 = 2.399(8), Cd1-
02 = 2.335(7) A (Table S1). Fig. 4(b) exhibits the infinite
2D network structure of 3 formed by intermolecular O-
H---N hydrogen bonds, indicated by dashed lines, with
O- - N distances of 2.76(1) A (Table S2). The oxygen and nitro-
gen atoms are from a coordinated water molecule and uncoor-
dinated imidazole group, respectively. The nitrate anions and
lattice water molecules are located in the voids formed between
two adjacent cationic layers, held there by eight C-H---O
hydrogen bonds; the C.--O distances range from 3.02(2) to
3.440(14) A (Fig. S4 and Table S2). The distances of 2.099
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Fig. 4 (a) Crystal structure of compound 3. (b) 2D network structure
of 3 with hydrogen bonds indicated by the dashed lines. The IIMB
ligands that do not participate in the formation of O-H- - -N hydrogen
bonds are omitted for clarity.

t0 2.998 A between the O atoms of water molecules or between
the O atoms of a water molecule and the O atom of a nitrate
anion indicate the formation of O-H---O hydrogen bonds
(Table S2), although the hydrogen atoms of the water mole-
cules could not be found. The center-to-center distance of
4.17 A between the two nearest benzene ring planes indicates
the presence of weak m-n interactions in 3.

[CA(IIMB)(OAc),|-H,0, 4. To further examine the impact
of the anion on the self-assembled structures, the reaction of
IIMB with cadmium acetate was carried out and a different
1D chain complex 4 was isolated. Fig. 5(a) exhibits the crystal
structure of 4 together with the atom numbering scheme. Each
Cd" atom is six-coordinated with a N,QO,, rather than N4O,,
donor set from two N atoms of imidazole groups from two dif-
ferent IIMB ligands and two acetate anions in n1>-coordination
mode. Each IIMB ligand in turn links two Cd" atoms to
generate a 1D sawtooth chain. The CdI-N bond lengths
are 2.246(2) and 2.259(2) A, and the Cd1-O bond lengths
are in the range of 2.311(2)-2.413(2) A with a Cd1-O,, of
2.362(54) A. The crystal packing diagram of 4 shows that
the 1D chains pack together through six C-H---O hydrogen
bonds and two O-H:--O hydrogen bonds [Fig. 5(b) and
Table S2].

[Mn(IIMB),(SO4)(H,0)]-8.2H,0, 5. In addition to the
above mentioned cadmium(ir) complexes, reactions of IIMB
with other metal salts were carried out to elucidate the
influence of the metal ion on the structures of the assemblies.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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(a)

(b)

Fig. 5 (a) Infinite 1D chain structure of 4. The solvent molecules and
hydrogen atoms are omitted for clarity. (b) 3D structure of 4 linked by
hydrogen bonds.

Complex 5 was obtained by reaction of IIMB with mangane-
se(11) sulfate and its structure, evidenced by crystallographic
analysis, is similar to that of 1 (Table 1), namely, a 2D polyca-
tenane composed of a slant interpenetrated 1D double-
stranded chains (Fig. 6). Each Mn" center with distorted
octahedral geometry is coordinated by four imidazole groups
of four IIMB ligands with an average bond length of Mnl-
Nay = 2.256(4) A, and by two O atoms from one water mole-
cule and a sulfate anion. The Mn" atom is displaced by 0.03 A
from the plane formed by the N4 donor set. Each IIMB ligand

Fig. 6 A view of the 2D polycatenane network structure of 5 show-
ing the interpenetrated 1D chains with O-H---O hydrogen bonds
indicated by the dashed lines.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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links two Mn" centers to form a 1D chain with Mn---Mn
intra-chain distance of 12.04 A. The dihedral angles between
the benzene ring plane and the chain plane defined by manga-
nese and methylene carbon atoms are 86.5° and 84.3°, which
are similar to those observed in 1. The distance between the
two benzene ring planes within the ring is 6.75 A, which is a
little longer than that in 1 (6.65 A). There are many hydrogen
bonds stabilizing the interpenetrated structure and linking the
2D sheets into a 3D structure (Table S2). In addition, similar
face-to-face m-m interactions, with centroid-centroid separa-
tions ranging from 3.63 to 3.88 A, were also detected for 5 such
as those in 1.

[Mn(IIMB),4(H,0),]Cl,-5H,0, 6. When manganese chloride
was employed to react with IIMB, complex 6 was formed. The
X-ray crystallographic analysis revealed that the structure of 6
is mononuclear as that of 3, but different from that of 2. The
coordination environment and average bond length of Mn-—
N,y are similar to those of the reported compound Mn(bix)s
(NO,),-4H,0.5¢ The distorted octahedral Mn" center with
N4O, binding set is coordinated by four imidazole N atoms
connecting to the benzene group through the methylene groups
and two O atoms from two water molecules in a trans arrange-
ment. Complex 6 also forms a 2D network by an intermolecu-
lar  O(coordinated water)-H---N(uncoordinated imidazole
group) hydrogen bond with an O---N distance of 2.739(5) A.
The crystal packing diagram of 6 is illustrated in Fig. 7. Weak
overlap occurs between the benzene ring planes from two adja-
cent ligands, since the center-to-center distance between the
two nearest benzene ring planes is 4.17 A. The chloride anions
and lattice water molecules occupy the voids formed between
2D layers by forming hydrogen bonds (Table S2). No such
n-n interactions were reported in the related complex
Mn(bix)3(NO;),-4H,0, which may be due to the greater
flexibility of bix compared to IIMB.>

[Zn(IIMB),]4(NO5)s-13.5H,0, 7. The crystal structure of
compound 7 is shown in Fig. 8. It is interesting that the zinc(ir)
atom in 7 is four-coordinated rather than six-coordinated as
observed for the cadmium(1r) and manganese(ir) atoms in com-
plexes 1-6. Each Zn" atom is coordinated by four N atoms of
four IIMB ligands with distorted tetrahedral geometry since
the N-Zn-N bond angles vary from 95.2(8)° to 123.3(4)°
(Table S1). This is similar to the Zn" atoms in [Zn(bix),
(NO3)2]-4.5H20,5” in which the N-Zn-N bond angles vary
from 96.2(1)° to 125.0(1)°. It is noteworthy that there are four
zinc(11) atoms in one asymmetric unit of 7 [Fig. 8(a)]. Two Zn"
atoms, e.g. Znl and ZnlB or Zn4A and Zn3B in Fig. 8(b),
are linked by two IIMB ligands to form a quadrangled

Fig. 7 Crystal packing diagram of compound 6.
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Fig. 8 (a) Independent crystal structure of compound 7. (b) Two
independent tubular 1D chains of 7. The anions, solvent molecules
and hydrogen atoms are omitted for clarity.

24-membered ring similar to that observed in 2. Such macro-
cyclic rings are further interlinked by two IIMB ligands to
form an infinite 1D tube-like chain; four independent zinc
atoms in each asymmetric unit form two independent 1D
chains [Fig. 8(b)]. The 1D chain structure is similar to that
in the reported complex [(Cul),(bpds)]., [bpds = bis(4-pyri-
dyl)disulfide],'* while the structure of [Zn(bix)»(NOs),]-4.5H,0
is a 2D polyrotaxane, which may be attributed to the flex-
ibility of the bix ligand. The 1D chains are arranged in the
bc plane to form 2D sheets, which further stack together to
generate vacancies (Fig. S5 of the ESI), occupied by water
molecules and uncoordinated nitrate anions. There are many
C-H---O and O-H---O hydrogen bonds with C---O and
O---O distances ranging from 2.812(14) to 3.490(17) A and
from 2.312 to 2.991 A, respectively (Table S2) and weak n-nt
interactions with centroid-centroid separations ranging from
3.70 to 4.02 A.

Photoluminescence properties of the compounds

The photoluminescence properties of compounds 1-7 were stu-
died in the solid state at room temperature. The measurements
were carried out under the same experimental conditions and
the results are shown in Fig. S6 (see ESI). It is interesting that
compounds 1, 3 and 4 show luminescence with emission max-
ima at 455+ 2 nm upon excitation at 396 nm, while com-
pounds 2 and 7 exhibit photoluminescence with emission
maxima around 464 4+ 2 nm at the same excitation wavelength.
Though the structures of 5 and 6 are similar to complexes 1
and 3, respectively, no clear photoluminescence was observed
for 5 and 6 at room temperature. The luminescence emissions
of 5 and 6 are probably quenched by the Mn(11) ion. The emis-
sions observed in compounds 1, 2, 3, 4 and 7 are tentatively
assigned to the m-n* intraligand fluorescence due to their close
resemblance to the emission bands."?

Discussion

Seven new MOFs of ligand IIMB with different metal salts
were successfully synthesized. The X-ray crystallographic ana-
lysis revealed that these compounds have different structures.
(1) Both complexes 1 and 5 with a coordinated sulfate anion
have similar 2D polycatenated structures (Scheme 2). They
can be regarded as a completely new mode of 1D — 2D
inclined interpenetration of double-stranded 1D chains, which
was predicted by Ciani er al. in a review.'" In the previously
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Scheme 2 Schematic drawing of the structures of complexes 1 and 5,
2, and 7.

reported structures, the topology of interpenetration is that
the nodes of the nets lie in the centers of the rings, while
in the structures of 1 and 5, the links of the chains pass through
the rings of the interpenetrating chains.'> The doubled-
stranded 1D chains are interlaced with each other to form
the 2D network with angles of 85.1° and 78.1° between the
two inclined 1D chains for 1 and 5, respectively. The coordina-
tion of sulfate anions and water molecules may probably be
responsible for the formation of such a 2D polycatenated
structure. On one hand, compared with chloride or nitrate
anion, the sulfate anion has a large volume and its steric hin-
drance can subtly tune the orientation of the coordinated imi-
dazole groups around the metal atom as well as the orientation
of the benzene ring groups, which is different from those in
other complexes, e.g. in 2 and 6. On the other hand, the sulfate
anions and water molecules act as acceptors and donors of
hydrogen bonds. One O(coordinated water)-H---O(sulfate
ion) hydrogen bond and one C(imidazole group)-H---O
(sulfate ion) hydrogen bond play an important role in stabili-
zing the polycatenated structure. (2) The counter anions of com-
plex 2, namely two chloride ions, occupy the axial positions
of the metal atom and the structure of 2 is a 1D hinged chain,
which is similar to that of 1. But the relative orientations of the
benzene ring groups in the loop are different. The benzene ring
planes in complex 2 are nearly parallel to the chain plane with
dihedral angles of 13.0 and 11.5°, respectively. The corre-
sponding dihedral angles in complex 1 are 87.7 and 85.4°,
respectively, which indicates that the benzene ring planes are
almost perpendicular to the chain plane defined by the cad-
mium atoms and the methylene carbon atoms. As a result,
the space between the two benzene ring planes within the loop
in complex 1 is significantly larger than that in complex 2,
making room for another ligand to pass through. Thus, the
overall structures of 1 and 2 are obviously different (Scheme
2). (3) Complexes 3 and 6 are both discrete molecular com-
plexes with a monometallic core, though they have different
counter ions. The counter anions, nitrate ions (3) and chloride
ions (6), did not participate in the coordination with the metal
atoms and exist in the structure by forming hydrogen bonds.
(4) The acetate ions of complex 4 adopt a 1> coordination
mode to coordinate to the metal atom, the structure is a single
1D chain. (5) The zinc(i1) atom in complex 7 has a tetrahedral
coordination environment and is coordinated by four IIMB
ligands; the structure is a tubular 1D chain (Scheme 2).
Furthermore, it has been confirmed that the complexes can
be obtained under the same metal:ligand molar ratios of 1:2.
That is, the metal-to-ligand molar ratios did not affect the
structure greatly in this system. The different structures of
complexes 5 and 6, as well as 3 and 7, which were prepared
under the same experimental conditions, indicate that the nat-
ure of the counter anions and the geometric requirements of
the metal atoms play important roles in determining the struc-
ture and topology of MOFs.*

In addition, in the complexes with six-coordinated metal
atoms, the four equatorial N atoms are from four distinct
IIMB ligands while the two axial positions are occupied by
two O atoms in 1, 3, 5 and 6 or by two chloride anions in 2,

This journal is © The Royal Society of Chemistry and the
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except for complex 4, which is different due to the coordination
of acetate anions in bidentate mode [Fig. 5(a)]. In complex 7
with four-coordinated Zn(ir) atoms, all the coordinated N
atoms are from IIMB ligands with no coordination of O atoms
from water or nitrate anion. The structures of 1, 2, 5 and 7 are
schematically shown in Scheme 2, in which the axial ligands in
1, 2 and 5 were omitted for clarity. It is clear that there are
M,(IIMB), loops in these complexes. In 1, 2 and 5, the loops
are joined together by six-coordinated metal atoms to give
1D hinged chains, which are further interlaced with each other
to form a 2D polycatenane for 1 and 5. While in the case of 7,
the loops are connected by IIMB ligands to produce a 1D
chain and, as a result, each Zn(1) atom is coordinated by four
IIMB ligands, two of which form a loop and two of which link
the loops. The reactions of IIMB with other metal salts having
square planar or triangular coordination geometries are now
undergoing in our lab.

It is worthy to note that reactions of Zn(NOs),-6H,O with
IIMB and bix generated complexes with 1D tubular chain
(7) and 2D polyrotaxane structures,>® respectively. The zinc(1r)
atoms in both complexes have the same tetrahedral coordina-
tion geometry with a N4 donor set and the difference between
bix and IIMB is just that there is one more methylene group in
bix. The results imply that subtle changes in the ligand may
have a great impact on the structure of MOFs. In the case of
the Mn(11) complexes 5, 6 and Mn(bix);(NO,),-4H,0,> all
the Mn(11) atoms in these three complexes are six-coordinated
with N4O, binding set. However, they have different struc-
tures, which are attributed to the different structures of the
IIMB and bix ligands as well as different anions. Reaction of
manganese(11) perchlorate with bimb gave an infinite 1D chain
complex, in which the Mn(i1) atom has a Ng, rather than
N4O,, donor set and a snake-like 1D chain was obtained by
reaction of bimb with zinc(11) acetate, which is different from
the 1D chain of 4.54%° The differences between the complexes
of bimb and IIMB are considered to be caused by the greater
flexibility and larger biphenyl spacer group of bimb compared
with IIMB.

Conclusions

We have assembled the first examples of 2D polycatenanes
formed by the interlocking of double-stranded 1D chains. A
series of relevant coordination compounds was successfully
synthesized and the structures were examined. X-Ray analyses
show that reactions of IIMB with seven kinds of metal salts
afford molecular, 1D and 2D coordination compounds. The
results indicate that the nature of counter anions, such as their
coordination ability, coordination mode and size, and the geo-
metric needs of the metal atoms can determine the topologies
and properties of coordination compounds. Furthermore, the
anions participating in coordination can greatly influence the
structure of the compounds.
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