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Four coordination polymers have been synthesized using self-assembly solution reactions under ambient
conditions, reacting Cd(i) ions with 1,4-cyclohexanedicarboxylic acid in the presence of different 2,2'-
bipyridine  co-ligands:  {[Cd(H,O)(e.a-cis-1,4-chdc)(2,2'-bpy)]-H,O}, (1); [Cdx(H,O)s(e.a-cis-1,4-
chdc),(4,4-dmb),l,, (2); {[Cd(e,a-cis-1,4-chdc)(5,5-dmb)]-H,O-CHzOH},, (3) and {[Cd(e,e-trans-1,4-chdc)
(4,4'-dtbb)]-CHzOH},, (4), where 1,4-chdc = 1,4-cyclohexanedicarboxylato, 2,2'-bpy = 2,2'-bipyridine,
4,4'-dmb = 4,4'-dimethyl-2,2'-bipyridine, 5,5'-dmb = 5,5'-dimethyl-2,2'-bipyridine and 4,4'-dtbb = 4,4'-
di-tert-butyl-2,2'-bipyridine. Crystallographic studies show that compound 1 has a 1D structure propagat-
ing along the crystallographic b-axis; the Cd ion in 1 is six-coordinated with a distorted-octahedral
coordination sphere. Compound 2 has two crystallographic different Cd ions and both are six-co-
ordinated with a distorted-octahedral coordination sphere. Compound 3 exhibits a seven-coordinated Cd
ion having a distinctive distorted-monocapped trigonal prismatic geometry. In compound 4, the Cd ion is
also seven-coordinated in a distorted monocapped octahedral geometry. Compounds 2, 3 and 4 possess
rhombic-shaped dinuclear units (Cd,O;) as nodes to generate larger cycles made up of four dinuclear
units, a Cd4 motif, bridged by four 1,4-chdc ligands, accomplishing, thus, 2D structures. Remarkably, in
compound 4 the 1,4-chdc ligand conformation changes to the equatorial, equatorial trans, unlike the
other compounds where the bridging ligand conformation is the more typical equatorial, axial cis. The
solid state luminescence properties of 1-4 were investigated; polymers 3 and 4 exhibited a strong blue
emission (Aem = 410-414 nm) compared to 1 and 2; structure-related photoluminescence is attributed to
the degree of hydration of the compounds. Furthermore, Cd-polymer 3 suspended in acetone allows the
fluorescence selective sensing of acetonitrile over common organic solvents such as alcohols and DMF,
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Introduction

Investigation about the fundamental properties of coordi-
nation polymers has gained relevance due mainly to the syner-
gic relationship between structural and physicochemical pro-
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perties. Particularly, the search for tailor-made synthetic meth-
odologies capable of producing desired properties for appli-
cations of these types of hybrid materials has long been
pursued.' The design and synthesis of coordination poly-
mers based on the assembly of metal ions and bridging-multi-
dentate organic ligands has resulted in one of the fastest
growing areas in synthetic chemistry, which has been powered
by the captivating structural diversity and potential appli-
cations of these hybrid materials in gas absorption, magnet-
ism, drug delivery, separation processing, catalysis and chemi-
cal sensing.””® Several strategies have been developed to syn-
thesize mixed ligand coordination polymers of transition
metals containing nitrogen and oxygen donor ligands.’™** Self-
assembly of small molecules, compounds or complexes is
demonstrated to be an effective procedure for the synthesis of
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extended structures with minimum effort. Nonetheless, the
self-assembly process is sometimes accompanied by an uncer-
tainty halo, due to unpredictable interactions among metal
centers and ligands, especially when weak forces (e.g., hydro-
gen bonding, n-r interactions) and/or solvents, such as water,
are involved."® Something encouraging in this simple method-
ology is the usual formation of supramolecular structures, gen-
erated by the presence of unreacted ends of ligands and/or the
presence of water molecules both as aqua ligands and crystalli-
zation molecules. These supramolecular extended structures
bring novel and interesting structural characteristics to the
coordination polymers, which also, in some cases, influence
their properties. Among the most used bridging ligands for
transition metal ions are the dicarboxylato ligands.'*™"” The
1,4-cyclohexanedicarboxylato ligand has been used for the for-
mation of coordination polymers with different metal
centers."””?® We have selected this metal center-bridging
ligand due to its interesting chemical structure and its dual
chemical functionality, which allows generation of complexes
or polymers with different dimensionalities depending on its
coordination modes. Moreover, the use of 2,2-bipyridine as an
ancillary ligand had become relevant in our previous studies
on coordination polymers.”"*> Therefore, as part of our
ongoing research about complexes and coordination polymers
of dicarboxylates and 2,2-bipyridines several of these com-
pounds with interesting structural, magnetic and lumine-
scence properties have been achieved through self-assembly
reactions under ambient conditions.>*">® Thus, we decided to
use one of the most studied nitrogen donor ligands,*® and just
varying the alkyl-substituent on it to verify the possible influ-
ence of the steric hindrance and the n-r interactions of this
co-ligand on the dimensionality and crystalline structures of
cadmium coordination polymers. To date, there have been
only a few reports on the use and study of di-alkyl-2,2"-bipyri-
dines as ancillary ligands, either in transition-metal com-
plexes®” or in coordination polymers.*® It is well known that
photoluminescence properties of coordination polymers can
be controlled by the appropriate choice of organic ligands and
metal centers. These properties are usually dependent on the
metal center nature and its coordination environment, or
coordination sphere, the presence of conjugation in the
organic ligand and the nature of substituents on the ligands in
addition to the possible supramolecular interactions in the
extended structure.’*** Many of the luminescent materials
studied are lanthanide and d'° metal based coordination poly-
mers with multidentate aromatic bridging ligands;**°
however, there are less of these luminescent materials contain-
ing non-aromatic linkers,* such as the 1,4-cyclohexanedicar-
boxylato ligand. Most of these compounds have been refer-
enced in the literature for their capacity of sensing of hazar-
dous substances.?**°

Herein, the syntheses, structural characterization, thermo-
gravimetric and photoluminescence studies of four new
coordination polymers constructed by self-assembly: {[Cd
(H,0)(e,a-cis-1,4-chdc)(2,2"-bpy)|-H,O}, (1); [Cda(H,0),(e,a-cis-
1,4-chdc),(4,4’-dmb),], (2); {[Cd(e,a-cis-1,4-chdc)(5,5-dmb)]-
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H,0-CH3;0H},, (3) and {[Cd(e,e-trans-1,4-chdc)(4,4’-dtbb)]-
CH;0H},, (4), are presented and discussed.

Experimental section
Materials and general methods

All the materials of reagent grade were purchased from com-
mercial sources and used without further purification. De-
ionized water was used for synthetic procedures. Elemental
analyses for C, H, and N were carried out by standard methods
using a Vario Micro-Cube analyzer. IR spectra of the complexes
were recorded on a FT-IR Shimadzu spectrophotometer, IR
Prestige-21, from 4000-400 cm™". Thermogravimetric analyses
were performed using a TA Instruments equipment, under a
N, atmosphere, at a heating rate of 10 °C min~", from 20 to
800 °C.

Synthesis of {{Cd(H,O)(e,a-cis-1,4-chdc)(2,2-bpy)]-H,0}, (1)

Firstly, sodium 1,4-cyclohexanedicarboxylate was prepared by
adding NaOH (5 ml; 0.16 M) to a methanol solution (5 ml) of
1,4-cyclohexanedicarboxylic acid (0.0688 g; 0.4 mmol). A solu-
tion of 2,2"-bipyridine (0.0624 g; 0.4 mmol) in methanol (5 ml)
was added to the solution of sodium 1,4-cyclohexanedicarboxy-
late while stirring. Then, a de-ionized water solution (10 ml) of
Cd(NO3),-4H,0 (0.0624 g; 0.4 mmol) was added. A colorless
translucent solution was obtained. After two days, big white
crystals were obtained; these were filtered out and washed
Yield:
79% based on the metal precursor. Elemental analysis (%),
C,15H,,N,0,Cd, cal.: C, 45.53; H, 4.67, N, 5.90; found: C, 45.40;
H, 4.70; N, 5.92. IR cm ™" (ATR): 3277 (w, br), 2951 (w, br), 1573
(m, br), 1531 (m, br), 1442 (m, br), 1392 (s, br), 763 (s, sh), 732
(m, sh), 678 (m, sh).

with a 50:50 deionized water-methanol mixture.

Synthesis of [Cd,(H,0),(e,a-cis-1,4-chdc),(4,4-dmb),],, (2)

Comparable conditions as in the synthesis of 1 were employed,
except that a solution of 4,4-dimethyl-2,2"-bipyridine (0.0720 g;
0.4 mmol) in methanol (10 ml) was added to the solution of
sodium 1,4-cyclohexanedicarboxylate while stirring. Then, a
solution of Cd(NO;),-4H,0 (0.0624 g; 0.4 mmol) in de-ionized
water (10 ml) was added. A colorless translucent solution was
obtained. After four days, big white crystals were obtained;
these were filtered out and washed with a 50:50 deionized
water-methanol mixture. Yield: 41% based on the metal pre-
cursor. Elemental analysis (%), C40H4sN4010Cd,, cal.: C, 49.54;
H, 4.98; N, 5.77; found: C, 49.19; H, 5.03; N, 5.76. IR cm™*
(ATR): 3034 (w, br), 2943 (w, br), 1612 (w, sh), 1566 (s, sh),
1442 (m, sh), 1384 (s, sh), 833 (s, sh), 771 (m, sh), 717 (m, sh).

Synthesis of {{Cd(e,a-cis-1,4-chdc)(5,5'-dmb)]-H,0-CH;0H},, (3)

Similar conditions as in the synthesis of 1 were used, except
that a solution of 5,5-dimethyl-2,2"-bipyridine (0.0720 g;
0.4 mmol) in methanol (10 ml) was added to the solution of
sodium 1,4-cyclohexanedicarboxylate. A colorless translucent
solution was obtained. After five days, big white crystals were
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obtained; these were filtered out and washed with a 50:50 de-
ionized water-methanol mixture. Yield: 72% based on the
metal precursor. Elemental analysis (%), C,1H,sN,06Cd, cal.:
C, 48.79; H, 5.45, N, 5.42; found: C, 48.61; H, 5.42; N, 5.53.
IR cm™ (ATR): 3402 (w, br), 2927 (w, sh), 1562 (s, sh), 1543
(s, sh), 1481 (m, sh), 1400 (s, sh), 1045 (s, sh), 844 (m, sh), 732
(m, sh), 762 (w, sh).

Synthesis of {{Cd(e,e-trans-1,4-chdc)(4,4'-dtbb)]-CH;0H},, (4)

Analogous conditions as in the synthesis of 1 were used,
except that a solution of 4,4-di-tert-butyl-2,2"-bipyridine
(0.1073 g; 0.4 mmol) in methanol (10 ml) was added to the
solution of sodium 1,4-cyclohexanedicarboxylate. A colorless
translucent solution was obtained. After a few days, big white
crystals were obtained; these were filtered out and washed
with a 50:50 deionized water-methanol mixture. Yield:
94% based on the metal precursor. Elemental analysis (%),
C,,H3N,05Cd, cal.: C, 55.63; H, 6.57, N, 4.80; found: C, 56.20;
H, 5.98; N, 6.13. IR cm ™" (ATR): 3086 (w, br), 2954 (w, sh), 1608
(m, br), 1546 (s, br), 1454 (m, br), 1395 (s, sh), 848 (m, sh), 678
(s, sh), 601 (s, sh).

Photoluminescence measurements

Luminescence spectra for solid state and suspensions of poly-
mers 1-4 were recorded on an Agilent Cary Eclipse spectro-
photometer equipped with a crystal holder or a cell thermo-
stated holder with a quartz cuvette. In all cases, single crystal-
line samples of 1-4 were used for emission measurements.
Suspensions of 1-4 were prepared by stirring for 20 min at
25 °C of the corresponding crystal samples of polymers 1-4 in
spectrophotometric grade solvents (acetone, acetonitrile,
n-butanol, dichloromethane, tetrachloromethane, n-butanol,
ethanol, ethyl acetate, methanol isopropanol, and tetrahydro-
furan) and water with a concentration of 2.0 mg mL™". For
titration experiment of acetonitrile, a stock suspension of 3
(1.0 mg mL™") in acetone was prepared by ultrasonic treatment
by 10 min at r.t. and subsequently, 40 pL of this suspension
was diluted up on 2500 pL of water, to give a final concen-
tration of 30 uM and the emission spectra of the suspension
were recorded after adding aliquots of acetonitrile.

X-ray crystallography

Data for compounds 1 to 4 were collected on a Bruker APEX II
CCD diffractometer; 2 and 3 at 100 K, and 1 and 4 at room
temperature (296 K); using Mo-Ka radiation (k = 0.71073 A)
from an Incoatec ImuS source and a Helios optic monochro-
mator.”! Suitable crystals were coated with hydrocarbon oil,
picked up with a nylon loop, and mounted in the cold nitrogen
stream of the diffractometer. The structures were solved using
intrinsic phasing (SHELXT)** and refined by full-matrix least-
squares on F” (ref. 42) using the ShelXle GUL"® The hydrogen
atoms of the C-H bonds were placed in idealized positions
whereas the hydrogen atoms from the O-H moieties and
hydrogens for water were localized from the difference electron
density map and fixed to standard distances using DFIX
instructions, and their position was refined with Uy, tied to
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the parent atom with distance restraints. Owing to the data col-
lection temperature polymers 1 and 4 exhibit positional dis-
order, 1 shows positional disorder in cyclohexane-1,4-dicarboxy-
late and water molecule and the molecule with which it forms
a hydrogen bridge interaction, the majority part has an occu-
pancy of 63.5(4)%, forming two types of nets for hydrogen
interactions one in each part of the disorder. Also, 4 exhibits
positional disorder in the tert-butyl moieties of the bipyridine
ligand; the part 1 in the first tert-butyl moiety (C11, C12, C13,
and C14) has an occupancy of 61.2(12)%, the part 1 in the
second majority tert-butyl moiety (C15, C16, C17, and C18) has
an occupancy of 72.3(18)%, and the solvent also has positional
disorder; the majority part has an occupancy of 71.5(5)% and
only part 1 in the solvent has a hydrogen bond toward the
oxygen (02) in the carboxylate moiety. Compounds 2 and 3
have a good crystal packing and have no positional disorder,
due to the data collection temperature. The disorder in 1 and 4
was refined using geometry (SADI, SAME) and Uy restraints
(SIMU, RIGU) implemented in SHELXL,*> the occupancy is
refined with the help of a free variable and fixed at unit.

Details of crystal data and refinement parameters, bond
lengths and angles are provided in Tables S1-S4f for 1-4,
respectively.

Results and discussion

Crystal and molecular structure of {{Cd(H,0)(e,a-cis-1,4-chdc)
(2,2"-bpy)]-H,0}, (1)

1 crystallizes in a monoclinic system with the P2,/c space
group and forms an infinite one-dimensional (1D) coordi-
nation polymer (Fig. 1). The repeat molecular unit contains
one Cd center, one 1,4-chdc ligand, one 2,2-bpy co-ligand, one
coordinated water and one guest H,O molecule. The coordi-
nation environment of the Cd is shown in Fig. 1A; the metal is
six-coordinated and surrounded by four oxygen atoms, three
from two different 1,4-chdc ligands and one from the aqua
ligand, plus two nitrogen atoms from one 2,2"-bpy ligand. The
Cd has a distorted octahedral configuration. The Cd-O bond
lengths range from 2.289(5) to 2.473(13) A, while the Cd-N dis-
tances are 2.3439(19) and 2.378(2) A and these values are com-
parable to those found for similar Cd(u) compounds.**** In
polymer 1, a 1D zig-zag chain is formed due to the combi-
nation of monodentate n' and chelating 1> coordination
modes in 1,4-chdc, together with the equatorial, axial cis con-
formation of its carboxylate groups, thus bridging the Cd ions
(Fig. 1B and Scheme S1%). In fact, a cadmium 2D coordination
polymer having 1,4-cyclohexanedicarboxylate and 2,2’-bipyri-
dine has been reported.*® However, it was obtained by a solvo-
thermal method, and its molecular, polymeric and supramole-
cular structural characteristics, and thus its crystallographic
properties, are different from the ones obtained for 1.
Intermolecular hydrogen-bonding interactions assemble
polymer 1 into a 2D supramolecular array. These interactions
are promoted by the presence of the aqua ligand.”” This is
shown in Fig. 1C, where the main O-H---O interactions involve

This journal is © The Royal Society of Chemistry 2017



Dalton Transactions

Paper

Fig. 1 (A) Molecular structure; (B) 1D polymer chain, hydrogen atoms
are omitted for clarity; (C) 2D supramolecular array, most hydrogen
atoms are omitted for clarity; in 1.

the O-H moiety (O1) of the aqua ligand and each oxygen atom
(03) of the coordinated side of one 1,4-chdc ligand of a neigh-
boring 1D polymeric chain, in an intermolecular hydrogen
bond (Table S1}). Thus, an extended 2D supramolecular array
in a corrugated sheet shape is generated (Fig. 1C).

Crystal and molecular structure of [Cd,(H,0),(e,a-cis-1,4-
chdc),(4,4-dmb),],, (2)

2 crystallizes in a triclinic system with the P1 space group and
forms an infinite two-dimensional (2D) coordination polymer.
The molecular structure of 2 consists of two crystallographi-
cally independent Cd>" centers, two 1,4-chdc ligands, two 4,4'-
dmb ligands and two aqua ligands (Fig. 2A). Both Cd atoms
are six-coordinated, being surrounded by four oxygen atoms
from two different 1,4-chdc ligands plus the oxygen atom from
the aqua ligand, and two nitrogen atoms from one 4,4'-dmb
co-ligand, in a distorted octahedral configuration. The Cd-O

This journal is © The Royal Society of Chemistry 2017

Fig. 2
are omitted for clarity; (C) simplified topological network; in 2.

(A) Molecular structure; (B) 2D polymer array, hydrogen atoms

bond lengths vary from 2.2028(14) to 2.3557(14) A, while the
Cd-N distances range from 2.2931(16) to 2.4088(16) A, values
comparable to those found in the related Cd(u) complexes.*®*°
The dimensionality of this Cd coordination polymer can be
explained by the occurrence of two different coordination
modes of the carboxylate moieties of the 1,4-chdc ligand: n*
and bridging p,-n’; the latter generating distinctive rhombic-
shape dinuclear units (Cd,0,). These two different coordi-
nation modes of the 1,4-chdc ligand give rise to a 2D sheet
array (Fig. 2B and Scheme S1t). Following the carboxylate-
bridge coordination modes, this dimeric unit in 2 possesses a
syn-syn configuration and an equatorial-equatorial confor-
mation arrangement. In a broader view, another 1,4-chdc
ligand binds to these Cd centers in a bridging mono-dentate
manner, as mentioned above, connecting the rhomboid Cd
dimers to larger fusion-cycles made of four Cd ions all linked
and bridged by four 1,4-chdc ligands in an equatorial-axial cis
conformation of their carboxylate groups (Fig. 2B). Hence, the
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2D structure of 2 can be classified as a uninodal 5-connected
net with the tts topology and the point symbol of {3°-4%.5%}
(Fig. 2C).”° The crystal packing of 2 is stabilized also by hydro-
gen bonds. Adjacent complex units are connected by hydrogen
bonds between the carboxylato oxygen atoms of 1,4-chdc:
O(5)-H(5B)---O(2); O(5)-H(5A)---O(8); O(10)-H(10A)---O(3) and
O(10)-H(10B)---O(7) (Table S2t). Nevertheless, these inter-
actions do not change the structural dimensionality of 2.

Crystal and molecular structure of {[Cd(e,a-cis-1,4-chdc)(5,5'-
dmb)]-H,0-CH;0H},, (3)

3 crystallizes in a monoclinic system with the P2,/c space
group and forms an infinite two-dimensional (2D) coordi-
nation polymer. The repeat molecular unit of 3 consists of one
Cd center, two 1,4-chdc ligands, one 5,5-dmb ligand, one
guest methanol molecule and one crystallization water mole-
cule (Fig. 3A). Thus, the Cd ion is seven-coordinated, being

Fig. 3 (A) Molecular structure, (B) 2D polymer array, hydrogen atoms
are omitted for clarity; (C) simplified topological network; in 3.
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surrounded by five oxygen atoms from two different 1,4-chdc
ligands and two nitrogen atoms from one 5,5-dmb co-ligand,
resulting in a N,Os, still rare, distorted-monocapped trigonal
prismatic geometry.”® The capping oxygen atom (O2) comes
from one of the carboxylate oxygen atoms in 1,4-chdc (Fig. 3A).
The obtuse angles between the least-squares mean planes of
the chelate ring of 5,5-dmb, the chelate rings of the pairs of
the oxygens O1 and O3 and O1 and O4 of 1,4-chdc, and the
metal, lie in the range 91.69-147.06°, which is in concordance
with a distorted trigonal prismatic coordination geometry. For
3, the lengths of the triangular sides are in the range of
2.740-3.621 A for the triangle 01-N2-01 and 2.195-3.357 A for
the triangle O3-N1-O4, all angles are in the range
38.34-75.95°. Four 1,4-chdc oxygen atoms (two O1, O3, 04)
make up a trapezoid, which should be a perfect square for an
ideal trigonal-prismatic geometry, the sides of which are in the
range of 2.740-3.254 A. The remaining two faces of the prism
are also trapezoids consisting of four oxygen atoms of the 1,4-
chdc ligand, which are joined by the two nitrogen atoms of the
5,5'-dmb ligand, respectively. Both faces have a O-O distance
of 3.230 and 3.254 A, an N-O distance in the range of
3.125-3.621 A, and 2.698 A for the N1-N2 side. Due to these
marked differences in the distances of the trapezoid faces of
the prism, the two triangular faces are not parallel. Thus, the
planes defined by 0O3-N2-04 and O1-N2-O1 make an angle of
18.93°. The torsion angles about the centroids of the triangu-
lar faces and each of the corners (ie., Ct1-N1-N2-Ct2) are
19.71, 16.10 and 3.58°. To the best of our knowledge, there are
few examples reported in the literature about metaprism com-
plexes with innocent ligands in their structures,”® and, also
few articles showing Cd(u) coordination polymers having a dis-
torted-monocapped trigonal prismatic geometry without the
use of tri- or tetradentate ligands.>*

Therefore, complexes or coordination polymers of Cd using
mixed innocent bidentate ligands possessing trigonal pris-
matic, or monocapped trigonal prismatic, are still considered
uncommon. Like in polymer 2, the dimensionality of 3 can be
elucidated by the existence of two different coordination
modes of the carboxylate moieties of the 1,4-chdc ligand: che-
lating p,-n* and chelating, bridging p,—n*mn'; this latter mode
generates the distinctive rhombic-shape dinuclear units
(Cd,0,) (Scheme S27). Thus, compound 3 also displays the
dinuclear units as nodes to generate larger cycles made up of
four dinuclear units, a Cd, motif, bridged by four 1,4-chdc
ligands, accomplishing a 2D structure with a t¢s topological
framework®® (Fig. 3B and C), similar to compound 2. The
crystal structure of 3 is stabilized also by hydrogen bonds:
O(5)-H(5B):--O(4) and O(5)-H(5A)---O(3), which are formed by
the presence of a crystallization water molecule (Table S37).
These interactions do not alter the structural dimensionality
of 3.

Crystal and molecular structure of {{Cd(e,e-trans-1,4-chdc)
(4,4'-dtbb)]-CH;0H}, (4)

4 crystallizes in a triclinic system with the P1 space group and
forms an infinite two-dimensional (2D) coordination polymer.

This journal is © The Royal Society of Chemistry 2017
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The repeat molecular unit of 4 consists of one Cd center, two
1,4-chdc ligands, one 4,4'-dtbb ligand and one guest methanol
molecule (Fig. 4A). Thus, the Cd ion is seven-coordinated,
being surrounded by five oxygen atoms from two different 1,4-
chdc ligands and two nitrogen atoms from one 4,4’-dtbb co-
ligand, resulting in a N,Os, distorted monocapped octahedral
geometry. The capping atom comes from one of the carboxy-
late oxygen atoms (O1) in the chelating, bridging (n,-n*n)
coordination mode of 1,4-chdc in polymer 4 (Fig. 4A). The
alternation of two different coordination modes in the brid-
ging 1,4-chdc ligand of 4 is rather unusual; there is one with
chelating p,-n> mode in both carboxylate ends, and then,
comes another ligand with bridging p,—n*mn", also at both ends
(Fig. 4A and Scheme S27). Remarkably, in both types of alter-
nating coordination modes, the 1,4-chdc ligand in 4 appears
in an equatorial, equatorial-trans conformation; although this
conformation is thermodynamically more stable, it is not

Fig. 4 (A) Molecular structure; (B) 2D polymer array, hydrogen atoms
are omitted for clarity; (C) simplified topological network; in 4.
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always found in this ligand when forming coordination poly-
mers.>* As in polymers 2 and 3, the bridging p,-n*n" coordi-
nation mode generates the distinctive rhombic-shape dinuc-
lear units (Cd,0,). Thus, compound 4 also displays the dinuc-
lear units as nodes to generate larger cycles made up of four
dinuclear units, a Cd, motif, bridged by four 1,4-chdc ligands,
accomplishing also a 2D structure with a uninodal 6-con-
nected layer, exhibiting a new topology, according to TOPOS>°
software analysis, with the point symbol of {3%4°5° (Fig. 4B
and C). In the structure of 4 there is only one hydrogen bond:
O(5)-H(5)---O(3), which is formed by the presence of the crys-
tallization methanol molecule (Table S4f). This interaction
does not modify the structural dimensionality of 4.

Without doubt, the diverse coordination modes of dicarboxy-
lates, and of the 1,4-chdc ligand with the Cd ion, as in poly-
mers 1 to 4 (Scheme 1), promote the generation of rather fasci-
nating coordination arrays. Interestingly, the most recurring
coordination mode of the 1,4-chdc ligand in these compounds
is the bridging p,-n*n’, followed by the chelating p,—n> mode.
The non-appearance of the bridging p,-n*n' mode seems to
be the main chemical characteristic responsible for yielding a
1D polymer in 1, instead of a 2D extended structure as
obtained in the other polymers. Moreover, it appears that in
polymer 2 the chelating coordination mode in 1,4-chdc is
restricted due to a certain steric hindrance produced by the
alkyl-substituents in the auxiliary ligand; however, the intra-
molecular hydrogen bridging, promoted by the presence of
an aqua ligand and the uncoordinated oxygen atom: O(5)-
H(5B)---O(2); O(5)-H(5A)---O(8); O(10)-H(10A)---O(3) and O(10)-
H(10B)---O(7), seems to be the most influential structural
feature to preclude the appearance of the chelating coordi-
nation mode of the 1,4-chdc ligand in 2. Consequently, in poly-
mers 2 and 4 the coordination modes of the 1,4-chdc ligand
appear to allow further space for better accommodation of the
4,4'-dmb and 4,4'-dtbb auxiliary ligands, respectively. Even
more, the through-space distance between two metal centers,
across the 1,4-chdc bridge, in polymer 1 is 8.357 A and in
polymer 3 it is 8.667 A, which, as expected, are very close
values; meanwhile, the same type of distance among metal
centers in compounds 2 and 4 is 9.052 and 11.457 A, respec-
tively. The latter value is considerably longer because of the
rare equatorial, equatorial, equatorial-trans conformation
adopted by the 1,4-chdc ligand in 4. The fact that polymer 1 is
the only compound that exhibits a supramolecular structure,
demonstrates also that the less hindered structure of the
2,2'-bpy auxiliary ligand in 1 allows further connections to
stabilize its structure in the solid state.

IR and TGA analyses

The IR spectra of the four complexes show the typical bands
expected for carboxylate ligands coordinated to Cd(n),”* along
with the bands corresponding to the auxiliary ligands (Fig. S1-
S47). The main variances may come from the different coordi-
nation modes acquired by the 1,4-chdc bridging ligands in
these complexes. The IR spectrum of complex 1 shows two sets
of asymmetric stretches for the carboxylate moiety at 1570 and
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1527 cm™', with the corresponding symmetric stretches at
1392 and 1491 cm ™. The differences between asymmetric and
symmetric stretches for the carboxylate ion (Avcoo ) are 178
and 96 cm™, respectively. These bands can be assigned to the
bidentate chelate and monodentate coordination modes of the
1,4-chdc ligand in 1. In 2, there are also two sets of asymmetric
stretches for the carboxylate moiety at 1564 and 1555 cm™*,
with the corresponding symmetric stretches at 1385 and
1443 cm™'. The separations of the two sets of bands are as
expected for the bridging (179 em™') and the monodentate
(112 em™) coordination forms, respectively. In 3, the asym-
metric carboxylate stretch occurs at 1562 cm™" along with the
symmetric stretch at 1400 cm™', the separation of the two
bands (162 em™") is as expected primarily for the chelating
coordination form. Similarly, in 4, the asymmetric carboxylate
stretch occurs at 1551 ecm™ " along with the symmetric stretch
at 1396 cm™', the separation of the two bands (155 cm™)
corresponds mainly to a chelating coordination mode.>®

To examine the thermal stabilities of the crystalline poly-
mers, thermal analyses were performed for complexes 1-4
between 20 and 700 °C (Fig. S51). The polymers show a step-
wise loss of weight, exhibiting three main stages of decompo-
sition. The first weight loss occurs between 90 and 180 °C; the
second, with a weight loss of ~45% of the initial weight, takes
place approximately between 218 and 418 °C. The final weight
loss (~20%) occurs around 312-510 °C, after which only
1.21-5.34% of the initial sample weight remains. In all com-
plexes, the first decomposition stage can be ascribed to the
loss of crystallization water or methanol; however, for complex
1, crystallization water and coordinated water are lost, while
for complex 2, only coordinated water is lost. In 3, crystalliza-
tion water and one crystallization methanol are lost; and, in 4,
only one crystallization methanol is lost. The higher tempera-
ture stages can be attributed to the combined weight loss of
the 1,4-chdc ligand, followed by the corresponding bipyridine
co-ligands. Curiously, polymer 1 seems to be the most ther-
mally robust of the complexes, while polymer 4 is the least.

Photoluminescence studies

In the solid-state, 3 and 4 exhibit a similar blue photo-
luminescence emission under ambient conditions with bands
centred at 409 and 414 nm upon excitation at 330 and 345 nm,
respectively, as is shown in Fig. 5. In contrast, crystals of 1
practically do not exhibit emission and 2 presents a modest
emission at 389 nm (le, = 330 nm) but with lower intensity
than those observed for 3 and 4. The emission broad bands
centred at 389-414 nm for 2-4 can be attributed to effective
interaction of the di-alkyl-bpy ligands (4,4'-dmb, 5,5"-dmb, 4,4'-
dtbb) to the Cd(u) ion with a bathochromic shift by compari-
son to the very weak fluorescence emission of the free alkyl-
ated bpy ligands at ambient temperature.”” It is well-known
that the enhancement of the fluorescence intensity of bpy-
based ligands on complexation with d' transition metals, is
due to the increase of the rigidity of the aromatic ligand in the
final supramolecular arrangement which reduces the loss of
energy through non-radiative processes.’” ®° Similar photoche-
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Fig. 5 Solid-state emission spectra of 1-4 at room temperature. 2 and
3 (Aexec = 330 nm) and 4 (lexc = 345 nm).

mical properties with emission bands in the range of
380-450 nm have been reported previously for several Zn(u)/
Cd(u) coordination polymers containing aromatic [N,N]-chelating
ligands as 2,2"-bpy derivatives and multi-carboxylate anions
as linkers; for recent examples see: [Cdy s(dpob)(2,2"-bpy)],*"
[Cd,(phthalate)(2,2'-bpy),],°>  [2Zn(dcbpy)(DMF)]**  and
[Cd(tptc)o.5(2,2"-bipy)]®* (dpob = 3-(2',3-dicarboxylphenoxy)-
benzoic acid; debpy = 2,2-bipyridine-4,4’-dicarboxylate and L =
(1,1:4',1"-terphenyl)-2',3,3",5"-tetracarboxylic acid), where the
position of the emission peak is related to the involvement of
the auxiliary 2,2"-bpy ligand.®*®> The emission maxima in this
range wavelengths is usually assigned to a ligand-to-metal
charge transfer process (LMCT)>”°® in combination with a
strongly perturbed n-n* and n-n* transition, namely, ligand-to-
ligand charge transfer (LLCT).>>®”®® The considerable blue
fluorescence intensity of 3 and 4 compared to a modest emis-
sion of 2 or null fluorescence of 1, can be a result of the
absence of coordinated water molecules in 3 and 4, which are
efficient quenchers.® In order to explore the potential chemo-
sensing properties of 3 and 4, their photoluminescence
spectra of liquid suspensions in several pure organic solvents
and water, with constant stirring, were analyzed. Fig. 6 shows
the family of the spectra (A = 340 nm) of 3 (1.0 mg mL ™), a
similar spectral behaviour was observed for 4 (Fig. S67%).
Among the studied solvents, CH;CN showed the highest inten-
sity (dem = 412 nm), followed by chlorinated solvents (CCly, dem
=416 nm; CH,Cl,, Aery = 412 nm) but their emission is signifi-
cantly lower than that observed for acetonitrile. All alcohols
(CH30H, EtOH, i-PrOH and n-ButOH) and THF exhibited a
modest emission with limited change in their maxima (ley, =
402-412 nm). Suspensions in acetone and water do not
present emission. Taking this into account, we used acetone
as suspension medium for carrying out a solvent sensing
experiment, owing to its miscibility with all solvents used and
its ability to turn-on fluorescence by addition of non-polar sol-
vents such as CH;CN or chlorinated solvents.
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Fig. 6 Emission spectra of 3 (lexc = 340 nm) at room temperature in
different pure organic solvents and water. The inset shows acetonitrile
suspension of 3 under irradiation at 365 nm UV-light.

Due to the chemical, environmental and industrial impor-
tance of volatile organic solvents, there is a constant and
growing interest in the development of new optical sensors
where the mechanism relies on an increase of fluorescence
intensity, rather than quenching, because this limits seriously
their practical applications. Currently, the vast majority of
coordination polymers used for sensing of organic solvents
induce fluorescence quenching and they are active for alco-
hols, aromatic solvents, acetone and DMF,°*”® interestingly,
the literature features only a few examples for acetonitrile
sensing.”"”* In this line, two flexible and interpenetrated net-
works of Cd(u)-organic frameworks containing biphenyldicar-
boxylic acid have been reported as sensitive fluorescent
sensors for CH;CN involving an exchange of the crystallization
water molecules by acetonitrile.”> Thus, the solvent selectivity
of an acetone suspension of 3 (~30 uM) was examined by
addition of 30.0 equiv. of different organic solvents and the
emission intensity increase at 412 nm was recorded. All alco-
hols, AcOEt, DMF and THF gave a very low response (Fig. 7).
Interestingly, 3 displays sensitive sensing with respect to aceto-
nitrile. The addition of dichloromethane and tetrachloro-
methane provokes a modest turn-on fluorescence signal of
~29% of that observed for acetonitrile. A careful comparison
of the emission spectra (Fig. 6) reveals a similar blue shift in
response to all alcohols and THF molecules in comparison
with CH;CN; on the other hand, chlorinated solvents exhibit a
similar maxima emission around 412 nm. Based on this fact,
the enhancement of photoluminescence and selectivity for
acetonitrile could be presumably attributed to the distinctive
effects of non-polar solvent molecules on the luminescent
units (5,5-dmb), particularly for a dehydration process, which
can be attributed to an efficient dynamic exchange of water
molecules, initially encapsulated in the host assembly of 3, by
acetonitrile. A PLATON program analysis shows that there is
about 33% of the crystal volume accessible to solvents.”* This

This journal is © The Royal Society of Chemistry 2017

Paper

400

200 A

0-
A Ny OhrdE \
Pooi%oo*\ PP o ¢ oG d” <

Emission Intensity (/-/) at 412 nm

Fig. 7 Fluorescence intensity changes at 412 nm (lexc = 340 nm) of
acetone suspension of 3 upon addition of 30.0 equiv. of different
organic solvents.

exchange phenomena involving organic small-molecule sol-
vents has been largely studied even in interpenetrated coordi-
nation polymers.”>”?

In order to probe the utility of 3 as a sensor, a fluorescence
titration experiment was carried out by addition of increasing
amounts of acetonitrile to a suspension of 3 (x30 pM) in
acetone under the same conditions as those used in the experi-
ment shown in Fig. 7. Since the emission intensity of the
acetonitrile suspension is the strongest of the used solvents
the acetone suspension did not exhibit emission. The addition
of CH3;CN (0-50 equiv.) induced a considerable turn-on fluo-
rescence signal with maxima at 412 nm (Fig. 8). At elevated
concentration of acetonitrile ((CH3;CN],, = 1.5 mM, 50 equiv.),
the photoluminescence spectrum resembled that recorded in

50 equiv.
E 300
4004 [CH,CN] g 5

- 0 equiv. ® 2004
3 g
S 3004 ig 100
2 5
= % ol
=t € .
9 200 4 = 0.0000 0.0005 0.0010
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Fig. 8 Changes of the emission spectra (lex = 340 nm) of acetone sus-
pension of 3 upon addition of increasing amounts of CHzCN
(0-1.5 mM). The inset shows the calibration curve with a linear fit at
Aem = 412 nm.
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the pure acetonitrile suspension (Fig. 6). For the concentration
range of [CH3CN] < 900 pM, the emission shows a linear
dependence as shown in Fig. 8 (inset). The detection limit
(LOD) for complex 3 with CH;CN, defined as LOD = 30/s,
where o is the standard deviation of the blank signals and s is
the slope of the calibration curve with the linear fit (inset,
Fig. 8), is 53 pM. Thermogravimetric analysis and FT-IR
spectra of the as-synthesized 3, and of a sample of this
polymer treated with acetonitrile by stirring at room tempera-
ture, were performed and compared to investigate the dynamic
solvent exchange and why the fluorescence was turned-on by
addition of acetonitrile molecules (Fig. 9A). TGA of 3 revealed
mass losses in the range of 65-94 °C, assigned to the release
of crystallization methanol/water molecules, and no further
mass loss is observed until 300 °C. On the other hand, treating
polymer 3 with CH;CN at room temperature results in the loss
of its crystallinity and a different thermal behaviour with a loss
of mass at a higher temperature of about 80-110 °C in com-
parison with that observed with the starting material, which
can be ascribed to the presence of CH;CN (Fig. 9B). The
decomposition process of polymer-treated 3 was observed
until 360 °C. Finally, the FTIR spectrum of a crystalline sample
of 3 after its treatment with acetonitrile, filtered-off and dried
under vacuum, shows characteristic bands (em™") for this

A)

3 after treatment

Weight (%)

150 300 450 600
Temperature (°C)

B)
0.0
-0.44
-0.81 cHeN
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AW() / At
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Fig. 9 (A) TGA of a crystalline sample of the as-synthesized polymer 3
(black), and after treated with CHsCN (blue). (B) First-derivative TGA
plots for solvent exchange, acetonitrile-modified polymer 3.
*Decomposition of polymer 3.
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solvent at 2293 (CHj stretch), 2253 (CN stretch), 1376 (CHj
s-deformation) (Fig. S77) indicating that acetonitrile is able to
replace, at least partially, methanol/water molecules in 3.
Recently, a Cd(u)-polymer has been reported as a sensor
material for detection of nitroaromatic compounds, which
exhibits a strong emission intensity in dispersed acetonitrile
with reversible emission and recyclability properties based on
solvent-analyte (nitrocompound) exhange.”” Additionally, the
enhancement of luminescence emission in coordination poly-
mers induced by inclusion of non-polar small molecules as
organic solvents, has been attributed to the fact that these
molecules can affect the intramolecular ligand-metal energy
transfer (LMET).”®

In general, these results establish that the potential physi-
cal interactions between 3 and organic small-molecule solvents
have a large effect on its fluorescence properties.

Conclusions

In summary, four coordination
{[Cd(H,O)(e,a-cis-1,4-chdc)(2,2-bpy) H,O}, (1); [Cdy(H,0),
(e,a-cis-1,4-chdc),(4,4'-dmb),], (2); {[Cd(e,a-cis-1,4-chdc)(5,5'-
dmb)]-H,0-CH;0H},, (3) and {[Cd(e,e-trans-1,4-chdc)(4,4-
dtbb)]-CH;0H},, (4), were obtained by self-assembly via solu-
tion reactions under ambient conditions. X-ray crystallography
studies revealed a 1D structure for 1, with a 2D supramolecular
array; whereas polymers 2-4 possess 2D structures, with tts
topological frameworks for 2 and 3, and for 4, a novel topology
with a uninodal 6-connected layer and a point symbol of
{3%.4°.5%}. Photoluminescence properties of 3 and 4, in the
solid-state and suspensions in acetonitrile, show that they
possess blue emission with maxima at 410-414 nm. Cd(u)-
Polymer 3, suspended in acetone, can be used as a lumines-
cent material for the detection of acetonitrile in the micromo-
lar concentration range. Under these conditions, the addition
of acetonitrile exhibits a rapid and selective response, based
on turn-on fluorescence intensity, over common organic sol-
vents such as alcohols and DMF; only chlorinated organic sol-
vents elicit a significant interference. This outstanding sensing
property of 3 toward CH;CN and CCl,, in combination with
the high-yield simplified synthesis, makes it a promising can-
didate for the design of more sensitive materials with appli-
cation in sensing of environmental-pollutant small molecules.

polymers of Cd(u),
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