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Abstract

Three new coordination polymers of {{Cd(bilfCIO,)2}n (1), [Cd(e-bip)(N3)2]n (2) and
[Cd(u-bib¥®)Cl5], (3) were prepared by using the neutral N-donor ligant 4-
bis(imidazolyl)butane Kib), 1,3-bis(imidazolyl)propane b{p) and 1,4-bis(2-
methylimidazolyl)butanehib™®) and Cd% (X=ClO4, N5 and CI). The results of the X-ray
measurements demonstrate that in the crystal steiof1 and2 the cadmium(ll) ion adopts
CdNs octahedral geometry while, in the structure 3fthe metal ion forms CdiCI,
tetrahedral geometry. In compourld six bib ligands are coordinated to one central
cadmium(ll) to form an open 3D 2-fold interpendatrgtframework of thex-polonium @cu)
type topology, while in compour@land3 the Ns” or CI groups are terminally bonded to the
metal center and each linker compouhip (or bib™®) acts as bridging ligand connecting two
metal ions to form a one-dimensional zig-zag chdime adjacent 1D chains of complax
and 3 are further extended into a non-covalent 2D nekwsiructure by C-H---N and C-
H---Cl intermolecular hydrogen bonds, respectivEhe complexes were characterized by

elemental analysis, IR spectroscopy and singletarysray diffraction.

Keywords: Metal-organic frameworks; Cadmium(ll) complexes;o@bnation polymers;
Crystal structure; Flexible nitrogen-donor ligands.
1. Introduction

During the past decade, the functional metal aoglameworks (MOF) and coordination

polymers (CPs) with transition metal cores havengkated great interests in the field of
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crystal engineering and material chemistry for ooly their fascinating structures but also
their potential applications in field such as segdil], luminescence [2,3], gas storage [4,5],
separations [6], drug delivery [7], magnetism [&talysis [9] and bioapplications [10]. The
final structures of coordination polymers are dejggrn upon theeaction mediummetal to
ligand ratio, nature of ligand, metal center, ceandn and auxiliary ligand [11-16T herefore,
the important factor for constructing CPs and M@tenly relies on selections of metal centers
and bridging ligandsA relatively wide range of data is available i tliterature concerning
the preparation, characterization and applicatiotopper, iron, mercury and zinc-containing
MOFs [17-22]. The flexible N-donor ligand, 1,4-bms{dazolyl)butane Ii§ib) is a good
candidate for the construction of coordination podys [17,18,22], from which the most CPs
show two- or three-dimensional structures. Thisard) forms structures which have
interpenetration and in this case, there is no %pace in the solid state. To avoid

interpenetration, the use of liganbi® andbib™®

is appropriate. The cadmium coordination
polymers containing flexible organic ligands thaseived from N, O and S-donor have been
synthesized and structurally characterized [23-3®9me Cd(Il) coordination polymers were
shown luminescent properties [23-25]. For examplalticarboxylate ligand and bis
imidazole was reacted with Cd(ll) for constructihgminescent coordination polymers
(LCPs) [30]. Also some Cd(ll) networks were showrenhance or quench the fluorescence
emission of the organic ligand [31-32]. On the othand, cadmium(ll) compounds of
thiones are important as simple structural modeh#tallothioneins [25-29]. For compounds
of this metal, ligand-to-ligand charge transfer @I) and ligand-to-metal charge transfer
(LMCT) have been reported [33]. In turn, the d-ahsitions are not expected for Cd(ll) due
to a d° electronic configuration. In this paper we pres#m synthesis and structural
characterization of three coordination polymer<Cd{ll) ions with flexible imidazole based
ligands (Scheme 1), in order to investigate thkiarfce of the counter anion or coligand and

ligand on the framework of the compounds.
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Scheme 1Structures of the flexible ligands; 1,4-bis(imidptputane pib), 1,3-

bis(imidazolyl)propanébip) and1,4-bis(2-methylimidazolyl)butandip™®).

2. Experimental

2.1. Materials and general methods

All experiments were carried out in air atmosph&tarting materials were purchased from
commercial sources and used without further pwiion. The ligand$®ib [34] andbip [35]
were prepared according to the published methadsared spectra (4000-400 dinwere
recorded using KBr pellets with a BOMEN MB102 FT4RBectrometer. Elemental analyses
for C, H and N were performed on a Thermo Finigéasi EA 1120 CHN analyzer. X-ray
powder diffraction patterns were recorded on aiphiK'Pert Pro diffractometer (Cu Ka
radiation A = 1.54184 A) in the @range 5-50°.

2.2. Preparation of 1,4-bis(2-methylimidazolyl)butae (bib"®)

This ligand was prepared according to the reponmethod [36] with some modification.
Typically a mixture of 2-methylimidazole (4.1 g, Bmol) and KOH (2.8 g, 50 mmol) in
THF (50 mL) was stirred at 66 °C for 1 h, and thiea 1,4-dichlorobutane (3.2 g, 25 mmol)
was added. The mixture was cooled to room temperatfter being stirred at 60 °C for 24 h.
In the next step THF was removed and the residieextacted with ethyl acetate (100 x 3
mL). The extracted solution was put in a water @b °C) for 3 h, and the colorless oll
bibM® was obtained in 70% vyielddnal. Calc. for GoHigNs: C, 66.02; H, 8.31; N, 25.66;
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found: C, 66.08; H, 8.34; N, 25.71%. Selected IBi(Kcm*): 3162 (s), 2948 (s), 2681 (m),
2608 (m), 1672 (m), 1565 (m), 1500 (s), 1426 (862 (w), 1304 (m), 1280 (s), 1216 (s),
1146 (s), 1104 (s), 987 (s), 752 (s), 677 (s), ©H6

2.3. Preparation of {{Cd(bib)s](CIO )2}, (1)

A mixture of EtOH and water (1:1, 5 mL) was genldyered on the top of an aqueous
solution (5 mL) of CdGl (0.018g, 0.10 mmol) and NaCj@0.025g, 0.20 mmoal) in a test
tube. A solution ofbib (0.057g, 0.30 mmol) in EtOH (5 mL) was added aahefto the
colorless solution as a third layer. Crystals s@dor X-ray crystallography were obtained
after a few days. They were collected and washéekl svhall amounts of water and dried in
air (0.63 g, 69% based on Cdéhal. Calc. for GoH42CdChbN140g: C 39.59, H 4.65, N 21.55;
found: C 39.63, H 4.68, N 21.59%. Selected IR (KB"): 3123 (m), 2949 (w), 2870 (m),
1630 (s), 1517 (s), 1460 (m), 1371 (s), 1283 (2B5L(s), 1094 (vs), 940 (s), 836 (s), 764
(m), 739 (w), 720 (s), 624 (s).

2.4. Preparation of [Cd(b-bip)2(N3)2]n (2)

A mixture of EtOH and water (1:1, 5 mL) was genldyered on the top of an aqueous
solution (5 mL) of CdGI(0.018 g, 0.10 mmol) in a test tube. A solutiorbipf (0.035 g, 0.2
mmol) and NaN (0.013 g, 0.2 mmol) in EtOHA® (2:1, 6 mL) was added carefully as a
third layer. Transparent crystals were obtainedraftdays (0.44 g, 80% based on Gdhal.
Calc. for GgH24CdNys: C, 39.39; H, 4.41; N, 35.72; found: C, 39.43;4#46; N, 35.43%.
Selected IR (KBr, cim): 3335 (W), 3114 (m), 2035 (vs), 1619 (w), 1515 (2160 (w), 1440
(w), 1434 (w), 1395 (w), 1326 (m), 1233 (m), 1185, (L085 (s), 930 (s), 828 (m), 750 (M),
660 (s).

2.5. Preparation of [Cd-bib™®)Cl,], (3)

This compound was obtained as an unexpected producn attempt to synthesize
{[Cd(bib™®)3](NO3)2} . A mixture of EtOH and water (1:1, 5 mL) was ggridyered on the
top of an aqueous solution (5mL) of Cd@.018g, 0.10 mmol) and NaN@0.012g, 0.20
mmol) in a test tube. A solution &@ib™® (0.065g, 0.30 mmol) in EtOH (5 mL) was added
carefully to the colorless solution as a third lay€olorless crystals suitable for X-ray
crystallography were obtained after a few days.yTere collected and washed with small
amounts of water and dried in air. X-ray analysigeals that the crystals, with the molecular
formula of [Cd(biY'®)Cl,], were the product of this reaction (0.33 g, 824641 on Cd). Anal.
Calc. for GoH1sCdChLN4: C 35.89, H 4.52, N 17.65; found: C 35.92, H 4.6517.68%.
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Selected IR (KBr, ci): 3126 (m), 2920 (m), 1518 (s), 1454 (m), 1315, (807 (m), 1268
(m), 1035 (m), 807 (m), 683 (m), 562 (m).

Caution: Perchlorate and Azide compounds are potentiaipfasive and should be handled

with care.

2.6. X-ray crystallography

X-ray diffraction data were measured at 100K wit@Ka radiation § = 0.7107 A) using a
Rigaku SuperNova E (dual source) or a Bruker APEXCCD diffractometers. For all
operations (data collection, cell refinement, dataluction and multi-scan absorption
correction) with both diffractometers CrysAlis PROr Bruker software was used,
respectively. The structures were solved by dineethods and refined by a full-matrix least-
squares technique orf Bata using SHELXTL programs [37]. All non-hydrogatoms were
refined anisotropically. Hydrogen atoms bondedarbon atoms were inserted in calculated
positions and refined isotropically as a riding mlodetails concerning the data collections

and refinements are given in Table 1.

3. Results and discussion
3.1. Synthesis

Coordination polymers were prepared in ethanol-ivsdéutions by the reactions 1-3 shown

below.

CdCh+ 2NaClQ, + 3bib— Cd(bibk(ClO,).+ 2NaCl (1)
CdChb+ 2NaN; + 2bip— Cd(u-bipy(N3)-+ 2NaCl (2)
CdChb+ bib"® > Cd(bid")Cl, (3)

They are stable and can be stored in a desicdabbymers are insoluble in common organic
solvents such as DMF, MeCN and DMSO. The directimgiof the reactants is not a general
method for the preparation of these polymers bexéusads to the formation of a precipitate
of undefined compositions. In order to get suitatristals of pure compound for the X-ray
crystallography and further studies a three-layfuslon method was used. In this method a
buffer band ¢thanol-water) is utilized to separate the two solutions, onetl@m is an

agueous solution of the cadmium(ll) salt and theosd is an ethanol solution of the
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imidazole based ligand. When these two solutioffas# into the buffer band and meet with

each other, the product slowly forms and crystedliz

3.2. Description of Crystal Structures

3.2.1. Crystal Structure of 1

Single-crystal X-ray structural analysis revealst ttinis compound crystallizes in the trigonal
space groupr-3 with Z=3 (Table 1). The crystal structure bfconsists of 3D polymeric
[Cd(bib)]?** macrocations and uncoordinated GlGnions. As shown in Fig. 1, the
cadmium(ll) ion lies on an inversion center andasrdinated by six nitrogen atoms from the
imidazole rings of the six4bib ligands in an almost regular CglNctahedral environment
with the N-Cd-N bond angles close to 90° and theNCdistances being 2.356(11) and
2.355(11) A (Table 2). The resemblance betweenGHeN bond lengths irl can be
attributed to the fact that, the bib ligands repr¢one type of conformations, namaelti-
anti-anti with shortest N---N and Cd- - - Cd distances of 1&n2514.35 A and dihedral angles
of the two imidazole rings of 0°. Six bib ligand® @imultaneously coordinated to one central
cadmium atom to form an open 3D 2-fold interpengtgaframework witha-polonium (pcu)
topology [point symbol (#.6%)] (Fig. 2). As is common for the 2-fold interpersing
frameworks the values of the crystallographic pai@ns for both networks are the same. The
topology of this coordination polymer was deterndivéth the use of the ToposProprogram
[38]. Examples of this topology have been repoitethe literature for some coordination
polymers [39-41]. In the structure df the CIQ™ anions are located in the voids. Perchlorate
anions are involved in the formation of the G-8 hydrogen bondéetween the oxygen
atoms of the CI® anion and hydrogen atoms of the imidazole ring$ #6H,),- spacer of
the -bib ligands (Fig. 3). Structural compression bewd and {[Cd(btb}](PFe)2}n
[btb=1,4-bis(1,2,4-triazol-1-yl)butane] shows that imet crystal structures of both
compounds the conformation of the flexible ligamglanti-anti-anti, but 1 forms 3D 2-fold
while, {{Cd(btb)](PFe)2}» 3D 3-fold interpenetrating framework [42]. Accangly, flexible
ligands are responsible for directing the interpextieg of these polymers.

3.2.2. Crystal Structure of 2

Single crystal X-ray structural analysis reveaks titnis compound crystallizes in the triclinic
space grouf -1 with Z=1 (Table 1)In this structure there is one molecule in the unlit ce
(Table 1). This means that only half of the moleasl present in the asymmetric part of the
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unit cell. In this structure the cadmium atom isgeld at the inversion center and is
surrounded by six nitrogen atoms, which resemblke dially compressed octahedral
coordination geometry. The equatorial plane is finby four nitrogen atoms from the
imidazole rings of the four symmetry relategthip ligands with the Cd-N distances being
2.356(1) and.329(1)A. The axial positions are occupied by two azideogien atoms with
Cd-N bond lengths 2.365(2) A. As a co-ligand, azideiety is almost linear [N5-N6-
N7 177.81(15)°] and bent at N5 atom [Cd1-N5-N6 62210)°] (Table 2) what is common
for the linear azide ligand which adopts an endesminal coordination mode (Fig. 4). In the
structure 2, two neighboring cadmium ions are interconnectgdtwo bridging -bip
ligands. As a result; a 20-membered macrocyclicedicnunit is formed. The dimeric units
are linked together and form infinite one-dimensiarhains (Fig. 5). Crystal structdre 2fs
built of layers formed by such chains. Each of lin&er ligands adopts aanti-gauche
conformation with the dihedral angle between the imidazole rings of 72.3(1)° and links
two Cd(ll) ions through the imine nitrogen atom&eTshortest N---N and Cd- - - Cd distances
are 7.64 and 10.69 A, respectively. One H atorhef@H bond of the imidazole moiety of
the bip ligand interacts with a N atom of azidegyiteld intermolecular C-H---N contacts with
H---N distance of 2.52 A. In the presence of thieactions, the neighboring chains are
further extended into a 2D framework structure (FéQ. It is not surprising that small
changes in the structure of flexible ligands as,ewample a change of the position of the
donor atoms or different spacer lengths can caiggfisant changes of the structures.
Inserting the molecule afic or 2,5-dmpyz and Quz (see Scheme 2) to the structure2of
instead ofbip leads to the formation of 3D and 2D, respectiy8lyl0]. In the others, where
bipy or acyp are used instead of thep ligand (see Scheme 2), the coordination polimers
built of the 1D chains are also formed [43,44]. Bwrer, the use didmpzm instead obip

leads to the formation of a monomer complex instidfaal coordination polymer [45].

3.2.3. Crystal Structure of 3

This compound crystallizes in the orthorhombic gpgmupP 22,2, with Z=4 (Table 1). As
shown in Fig. 7, the cadmium(ll) ion is coordinateg two chlorine anions with Cd-Cl
distances of 2.438(1) and 2.446(1) A and two Nogitin atoms of two crystallographically
equivalentu-bib™® ligands with Cd-N distance of 2.223(3) and 2.228k3in a distorted
tetrahedral CdBCl2 coordination geometry. The cadmium(ll) ion has ighsly distorted
tetrahedral geometry with large compression of KgeCd1-N7 angle [106.70(11)°] and
enlargement of the CI1-Cd1-N6 angle [112.56(8)3MIE 2). In the crystal structure &fthe
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#-bibM® compound acts as a bridging bidentate ligandjrimkhe Cd(ll) centers into a one-
dimensional zigzag chain structure running alorgydtystallographic b-axis (Fig. 8). Each of
the linker ligands adopts amti- anti- anti conformation with the dihedral angle between the
two 2-methylimidazole rings of 35.51° and links t@d(Il) ions through the imine nitrogen
atoms. The shortest N---N and Cd---Cd distance$0at& and 13.58 A, respectively. H
atoms of the CH groups in the 2-methylimidazole eties of thebib™® ligand are involved

in the intermolecular C-H- - - Cl contacts with the-I&1 distances of 2.77 (H9---Cl1) and 2.81
(H2---CI2) A. In the presence of these interactidghe neighboring chains are further
extended into a 2D framework structure (Fig. 9%ehting the molecule dipa (see Scheme
2) to the structure a8 instead obib™® leads to the formation of a dinuclear complex [46]
the others, wherk or Hpbi is used (see Scheme 2), the coordination polimgisds the 1D
chains are formed, but the coordination geometoyradl cadmium is octahedral. On the other
hand,Hpbi forms a 3D structure, through intermolecular X-&i-(X = N and C) hydrogen
bonds and—r stacking interactions [47,48]. Also the reacti®tCdCL and bilY"® ligand with
variable ratios, in the absence of NaN@d to obtain structure (3) (See Supplementary

Information).

nic 2,5-dmpyz Quz
bipy Qux
H
H,C 3
= :
/ A 4 )\\\\/\\\
N e & - N \
é\, h ’ Hy,C N\ L/ ~CH;
btb H, NN =
bdmpzm L
H
N=—
HQN/\/\N/\/\NHZ —>_<N
VAR
<\ 7N\
bpa
Hpbi

Scheme 2.Structures of the ligandsicotinate anion r{ic); 2,5- dimethylpyrazine 2,5-
dmpyz); quinazoline Quz); 2,2-bipyridyl pipy); 2-acetylpyridine &cyp); 1,4-bis(1,2,4-
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triazol-1-yl)butane [ftb); bis(3,5-dimethylpyrazol-1-yl)methanebdmpzm); 3,5-bis(3-
pyridyl-3-(3'-methylphenyl)-1,3,4-oxadiazol@ ); bis(3-aminopropyl)aminebpa) and 2-
(pyrazin-2-yl)-1H-benzimidazoleHpbi).

3.3. Spectroscopic characterization

The IR spectra of the complexes showed strong baodssponding to the stretching
vibration of the C=N bonds of the imidazole or 2iMdimidazole rings of the bib, bip and
bib™® ligands at the range of 1516-1518 (s)’crithe medium bands in the range of 3114-
2870 cm' are mainly assigned to the C-H stretching vibratiof the CH (for 1-3) and CH

(3) groups of the bridging ligands. The infrared $peu of 1 displays two sharp bands at
624 and 1094 cthdue to the vibrations of the CjOion. In the case of the intense
absorption band at 2035 &nis attributed to the azide ligand [49]. In orderdonfirm the
phase purity of the synthesized polymeXsray powder diffraction (XRPD) experiments
were carried out in which the experimental speetere consistent with their simulated
spectra (Fig. S1).

Conclusion

In conclusion, we have synthesized successfullgethrmew cadmium(ll) complexes with
flexible imidazole-based ligands. These compounsislaly two different structures. Polymer
1 exhibits three-dimensional architecture while commpds2 and 3 form one dimensional
infinite polymeric chains. The structure of thetlaso complexes is extended into a 2D
framework by means of hydrogen bonding interactiddslymer 3 was obtained as an
unexpected product in an attempt to synthesize{[tbeé(bib®)3](NO3),}» compound. The
results of this work indicate that the counter i@gsch as CI@, N3” and Cl) and the structure
of the flexible ligands have a significant influenon the formation and structure of these

complexes.
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CCDC 1562630, 1562476 and 1562477 contains thelempptary crystallographic data for
1-3, respectively. Crystallographic data can be olethifree of charge from the Cambridge
Crystallographic Data Centre via http://www.ccdacac.uk/datarequest/cif. or from the
Cambridge Crystallographic Data Centre,12 Union Rd@@ambridge CB2 1EZ, UK; fax:
(+44) 1223-336-033; or e-mail: deposit@ccdc.camlac.
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Table 1. Crystal data and structure refinement forcompounds 1-3.

1 2 3
Chemical formula C3H4CACLN1505  CigH24CdNy 4 CioH1gCdCBN,4
Formula weight 882.06 548.91 401.60
Diffractometer APEX Il CCD SuperNova E SuperNova E
4 (Mo Ka) (A) 0.71073 0.71073 0.71073
Crystal system trigonal triclinic orthorhombic
Space group R-3 P-1 P 2,22,
a (A 13.543(4) 7.8163(3) 9.30590(10)
b (A) 13.543(4) 9.0013(4) 9.8889(2)
c(A) 18.048(5) 9.4913(3) 16.5699(3)
a (%) 90 76.215(3) 90
B(° 90 75.570(3) 90
y(®) 120 64.676(4) 90
V (A% 2866.6(13) 577.91(4) 1524.85(4)
4 3 1 4
Deaica. (g- €M) 1.533 1.577 1.749
 (mm) 0.775 0.982 1.774
F(000) 1356 278 800
Crystal size (mm) 0.26 x0.19x0.16 0.30x0.15x0.12 0.18 x 0.1008
Reflections collected 10149 26093 49032
Rint 0.0668 0.0396 0.0445
Data/restraints/parameters 668/ 0/ 85 3219/0/ 151 4054/ 0/ 174
FinalR [1>25(1)] Ry, WR; 0.0935, 0.1868 0.0186, 0.0475 0.0276, 0.0712
GOF 1.112 1.063 1.206
Largest diff. peak/hole (e 1.065/ -2.007 1.022/-0.528 1.609/-0.628




350 Table 2. Selected bond distances (A) and angles {8) compounds 1-3.
Compound 1
Cd1-N1 2.356(11) Cd1-N1 2.355(11)
N1-Cd1-N1 90.0(4) N1-Cd1-N1 180.0(6)
Compound 2
Cd1-N1 2.356(1) Cd1-N5 2.365(1)
Cd1-N3 2.329(1)  N5-Cd1-N5 180.00(4)
N1-Cd1-N5 88.08(4)  N5-Cd1-N3 88.93(4)
N1-Cd1-N1 180.00(4) N5-Cd1-N3 91.07(4)
N1-Cd1-N5 91.92(4) N3-Cd1-N3 180.00(4)
N1-Cd1-N3 93.95(4)  N5-N6-N7 177.81(15)
N1-Cd1-N5 86.05(4) Cd1-N5-N6 122.61(10)
Compound 3
Cd1-Cl1 2.438(1) Cd1-N6 2.228(3)
Cd1-Cl2 2.446(1) Cd1-N7 2.223(3)
Cl1-Cd1-ClI2 111.51(3) CI1-Cd1-N6  112.56(8)
Cl2-Cd1-N6 108.52(8) CI1-Cd1-N7  107.14(8)
CI2-Cd1-N7 110.29(8) N6-Cd1-N7 106.70(11)

351

352 Figure Captions:

353  Fig. 1View of the coordination environment of Cadmium{i)L1.

354  Fig. 2. (a)View of the 3Da-polonium for single network of. Hydrogen atoms and CJO
355 are omitted for clarity(b) View of the 2-fold interpenetrating network bf(c) Schematic
356  drawing of the 2-fold interpenetrated 3D structofé.

357  Fig. 3. Non-classic C—H- - - O hydrogen bonds in the straciiil.

358  Fig. 4.View of the coordination environment of Cadmium(ii 2.

359  Fig. 5.Layered structures & formed by 1D chain. Hydrogen atoms omitted foritfa
360 Fig. 6. View of the 2D of2 formed by non-classic C—H- - -N hydrogen bonds.

361  Fig. 7. View of the coordination environment of Cadmium(ii 3.

362 Fig. 8.Layered structures &formed by 1D chain. Hydrogen atoms omitted foritfa
363  Fig. 9. View of the 2D of3 formed by non-classic C—H- - - Cl hydrogen bonds.

364 Fig. S1 View of the X-ray powder diffraction (XRPD) exp®ental spectra and simulated
365  spectral-3.

366
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* Highlights

» Structure of the organic ligands plays a dominant role in the structure coordination
polymers.

» Also counter ions such as ClOy4", N3” and Cl” impact on the structure.

» The polymers have been characterized by X-ray diffraction, elemental and infrared

spectroscopy.



