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Two functional, flexible ligands, namely 3,6-dipyrazolyl-9-
ethylcarbazole (L!) and 3,6-diimidazolyl-9-ethylcarbazole
(L?) have been synthesized and characterized and their coor-
dination to various Ag!, Cd", and Co" salts investigated. Six
new complexes, 1-6, have been obtained and fully charac-
terized by IR spectroscopy, elemental analysis, and single-
crystal X-ray diffraction. The 2D double helix framework of
the complex [CdL',], (1) is formed by C-H--I hydrogen
bonds, whereas the same 2D double helix framework of com-
pound [{AgL'SO3;PhCH;},(CH;OH)(H,0)], (2) is formed by
S-O-H and C-H--O hydrogen bonds and weak n—n inter-
actions. The coordination modes of Cd" and Co" in
[CAL?;(NCS);],(3),[CoL?,(NCS)3(CHCly)2],(4), [CAL?,(NO3),-
(CH30H),], (5), and [CoL2,(NO3),(CH30H),], (6) are the
same, but in the packing diagram interlayers form a 3D net-

work through C-H---S interactions and n—n interactions in 3,
interlayers form a 3D network through S---S interactions and
n—7 interactions in 4, novel 3D structures are formed by in-
terchain O---H-C hydrogen bonding and interlayer O---H-C
hydrogen-bonding and n—r interactions in 5 and 6. The struc-
tural differences between these complexes show the influ-
ence of the orientation of the coordinating group of the li-
gand. These results also show that the metal ion, anion, and
nonbonding and n-n interactions are significant factors in
controlling the structural topology of these metal-organic
supramolecular architectures. In addition, the luminescence
properties of L!, 1, L2, and 3 are investigated in the solid state
at room temperature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Much recent work has been devoted to the design, syn-
thesis, and structural characterization of novel multidimen-
sional metal-organic frameworks (MOFs),['3] with the in-
creasing volume of research being reflected in the ex-
ponential growth of the number of structures reported over
the past few years. These structures are assembled by very
strong and highly directional coordinative interactions,
nonbonding weak interactions, and - interactions and
display properties related to both the pure organic and inor-
ganic compounds. The motivation behind such research lies
in the large variety of peculiar architectures, together with
the various potential applications of these compounds as
functional materials (e.g., porosity allied with guest ex-
change, catalysis, gas storage, photoluminescence, nonlinear
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optical properties, chirality, clathration abilities, and mag-
netic properties).[-3]

Biimidazole and bipyrazole have been widely used as bio-
mimetic ligands in bioinorganic chemistry,[® bridging li-
gands in organometallic chemistry for catalysis,[’! antitumor
drugs,® and as building blocks of multidimensional MOFs
due to their ability to coordinate to several metal centers in
various modes.”) However, it is difficult to model the struc-
tural and functional aspects of these complexes. It is well
known that organic ligands with special functionality for
use in supramolecular architectures have rarely been re-
ported to date due to the synthetic difficulties involved. We
expected to be able to combine such functionality by coor-
dination using the ligands 9-ethyl-3,6-dipyrazolylcarbazole
(L") and 9-ethyl-3,6-diimidazolylcarbazole (L? Scheme 1).
As imidazole'” and pyrazole are electron-rich aromatic
compounds, we introduced imidazolyl or pyrazolyl groups
at the carbazole ring, in high yield, by a two-step Ullmann
reaction. This functionalization of the organic molecule
(addition of donor atoms such as N or O) allows its incor-
poration into inorganic coordination complexes, which have
the advantage of higher thermal stability and solvent resis-
tance than organic materials. Compared with our previous
reports concerning 9-ethyl-3,6-bis[2-(2-pyridyl)ethenyl]car-
bazole and 9-ethyl-3,6-bis[2-(4-pyridyl)ethenyl]carbazole, ']
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Scheme 1. Synthesis of ligands L', and L2

replacement of the two pyridylethene groups with two imid-
azolyl or pyrazolyl groups enhances the flexibility of the
ligand greatly. These ligands have a greater number of pos-
sible coordination modes than their more rigid analogs due
to their flexibility and low symmetry since they can adopt
different orientations according to the geometric needs of
different metal ions. As a result of a systematic study of
these ligands, this paper will describe a series of novel 2D
and 3D coordination polymers with intermolecular weak
non-bonding and r—r interactions and their photolumines-
cence properties. All the compounds have been charac-
terized by IR spectroscopy, elemental analysis, and X-ray
crystallography. In addition, the luminescence properties of
the ligands and complexes 1 and 3 in the solid state are
investigated.

Results and Discussion

We synthesized the ligands 9-ethyl-3,6-dipyrazolylcarba-
zole and 9-ethyl-3,6-diimidazolylcarbazole in good yield by
a ligand-accelerated catalytic Ullmann reaction. The
Ullmann reaction of aryl halides with amines or heterocy-
cles is traditionally carried out by heating the reagent with
copper powder in the presence of a base such as sodium
carbonate or hydroxide.'? However, we found that the
Ullmann reaction of 9-ethyl-3,6-diiodocarbazole and imid-
azole or pyrazole could not be carried out under these con-
ditions. Fortunately, addition of 1,10-phenanthroline and
18-crown-6 allowed L' and L? to be synthesized in 84%
and 79% yield, respectively.

Crystal Structures

The ligands react readily with a variety of Cd", Co™, and
Ag' salts to form complexes 1-6, which were fully charac-
terized by IR spectroscopy, elemental analysis, and single-
crystal X-ray diffraction. The general reaction is shown in
Scheme 2. The coordination of Cd™ and Ag! salts to L!
produced 2D polymer chains 1 and 2, while the coordina-
tion of Cd" and Co'! salts to L? produced the 3D polymers
3-6.

Eur. J. Inorg. Chem. 2007, 1854-1866

N
R Crd
N
1.Cul, 1,10-phenanthroline, DMF K

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

\ =
XN N
-

\

LZ
- Cdly [CdL'D), 1
Ll 3 < R
U TsOAg [(AgL‘ZSO3PhCH3)(CH3OH)(H20)],, 2
~Cd(SCN), ~ [CAL?(NCS),], 3
Co(SCN), [COL?(NCS)y(CHCLy),], 4
LZ + < — <
Cd(NO3), [CAL?,(NO5),(CH;0H),], 5
LCo(NO,), . [CoL?,(NO3),(CH;0H)], 6

Scheme 2. Summary of the reactions between ligands and transi-
tion-metal salts.

Crystal Structure of [CdL'LL ], (1)

Single-crystal X-ray diffraction analysis revealed that the
structure of the complex presents unusual double helices, as
depicted in Figure 2 below. Further crystallographic details
are given in the Experimental Section, and selected bond
lengths and angles are listed in Table 1. It can clearly be
seen from Figure 1 that the cadmium(II) ion displays a dis-
torted tetrahedral geometry with two nitrogens from two
L' ligands and two iodines in the coordination sphere. The
bond angles around Cd(1) are in the range 99.73(16)—
119.22(3)°, and the bond lengths between the Cd™ center
and nitrogen range from 2.288(6) to 2.309(6) A. The two
pyrazolyl rings of each L! ligand have opposite orientations
in complex 1, and the pyrazolyl rings of the two indepen-
dent L! ligands are twisted to meet the requirements of ste-
ric hindrance, with the dihedral angles between the pyrazo-
lyl rings and the corresponding carbazolyl rings linked to
them being 44.5° and 53.3°. Furthermore, the dihedral an-
gle between the pyrazolyl rings in L! is 64.1°.

The helical polymer is composed of [CdL!I,] monomers.
A loose, single-stranded helical chain is formed by self-as-
sembly of [CdL!I,] by coordination of the metal-bound pe-
ripheral pyrazole-N of this unit to the neighboring Cd"
1855
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Table 1. Selected intra- and intermolecular bond lengths [A] and
angles [°] for 1-6. Symmetry operation used to generate equivalent
atoms: 1: A: x + 1/2, -y + 172, —z. 20 A: —x, y + 1/2, -z + 1/2. 3:
A:—x, -y, —z. 4 Ar—x, -y, —z; Bi —x + 172, y + 112, = + 1/2; C:
x =12,y -1/2, z—-1/2.5: A: —x, -y, —z; B: x + 112, y + 1/2, z;
C—x+ 12,y +1/2, 2.6 A: —x, —y, z; B: x + 112, y + 172, z;
C—x+1/2,-y+1/2, =z

1

Cd(1)-1(1) 271518)  N(3)-Cd(1)-I(1) 111.11(18)
Cd(1)-1(2) 2.7189(8) N(GA)-Cd(1)-1(2) 105.67(14)
Cd(1)-NG3) 2.309(6) NG)-Cd(1)-1(2) 99.73(16)
Cd(1)-N(5A) 2.288(6) NGA)-Cd(1)-NG3)  100.7(2)
NGA)-CA(1)-I(1)  11749(13)  1(1)-Cd(1)-1(2) 119.22(3)
2
Ag(1)-0(1) 2467(14)  NGA)rAg(1)-N(3)  152.3(6)
Ag(1)-N(3) 2.192) NGA-Ag(1)-0(1)  102.7(6)
Ag(1)-N(5A) 2.056(16) N(3)-Ag(1)-0O(1) 97.6(5)
Ag(2)-0(4) 2539(15)  N(8)-Ag(2)-N(10A) 151.3(6)
Ag(2)-N(8) 2172) N(B)-Ag2)1-0@)  112.4(5)
Ag(2) N(10A)  2274(14)  N(10A)Ag2)-O@) 93.6(5)
3
Cd(1)-N(1) 2.3452) NG)-C(11) 1.363(4)
Cd(1)-N(5) 2322(3) C(11)-C(13) 1.342(5)
Cd(1)-N(6) 2.347(3) N(GA)-Cd(1)-N(5)  180.00(3)
N(1)-C(3) 1.313(4) N(5)-Cd(1)-N(1) 90.25(9)
N(1)-C(19) 1.362(4) N(A)-Cd(1)-N(1)  89.75(9)
N(2)-C(8) 1.349(4) N(1)-Cd(1)-N(1A)  180.0
N(2)-C(14) 1.366(4) N(5A)-Cd(1)-N(6)  91.41(12)
C(14)-C(19) 1359(5)  N(5)-Cd(1)-N(6) 88.59(12)
N(@)-C(17) 1.340(4) N(1)-Cd(1)-N(6) 91.04(11)
N(4)-C(13) 1.365(4) N(1)-Cd(1)-N(6A)  88.96(11)
N(5)-C(17) 1.313(4) N(6)-Cd(1)-N(6A)  180.0
4
Co(1)-N(1) 2.12803) N(5)-C(6) 1.376(5)
Co(1)-N(4C) 2.144(3) C(6)-C(7) 1.351(6)
Co(1)-N(2A) 2.161(3) N(1)-Co(1)-N(1A)  180.0
NQ)-C(2) 1.318(5) N(1)-Co(1)-N(4B)  90.97(12)
N(Q)-C(4) 1.368(5) N(IA)-Co(1)-N(4B)  89.03(12)
N(G3)-C(2) 1.350(5) N(4B)-Co(1)-N(4C) 180.0
N(3)-C(3) 1.372(5) N(1)-Co(1-N(2A)  89.66(12)
C(3)-C(4) 1.344(5) N(1)-Co(1)-N(2) 90.34(12)
N(#)-C(5) 1311(5) N(4C)—Co(1)-N(2A)  87.92(11)
N(4)-C(7) 1.364(5) N(4B)-Co(1)-N(2A)  92.08(11)
N(5)-C(5) 13525) N(A)-Co(1)-N(2)  180.00(5)
5
cd(1y-o(1) 2258(10)  N(5)-C(4) 1.36109)
Cd(1)-N(2) 2.307(7) C(5)-C(6) 1337(12)
Cd(1)-N(4B) 2.328(6) O(IA)-Cd(1)-O(1)  180.000(2)
NQ)-C(1) 1280(10)  O(IA)-Cd(1)-N(2)  94.1(4)
N(2)-C(3) 1360(12)  O(1)-Cd(1)-N(2) 85.9(4)
N(3)-C(2) 1335(10)  N(2)-Cd(1)-N(2A)  180.000(1)
NG3)-C(1) 1356(10)  O(1A)-Cd(1)-N(4B)  94.3(4)
C(2)-C(3) 1406(12)  O(1)-Cd(1)-N(4B)  85.7(4)
N(4)-C(4) 1.293(9) N(Q2)-Cd(1)-N@4B)  85.8(2)
N(#)-C(6) 1.389(11)  N(2A)-Cd(1)-N(4B)  94.2(2)
N(5)-C(5) 1345(10)  N(4B)-Cd(1)-N@4C) 180.000(1)
6
Co(1)-N(2) 2.117(5) N(5)-C(5) 1.353(8)
Co(1)-O(1) 2.182(5) C(5)-C(6) 1.318(9)
Co(1)-N(4B) 2.121(5) NQA)-Co(1)-N(2)  180.0(3)
NQ)-C(1) 1.318(7) N(Q2)-Co(1)-N@4B)  93.27(18)
N(Q)-C(3) 1.364(8) N()-Co(1)-N@4C)  86.73(18)
NG3)-C(1) 1.350(7) N(4B)-Co(1)-N(4C) 180.0(3)
N(@3)-C(2) 1.375(7) N(2A)-Co(1)-O(1) 89.9(2)
C2)-C(3) 135009)  N(2)-Co(1)-O(1) 90.1(2)
N(4)-C(4) 1.317(7) N(@4B) Co(1)-O(1)  92.8(2)
N(4)-C(6) 1.374(8) N@4C)-Co(1)-0(1)  87.2(2)
N(5)-C(4) 1.347(7) O(1)-Co(1)-O(1A)  180.0(4)
1856 www.eurjic.org
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Figure 1. ORTEP diagram showing the structure of compound 1
with thermal ellipsoids at the 50% probability level and the atom-
labeling scheme. Hydrogen atoms have been omitted for clarity.

center running along the « direction with a long pitch of
about 3.819 A (distance between two Cd centers with the
same phase). At the widest point the diameter of the helix
is 8.990 A. The adjacent helical chains in [CdL'L,],, one of
which is left-handed and the other right-handed, are not
entangled but interact through C-H--I interactions (H--I
3.207 A, £C-H-I 156.2°) between two helical chains to
generate a very loose double-stranded helical chain [Fig-
ure 2(b)]. To illustrate this more clearly, the left- and right-
handed helical chains are represented in Figures 2(a) and
(c), respectively. These double-stranded helical chains are
further extended into a two-dimensional architecture by
C-H-1 (H-1 3207 A, £ZC-H-I 156.2°; H-T 3.135A,
£/ C-H--I 175.2°) interactions along the b axis (Figure 3).
Taking the van der Waals radii of H and I to be 1.20 and
2.15 A, respectively, any H-I contact of less than 3.35 A
and C-H--I angle greater than 130° can therefore be con-
sidered as being significant.!!3-13 Because left- and right-
handed helical chains coexist in the crystal structure, the
whole crystal is mesomeric and does not exhibit chirality.

Crystal Structure of [{AgL'SO;PhCH;},(CH;0H)
(H>0)], (2)

The structure of complex 2 consists of a novel two-di-
mensional double helical chain. As depicted in Figure 4, the
structure of 2 reveals that the asymmetric unit contains two
crystallographically and conformationally inequivalent
molecules (a) and (b). Each silver(I) center is three-coordi-
nate to two nitrogen donors of two independent L! ligands
[Ag(1)-N(3) 2.19(2) A, Ag(1)-N(5A) 2.056(16), Ag(2)-N(8)

Eur. J. Inorg. Chem. 2007, 18541866
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Figure 2. Ball-and-stick model of 1. Cd atoms are given as balls and H atoms have been omitted for clarity. (a) Left-handed chain and
(b) ball-and-stick plot of the double helix bridged by C-H-*I interactions (dotted lines) in complex 1; (c) right-handed chain.

Figure 3. 2D network viewed along the ab plane in complex 1 showing C-H-*I interactions as dotted lines.

2.17(2), Ag(1)-N(10A) 2.274(16) A] and one oxygen atom
of one p-toluenesulfonate anion [Ag(1)-O(1) 2.467(14),
Ag(1)-O(4) 2.539(15) A] to form a distorted trigonal geom-
etry. The two pyrazolyl rings of L! also exhibit opposite
orientations in complex 2. These components connect to
form an infinite polymeric chain structure similar to com-
plex 1. The dihedral angle between the two pyrazolyl rings
of L! is about 71.4° or 108.6° and the dihedral angles be-
tween pyrazolyl rings and the corresponding carbazolyl
rings linked to them are 57.6° and 43.0° in the Ag(1) chain.

Eur. J. Inorg. Chem. 2007, 1854-1866
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The dihedral angle between the two pyrazolyl rings of L! is
about 73.9° or 106.1° and the dihedral angles between the
pyrazolyl rings and the corresponding carbazolyl rings
linked to them are 42.3° and 63.0° in the Ag(2) chain. Two
loose single-stranded helical chains are formed by self-as-
sembly of [AgL!'>SO;PhCH;] through coordination of the
meta-bound peripheral pyrazole-N of this unit to the neigh-
boring Ag' center running along the crystallographic 2, axis
in the b direction with a long pitch of about 5.3385 A; at
the widest point the diameter of the helix is 8.7711 A.

1857

www.eurjic.org



FULL PAPER

H.-P. Zhou, Y.-P. Tian, et al.

NiBAI
) NI7Al

Figure 4. ORTEP diagram showing the structure of compound 2
with thermal ellipsoids at the 50% probability level. H atoms and
water and methanol molecules have been omitted for clarity.

In addition, like complex 1, the adjacent helical chains
in compound 2, one of which is left-handed and the other
right-handed, are not entangled together but interact
through an S—O--H interaction (H-+O 2.469 A, 2 S-O--H
136.5°), which alternates between the two helical chains to
generate a loose, double-stranded helical chain. Taking the
van der Waals radii of H and O to be 1.20 and 1.40 A,
respectively, any H--O contact less than 2.60 A and
S-O-+-H angle above 130° can be considered to be signifi-
cant. To illustrate this clearly, the left- and right-handed
helical chains are represented in Figure 5. Like complex 1,
these double-stranded helical chains are further extended
into a two-dimensional architecture by O---H-C hydrogen-
bond interactions between the ligands and oxygen atoms of
adjacent chains (O-+H 2.455 A, 2 O--H-C 152.1°) and a
very weak m-m stacking interaction (the shortest distance
between carbazolyl rings is 4.3477 A) along the a axis in
compound 2 (Figure 6). The whole crystal is mesomeric and
does not exhibit chirality, just like compound 1.

Figure 5. A ball-and-stick model of complex 2 showing the helicity.
Ag atoms are given as balls and H atoms and water and methanol
molecules have been omitted for clarity.

Crystal Structure of [ CAL?,(NCS),], (3)

The coordination environment of the Cd™ ion in complex
3 is shown in Figure 7. Each Cd™ center, which is located
at an inversion center, is in an octahedral environment com-

1858
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Figure 6. 2D network viewed along the ab plane in compound 2
showing the n—n stacking interactions and S-O-+H and C-H--O
interactions (dotted lines); the shortest H-+-O interaction is 2.455 A.

posed of two nitrogen atoms from two NCS~ groups in the
axial positions and four imidazolyl nitrogen atoms from
four L? molecules in the equatorial plane. The Cd-Nycs
[2.347(3) A] bond length is longer than Cd-N,,, [Cd-N(1)
2.345(2), Cd-N(5) 2.323(3) A], and N-Cd-N bond angles
with the same orientational fall in the range 88.59(12)-
91.04(11)°. The two terminal NCS~ groups are bent, with a

Figure 7. Octahedral coordination geometry around the cadmium
center in 3.

Eur. J. Inorg. Chem. 2007, 18541866
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Cd(1)-N(6)-C(15) bond angle of 140.4(3)°, and are coordi-
nated axially in opposite directions. The two imidazolyl
rings within each ligand deviate from coplanarity, the dihe-
dral angles between each terminal imidazolyl ring and the
central carbazole unit being 139.8° and 31.4°.

The two imidazolyl rings of L? in complex 3 adopt the
same orientation, the dihedral angle between two imid-
azolyl rings being 54.3°, and each one bridges two Cd'! cen-
ters to form a 2D sheet containing [Cd4L?,] macrocycles as
subunits. The Cd™ atoms lie at the nodes of a rhombic grid
in the undulating [CdL?,(NCS),], layer, with ligand-bridg-
ing Cd-~Cd distances of 23.744 and 12.769 A (Figure 8).
Each layer contains n—m interactions (the shortest distance
between parallel carbazole rings is 3.89 A), and these layers
are stacked by C—H-S (H--S 2.913 A) interactions along
the ¢ axis (Figure 9) to form a 3D network. Taking the van
der Waals radii of H and S to be 1.00 and 2.05 A, respec-
tively, any H--S contact less than 3.05 A can be considered
significant. The H--S distance of 2.913 A indicates the for-
mation of C-H--S hydrogen bonds. C-H--S hydrogen-
bonding interactions are very important in several novel
supramolecular structures.['®!

Figure 8. Two-dimensional grid structure of 3.

Crystal Structure of [ CoL?,(NCS),(CHCL;),], (4)

The coordination environment of the Co'! ion in 4 is
shown in Figure 10. Each metal center is six-coordinate to
two NCS groups and four L? ligands. The Co-N bond in-
volving the NCS group [Co-Nycs 2.128(3) A] is shorter
than the other Co-N bonds [2.144(3) and 2.161(3) A]. It
is clear that each Co'! center lies in the same octahedral
coordination environment as complex 3, and N-Co-N
angles with the same orientation lie in the range 87.92(11)-
92.08(11)°, similar to that for Cd™. The oppositely oriented
N-Co-N bond angles for NCS~ and the L? ligands are
180°. The NCS ligands are coordinated axially in a terminal
mode with angles of 180°. The two imidazolyl rings within
each L? deviate by 50.2° and 140.7°, respectively, from the
carbazole plane. The two imidazolyl rings of L? in complex
4 also adopt the same orientation and their dihedral angle
is 65.0°. Selected bond lengths and angles for 4 are listed in
Table 1.

Figure 11 shows the lamellar network of 4 in which the
adjacent Co" centers are linked by a bridging L? ligand
in two different directions to form large and nearly square
repeating grids (the ligand-bridging Co--Co distances are
12.492 and 20.845 A) in a 2D sheet. Each sheet contains
weak m-m interactions!'”! (the shortest distance between
parallel carbazole rings is 4.225 A), and these sheets are
stacked by m—m (the shortest distance between parallel car-
bazole rings is 3.753 A) and S-S (S-S 3.589 A) interac-
tions along the « axis (Figure 12) to form a 3D network.
Taking the van der Waals radii of S to be 2.05 A, any S-S
contact less than 4.10 A and C-S--S angle greater than 130°
may therefore potentially be considered significant. The
S-S distance of 3.589 A and C-S--S angle of 153.2° in
complex 4 indicate such an S-S interaction. In general,
weak S-S interatomic interactions are often observed in
multi-sulfur systems,!'®! and these S-S weak interactions in
complex 4 construct a novel supramolecular network struc-
ture. The shortest intersheet Co-+Co distance is 13.139 A.
The coordination environment of the metal ions is similar

S
T
\\{Tn {b‘l‘"fﬁ \\Lr’:l/
N

| N SIS hs i
: \f\L u.y J /\\(TI :
/a\{;_:;}“/g;\
SN

Figure 9. Molecular packing viewed along the ¢ axis showing the intermolecular hydrogen bond C-H-S and n—r interactions.
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Figure 10. Octahedral coordination geometry around the cobalt center in 4.

to that in complex 3, but they adopt a different stacking
arrangement due to the presence of different metal ions.

Crystal Structure of [ CdL?,(NO3),(CH;0H),], (5)

The crystallographic analysis of complex 5 revealed that
its structure is a 1D polymeric chain structure which is con-
stituted by [CdL?,(NOs3),] units. As shown in Figure 13, the
Cd™ atoms reside on crystallographic inversion centers and
each has a slightly distorted octahedral [CdN,4O,] coordina-
tion geometry with the equatorial sites occupied by imid-
azolyl nitrogen donors from L?; the axial positions are oc-
cupied by two monodentate nitrate counterions. The Cd-N
and Cd-O bonds fall in the range of 2.307(7)-2.328(6) A
and 2.258(10) A, respectively, which are very close to the
corresponding bond lengths found in [Cd(NOs),(L),] [L =
2,5-bis(3-pyridyl)-3,4-diaza-2,4-hexadiene].l”?  Two  imid-
azolyl rings of L? also adopt the same orientation with a
dihedral angle of 67.9°.

Compound 5 adopts a chain motif in the solid state with
the Cd" centers linked by four crystallographically equiva-

Figure 12. Molecular packing viewed along the ¢ axis showing the intermolecular S---S and n— interactions (dotted lines).
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Figure 13. View of the basic box unit in the polymer chains of 5 (methanol molecules have been omitted for clarity).

lent L? ligands into an undulating one-dimensional chain
running along the » axis (Figure 14). As shown in Fig-
ure 13, the individual “links” in the chain consist of ML,
units, which a form 26-membered ring. The approximate
(crystallographic) dimensions of the rings are 8.13 X 8.30 A2
(Figure 13). The intra- and interchain Cd---Cd distances are
both 11.861 A. Two crystallographically equivalent mono-
dentate NO5™ ions are located above and below the M,L,
ring planes. In addition, hydrogen-bonding interactions be-
tween the chains, involving one uncoordinated O of the
monodentate nitrate ion and H on the methyl and ethyl
group of a ligand in an adjacent chain, are present in 5
(Figure 15). The O-+H contacts are 2.498 and 2.534 A. The
existence and structural importance of weak C-H-+-O hy-
drogen-bonding interactions are now well established and
they are present in many molecular and polymeric com-
pounds.l'®221 O---H-C hydrogen bonds, although they are
weak and are accompanied by n—m interactions (the short-
est distance between parallel carbazolyl rings is 3.685 A),
contribute significantly to the structural organization of 5
in the crystalline phase, giving rise to a two-dimensional
arrangement in which one-dimensional chains align to-
gether in a shoulder-to-shoulder fashion to generate a 2D
sheet along the a axis. It is very interesting that these sheets
are stacked to form a 3D structure along the ¢ axis by in-
tersheet hydrogen-bonding interactions and n—m interac-
tions (the shortest distance between parallel carbazolyl
rings is 3.4791 A). Figure 16 shows that these sheets are
overlapped vertically by the other uncoordinated O of the

Figure 14. 1D chain in 5.
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monodentate nitrate ion and two H atoms of the phenyl
group of a ligand in the other sheet (the O--*H contacts are
2.460 and 2.475 A, respectively).

The metal ion in this complex is the same as in complex
3 but the anion is different, which indicates that the nature
of the anion is a significant factor in controlling the struc-
tural topology of these metal-organic supramolecular archi-
tectures and offers the opportunity to control the coordina-
tion networks by changing the anion.

Crystal Structure of [ CoL?,(NO;),(CH;0H),], (6)

In general, all the Co' centers in the coordination poly-
mers generated from cobalt nitrate and N,N’-bidentate li-
gands adopt a {CoN3;O,} coordination environment.*?
zur Loyel'”! reported the first {CoN,O,} coordination
sphere in coordination polymers. Compound 6 reported
here also has a {CoN4O,} coordination sphere and is sim-
ilar to compound 5. One of the Co-N bond lengths is
2.117(5) A, which is significantly shorter than the corre-
sponding Co-N bond lengths [2.210(2)-2.261(2) A] in the
{CoNy4N’,} coordination spheres but is consistent with the
Co-N bond lengths in a {CoN;0,4} coordination sphere.[**]
The two imidazolyl rings of the ligand also adopt the same
orientation, with a dihedral angle of 69.4°.

Compound 6 is isostructural with 5 except that the Cd"!
centers are replaced by Co'' atoms. The intra- and in-
terchain Co--Co distances are both 11.72 A. The same in-
terchain hydrogen-bonding system is present in 6 (O--H
2.27, O-C 2.939 A; O-+H-C 125.9°) and n—r interactions
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Figure 15. A view of the 2D networks formed by adjacent 1D chains in § showing the C-H-+O hydrogen-bonding system and m—r

interactions (dotted lines).

Figure 16. A view of the 3D network formed by interlayer C-H+*O hydrogen bonding and n—= interactions (dotted lines).

(the shortest distance between parallel carbazolyl rings is
3.743 A). The same intersheet hydrogen-bonding system is
also present in 6 (O-+H 2.56 and 2.514 A; O--C 3.153 and
3.12 A; O-+H-C 122.0° and 123°) and = interactions (the
shortest distance between parallel carbazolyl rings is
3.8135 A). When compared with complex 4, this complex
again shows that the nature of the anion is a significant
factor in controlling the structural topology of these metal-
organic supramolecular architectures.

When the ligands of complexes 1-6 are compared, it can
be seen that the two pyrazolyl rings of L! keep the same
opposite orientation with a different dihedral angle during
the complex formation (the dihedral angles of the two pyr-
azole rings are 64.1° for 1 and 71.4°, 73.9° for 2) and the
two imidazolyl rings of L? keep the same orientation with a
different dihedral angle during the complex formation (the
dihedral angles of the two imidazole rings are 54.3°, 65.0°,
67.9°, and 69.4° for 3, 4, 5, and 6, respectively). The oppo-
site orientation and corresponding angle allow L! to coor-
1862
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dinate the metal ion as a bidentate ligand using the nitrogen
atom and form 1D helical chains, whereas the same orienta-
tion and corresponding angle allow L? to coordinate the
metal ion as a bidentate ligand using the nitrogen atom and
form a 2D grid or a 1D double chain. Finally, the intermo-
lecular nonbonding weak interactions link low-dimensional
entities into high-dimensional supramolecular frameworks.

In summary, two novel functional ligands and six coordi-
nation complexes (1-6) have been prepared and structurally
characterized; the latter display metal-organic supramolec-
ular architectures. As flexible bridging ligands can easily
produce unique frameworks with useful properties due to
their flexibility and orientational freedom,?* we designed
and synthesized conveniently two novel functional flexible
ligands, namely 9-ethyl-3,6-dipyrazolylcarbazole and 9-
ethyl-3,6-diimidazolylcarbazole, that are capable of coordi-
nating to metal centers through their respective imidazolyl
or pyrazolyl nitrogen atoms form novel 2D or 3D polymers.
The results indicate that the metal ion, anion, and non-

Eur. J. Inorg. Chem. 2007, 18541866
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Table 2. Crystallographic data and structure refinement for complexes 1-6.
Complex 1 2 3 4 5 6
Empirical formula C20H17Cd12N5 C55H54Ag2N100882 C42H34CdN1282 C44H36C16C0N1282 C42H42CdN1208 C42H42CON1208
Formula mass 693.59 1262.95 883.33 1068.60 955.28 901.81
Crystal system orthorhombic  monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P2,2,2, P2,/c P2,/c P2,/n C2le C2le
a[A] 7.6381(13) 28.199(7) 11.1196(15) 13.139(3) 17.341(5) 17.245(5)
b [A] 17.050(3) 10.677(3) 12.7695(17) 12.492(2) 16.186(5) 15.876(5)
c[A] 17.623(3) 19.036(4) 14.711(2) 14.902(3) 15.353(5) 15.436(4)
Bl 90 102.798(13) 103.001(2) 95.838(3) 107.148(4) 106.503(4)
V [A3] 2295.0(7) 5589(2) 2035.3(5) 2433.1(8) 4118(2) 4052.1(19)
zZ 4 4 2 2 4 4
Deaica. [gem 3] 2.007 1.490 1.441 1.459 1.541 1.478

range [°] 2.31-25.01 2.20-25.01 2.14-25.00 1.97-25.10 1.76-25.09 1.78-25.10
Total data 12094 13706 10390 12529 10037 9503
Unique data 4022 4811 3583 4321 3508 3371
Number of refined pa- 253 696 260 296 286 287
rameters
R, 0.0347 0.0295 0.0359 0.0560 0.0768 0.0769
WR, 0.0820 0.0782 0.0892 0.1336 0.1952 0.1803
GOF 1.024 1.003 1.035 1.002 1.043 1.014

bonding and n—7 interactions are significant factors in con-
trolling the structural topology of these metal-organic
supramolecular architectures.

Experimental Section

All chemicals and solvents were dried and purified by usual meth-
ods. Elemental analyses were performed with an Elmentar Vario
EL-III analyzer. IR spectra were recorded with a Nicolet FT-IR
Nexus 870 instrument in the range 4000-400 cm™! by using KBr
pellets. '"H NMR spectra were recorded with a Bruker 600 MHz
Ultrashield spectrometer and are reported in parts per million
(ppm) from TMS (J). Melting points were recorded with a Perkin—
Elmer Pris-1 DMDA-V1 analyzer under N, at a heating rate of
5°Cmin!'. The luminescent spectra were recorded for single crys-
tals at room temperature using a Fluorolog-3-TAU steady-state/
lifetime spectrofluorometer. The excitation slit and the emission slit
were 2.5 nm.

X-ray Crystallography: Single-crystal X-ray diffraction measure-
ments were performed with a Bruker Smart 1000 CCD dif-
fractometer equipped with a graphite crystal monochromator situ-
ated in the incident beam for data collection at room temperature.
Unit cell parameters and data collections were performed with Mo-
K, radiation (1 = 0.71073 A). Unit cell dimensions were obtained
with least-squares refinements, and all structures were solved by
direct methods using SHELXL-97.21 The other non-hydrogen
atoms were located in successive difference Fourier syntheses. The
final refinement was performed by full-matrix least-squares meth-
ods with anisotropic thermal parameters for non-hydrogen atoms
on F?. The hydrogen atoms were added theoretically as riding on
their parent atoms. Crystallographic crystal data and processing
parameters for complexes 1-6 are given in Table 2. Selected bond
lengths and bond angles are listed in Table 1.

CCDC-611826 (for 1), -611825 (for 2), -274291 (for 3), -278330 (for
4), -278332 (for 5) and -278331 (for 6) contain the supplementary
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.

Preparation of 9-Ethyl-3,6-dipyrazolylcarbazole (L'): Cul (0.27 g,
1.35 mmol), 1,10-phenanthroline (0.60 g, 3.02 mmol), and 3 mL of

Eur. J. Inorg. Chem. 2007, 1854-1866
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dmf were added to a three-necked flask equipped with a magnetic
stirrer and a reflux condenser. This mixture was refluxed for 5 min
in an oil bath at 120 °C, cooled to room temperature, and then
pyrazole (3.65g, 53.61 mmol), KOsBu (6.05 g, 54.00 mmol), 9-
ethyl-3,6-diiodocarbazole (3.00 g, 6.72 mmol),[''] and 18-crown-6
(little) were added and the mixture heated to 130 °C for 36 h. It
was then cooled to room temperature and the residue was extracted
with 150 mL of dichloromethane, washed three times with distilled
water, and dried with anhydrous magnesium sulfate. It was then
filtered and concentrated. Recrystallization from ethyl acetate pro-
duced light yellow crystals. Yield: 1.82 g (84%). M.p. 202-202.4 °C.
'"H NMR (600 MHz, [Dg]DMSO): 6 = 1.35 (t, J = 7.20 Hz, 3 H,
CH;), 4.51 (q, J = 7.20 Hz, 2 H, CH,), 6.57 (s, 2 H, phenyl), 7.75
(d, J = 8.40 Hz, 4 H, phenyl), 7.98 (d, J = 7.2 Hz, 2 H, pyrazolyl),
8.53 (d, J = 1.8 Hz, 2 H, pyrazolyl), 8.71 (d, J = 0.6 Hz, 2 H,
pyrazolyl) ppm. C,oH ;N5 (327.39): caled. C 73.37, H 5.23, N
21.39; found C 73.67, H 5.40, N 21.16. IR (KBr): v = 3141 (w),
2973 (m), 2937 (w), 1636 (m), 1618 (m), 1584 (w), 1509 (vs), 1483
(vs), 1392 (m), 1316 (s), 1223 (m), 1195 (m), 1153 (m), 1085 (w),
1046 (m), 936 (m), 881 (m), 835 (w), 799 (m), 750 (s), 664 (m), 615
(m) cm™.

Preparation of 9-Ethyl-3,6-diimidazolylcarbazole (L?): L? was ob-
tained by a similar method to L. Yield: 1.72 g (79%). M.p. 221—
221.6°C. 'H NMR (500 MHz, [Dg]DMSO): 6 = 1.34 (t, J =
7.04 Hz, 3 H, CHs3), 4.54 (q, J = 6.98 Hz, 2 H, CH,), 7.15 (s, 2 H,
imidazolyl), 7.79 (d, J = 8.72 Hz, 2 H, phenyl), 7.75 (t, J = 5.12 Hz,
4 H, phenyl), 8.22 (s, 2 H, imidazolyl), 8.50 (d, / = 1.36 Hz, 2 H,
imidazolyl) ppm. C,oH;7Ns (327.39): caled. C 73.37, H 5.23, N
21.39; found C 73.30, H 5.19, N 21.07. IR (KBr): v = 3104 (m),
2969 (w), 2863 (w), 1637 (m), 1620 (m), 1581 (m), 1506 (vs), 1380
(m), 1320 (m), 1260 (m), 1228 (m), 1105 (m), 1063 (m), 904 (m),
804 (m), 663 (m) cm™!.

Preparation of [CdL'L,], (1): 9-Ethyl-3,6-dipyrazolylcarbazole (L';
32.74 mg, 0.1 mmol) and CdI, (36.62 mg, 0.1 mmol) were dissolved
in MeOH (10 mL). The mixture was refluxed for 2 h at 70 °C and
then cooled to room temperature to give a clear colorless solution.
Pale colorless crystals suitable for X-ray diffraction were obtained
after two weeks by slow evaporation of the methanol solution at
room temperature. Yield: 61.73 mg (89%). IR (KBr): ¥ = 3117 (m),
2971 (w), 2925 (w), 1632 (m), 1613 (m), 1519 (s), 1487 (s), 1403
(m), 1383 (m), 1230 (s), 1192 (m), 1149 (w), 1067 (m), 1038 (m),
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958 (w), 894 (m), 874 (m), 805 (m), 746 (vs), 670 (w) cm .
C10H,,CdI,N;s (693.59): caled. C 34.63, H 2.47, N 10.10; found C
35.01, H 2.50, N 10.15.

Preparation of {{AgL'SO;PhCHj;],(CH;0H)(H,0)}, (2): Complex
2 was prepared by a procedure similar to that of 1 except that
AgOTs (27.79 mg, 0.1 mmol) was dissolved in MeOH (10 mL) and
H,O (0.5 mL). Colorless transparent cube-shaped crystals of 2 suit-
able for X-ray structure determination were obtained in 81 % yield.
CssHsyAgoN19OgS, (1263.0): caled. C 52.31, H 4.31, N 11.09;
found C 52.74, H 4.08, N 11.30. IR (KBr): ¥ = 3131 (w), 2978 (w),
2920 (w), 1629 (m), 1581 (m), 1516 (s), 1487 (s), 1404 (m), 1382
(m), 1351 (w), 1317 (m), 1188 (s), 1119 (m), 1064 (m), 1034 (m),
1007 (m), 814 (m), 763 (m), 677 (s), 615 (m), 565 (s) cm™!.

Preparation of [CdL?,(NCS),], (3): A solution of L2 (65.48 mg,
0.20 mmol) in 5 mL of CHClI; solution was layered onto a solution
of Cd(SCN), (22.86 mg, 0.10 mmol) in MeOH (10 mL) and al-
lowed to stand for ten days to give pale-yellow single crystals. Yield:
85% (75.08 mg). Cy4pH34,CdN5S, (883.33): caled. C 57.11, H 3.88,
N 19.03; found C 56.89, H 3.68, N 18.67. IR (KBr): ¥ = 3130 (m),
2976 (w), 2933 (w), 2088 (vs), 2034 (s), 1621 (m), 1587 (m), 1508
(vs), 1388 (m), 1332 (m), 1303 (m), 1269 (m), 1228 (s), 1122 (m),
1065 (s), 924 (m), 873 (m), 808 (s), 736 (s), 659 (s) cm .

Preparation of [CoL2,(NCS),(CHCl),], (4): Complex 4 was pre-
pared by a procedure similar to that for 3 but with Co(SCN),
(17.48 mg, 0.1 mmol) in place of Cd(SCN),. Yield: 89% (95.11 mg).
C44H36ClsCoN | 5S, (1068.6): caled. C 49.45, H 3.40, N 15.73; found
C 49.87, H 3.60, N 15.36. IR (KBr): ¥ = 3131 (m), 2977 (w), 2930
(w), 2076 (vs), 2033 (s), 1614 (w), 1585 (m), 1508 (vs), 1380 (m),
1330 (m), 1268 (m), 1229 (m), 1152 (w), 1123 (w), 1090 (w), 1064
(s), 935 (m), 833 (m), 809 (m), 744 (s), 661 (s) cm™!.

Preparation of [CdL?,(NO53),(CH30H),], (5): Complex 5 was pre-
pared by a procedure similar to that for 3 but with Cd(NOs),
(34.60 mg, 0.1 mmol) instead of Cd(SCN),. Yield: 80% (76.42 mg).
CyoH4oCdN 505 (955.28): caled. C 52.81, H 4.43, N 17.60; found
C 52.98, H 4.05, N 17.38. IR (KBr): ¥ = 3134 (m), 2977 (w), 2928
(w), 1640 (w), 1615 (m), 1585 (w), 1515 (vs), 1405 (m), 1385 (vs),
1317 (s), 1272 (m), 1230 (m), 1143 (w), 1115 (m), 1066 (s), 931 (m),
873 (w), 809 (m), 742 (m), 659 (m), 663 (s) cm™'.

Preparation of [CoL?,(NO53),(CH30H),], (6): Complex 6 was pre-
pared by a procedure similar to that for 3 but with Co(NO3),
(33.10 mg, 0.1 mmol) instead of Cd(SCN),. Yield: 85% (76.65 mg).
C4oH4CoN,0g (901.81): caled. C 55.94, H 4.69, N 18.64; found
C 56.31, H 4.26, N 18.79.. IR (KBr): ¥ = 3142 (w), 2977 (w), 2929
(w), 1633 (w), 1581 (w), 1510 (vs), 1385 (vs), 1334 (m), 1309 (m),
1260 (m), 1231 (s), 1148 (w), 1117 (m), 1086 (m), 1063 (s), 965 (W),
937 (m), 866 (m), 811 (s), 742 (m), 660 (s) cm .

Thermogravimetric Analysis: Complexes 2, 4, 5, and 6 are unstable
in air. Complexes 1 and 3 are stable under ambient conditions, and
thermogravimetric experiments were performed on single-crystal-
line samples. The TG-DSC measurements of complexes 1 and 3
were determined in the range 20-800 °C under nitrogen. TG data
show that 1 is stable up to 223 °C and then loses weight from 223
to 298 °C, corresponding to decomposition of ligand L!. The final
weight loss occurs at 543 °C. The TG data of 2 show that it is also
stable up to 245 °C and then keeps losing weight from 245 °C to
301 °C, corresponding to decomposition of ligand L2 The final
weight loss occurs at 568 °C.

Luminescent Properties: Metal complexes are promising lumines-
cent materials with potential applications as light-emitting materi-
als (LEDs) owing to their ability to enhance, shift, and quench
luminescent emission of organic ligands by metal coordination.
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The solid-state emission spectra of L', 1, L2, and 3 are shown in
Figure 17(a) and (b). The nanosecond range of the lifetime in the
solid state at 298 K reveals that the emission is fluorescent in na-
ture. A comparison of the fluorescence spectra of L!, 1, L2, and 3
suggests their emission origin. The solid-state fluorescent analyses
show that the complexes exhibit different properties. Free L! exhib-
its an emission maximum at 414 nm with a shoulder peak at about
435 nm, which is completely invariant upon excitation in the range
270-369 nm; complex 1 presents a broad strong emission band with
a maximum at 470 nm upon excitation in the range 275-383 nm,
which can be tentatively assigned to a MLCT based on a significant
red shift from L! to 1 and literature studies.?”! Free L? exhibits an
emission maximum at 396 nm with a shoulder peak at about
412 nm, which is completely invariant upon excitation in the range
260-312 nm; complex 3 presents a sharp strong emission band with
a maximum at 400 nm upon excitation in the range 268-362 nm,
which is largely characteristic of an intraligand fluorescent emis-
sion. It is obvious that insoluble 1 and 3 possess strong fluorescent
intensity, which suggests they may have potential applications in
solvent-resistant fluorescent materials.
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Figure 17. Fluorescent spectra of L' and complex 1 (a) and L? and
complex 3 (b) in the solid state at room temperature.
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