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Abstract: The combination of strong coordination bonds and hydrogen bonding interactions were
used to generate a series of supramolecular coordination materials (SCMs), which was achieved
by reacting a bis-pyridyl amide ligand, namely N-(4-pyridyl)nicotinamide (4PNA) with copper(II),
zinc(II), and cadmium(II) benzoates. The SCMs were structurally characterized using X-ray diffraction
and the key intermolecular interactions were identified via Hirshfeld surface analysis. The role of
solvent molecules on the supramolecular architecture was analyzed by synthesizing the SCMs in
different solvents/solvent mixtures. A solvent-mediated solid-state structural transformation was
observed in copper(II) SCMs and we were able to isolate the intermediate form of the crystal-to-
crystal transformation process. The luminescence experiments revealed that complexation enhanced
the fluorescence properties of 4PNA in the zinc(II) and cadmium(II) SCMs, but a reverse phenomenon
was observed in the copper(II) SCMs. This work demonstrated the tuning of supramolecular assembly
in coordination compounds as a function of solvents for generating SCMs with diverse properties.

Keywords: supramolecular coordination materials; hydrogen bonding; crystal-to-crystal transforma-
tion; Hirshfeld surface analysis; photoluminescence

1. Introduction

Supramolecular coordination chemistry [1–5], which is a combination of coordination
chemistry and hydrogen bonding interactions, plays an essential role in the self-assembly of
biologically active metal complexes. Nature has been successful at tuning the self-assembly
process of coordination complexes by exploiting hydrogen-bonding interactions to gen-
erate biologically active metal complexes [6], such as proteins and enzymes. The recent
advances in supramolecular chemistry have enabled researchers to assemble hydrogen-
bonded coordination compounds to complex structures with intriguing properties, such as
anticancer agents [7], DNA binding [8], guest entrapment [9], inclusion compounds [10],
and catalytic activity [11]. The hydrogen bonding capability of coordination complexes
was proposed by Mingos and co-workers [5], which could lead to the self-assembly of these
complexes into one (1-D), two (2-D), and three (3-D) dimensional supramolecular coordi-
nation materials (SCMs). SCMs can be classified into three groups, namely, metal-bound,
part of a metal-bound ligand, and external to the complex, based on the relative position
of the metal center and the hydrogen bonding groups [12]. However, the synthesis of a
supramolecular coordination compound with desirable properties is challenging because
the final supramolecular architecture depends on various parameters, such as the nature of
the metal center, coordination modes of the ligands, the metal:ligand ratio, and reaction
conditions, such as the temperature and solvent systems [13].

The systematic design of a SCM includes the combination of hydrogen bonding
functionalities, consisting of hydrogen bond donors and acceptors or synthons involv-
ing self-complementary hydrogen bonds, and the coordinating abilities of metals and
ligands [3,4,12]. The nitrogen atoms of the urea and amide moieties and oxygen atoms of
hydroxy groups are excellent hydrogen bond donors. On the other hand, the acceptors
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include the oxygen atoms of urea/amide, carboxylate, carboxamide moieties, and the
nitrogen atoms of imidazole, pyrazole, pyridine, and pyrimidine. The hydrogen bond-
ing groups, such as urea and amide moieties, have been extensively used to generate
SCMs by utilizing the complementary C=O· · ·H–N hydrogen bonding [14–16], which
may play a significant role in the internetwork supramolecular recognition process. The
adjacent functional groups strongly influence the hydrogen bonding synthons; for example,
attaching a pyridyl group to urea or an amide moiety could modify the intermolecular
interactions [17,18]. This will result in the modification of the complementary amide hydro-
gen bonding to the N· · ·H–N hydrogen-bonding synthon involving the urea/amide group
and the pyridyl moiety [17,18]. The supramolecular assembly via amide· · · amide hydro-
gen bonds in nicotinamide-based transition metal complexes was reported by Akeroy’s
group [19]. Puddephatt et al. showed that the amide···amide interactions enabled the
formation of molecular triangles in a platinum complex of bis-pyridyl amides and a 2,2′-
bipyridine derivative with an encapsulated triflate anion [20]. These results demonstrated
the significance of combining coordination and hydrogen-bonding groups to generate
SCMs, which resulted in a myriad of pyridyl-amide based SCMs as functional supramolec-
ular materials [21–23] with intriguing applications in biological processes [23,24] and as
catalysts [25], metallogels [26], luminescent materials [27], and sensors [28].

Although metal–ligand coordination and hydrogen bonding are the key driving
forces in SCMs, various parameters, such as solvents, temperature, and anions, also
play an essential role in generating the final supramolecular architecture [21–23,29–41].
Dastidar et al. reported the significance of hydrogen bonding moieties in recognizing
hydrogen-bond-capable guest molecules, which was evident from the encapsulation of
a (H2O)14 water cluster in pyridyl amide-based coordination polymers [34]. Specifically,
the effects of these interactions are prominent in the self-assembly of supramolecular
complexes (SCCs) compared to the polymeric SCMs. We have shown that SCCs based on
copper(II) complexes of the bis-pyridyl amide ligand, N-(4-pyridyl)nicotinamide (4PNA),
selectively formed gel in an aqueous solution of DMF/DMSO [35]. The solvent molecules
play an essential role in the formation of the metal–ligand bond [36], solvent-induced
structural transformation [37–39], and polymorphism [40], and tuning the SCCs from a
centrosymmetric structure to a non-centrosymmetric structure [41]. This prompted us to
study the role of solvent molecules in SCCs based on 4PNA and benzoate ligands, which
will enable us to evaluate the effect of hydrogen bonding motifs and solvent molecules in
the supramolecular architectures.

2. Materials and Methods

All starting materials and solvents were purchased from Sigma-Aldrich (MEDOR ehf,
Reykjavik, Iceland) and used as supplied, and deionized water was used in all experiments.
The ligand, 4PNA, was synthesized as per the reported procedure [18] and the metal
benzoates were synthesized by layering ethanolic metal nitrate solutions over an aque-
ous sodium benzoate solution. 1H-NMR (Figure S1, see Supplementary Materials) were
recorded on a Bruker Avance 400 MHz spectrometer (Rheinstetten, Germany) and FT-IR
spectra were obtained using Nicolet iS10 instrument (Madison, WI, US). Single-crystal
X-ray diffraction (SCXRD) and X-ray powder diffraction (XRPD) analyses were performed
on a Bruker D8 VENTURE (Karlsruhe, Germany) and PANalytical instrument (Almelo,
The Netherlands), respectively.

2.1. Synthesis of SCMs
2.1.1. [Cu(PhCO2)2(4PNA)2] (1)

A mixture of copper(II) benzoate (30.5 mg, 0.1 mmol) and 10.0 mL MeOH was heated
at 60.0 ◦C and sonicated for a minute to obtain a saturated solution. The mixture was
filtered to remove the undissolved solid material and was added to an ethanolic solution
(5.0 mL) of 4PNA (40.0 mg, 0.2 mmol). Slow evaporation of the solution resulted in block-
shaped purple crystals of 1 in two days. Yield: 20.0%. FT-IR (KBr, cm−1): 3258, 3177, 3074,
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3015, 2963, 1686, 1598, 1558, 1507, 1477, 1446, 1428, 1418, 1389, 1332, 1295, 1262, 1206, 1173,
1103, 1062, 1023, 896, 850, 839, 801, 718, 685, 621, 600, 542.

2.1.2. {[Cu(PhCO2)2(4PNA)2].xH2O} (1.S)

A mixture of copper(II) benzoate (30.5 mg, 0.1 mmol) and 3.5 mL DMF was heated
gently at 50.0–60.0 ◦C and filtered to obtain a clear green solution, which was added to a
1:1 DMF/water (v/v) solution (1.0 mL) of 4PNA (40.0 mg, 0.2 mmol). Purple plate-shaped
crystals of 1.S were obtained via slow evaporation over three days. Yield: 18.0%. FT-IR
(KBr, cm−1): 3260, 3178, 3074, 1686, 1598, 1557, 1508, 1477, 1447, 1428, 1418, 1390, 1332,
1295, 1242, 1207, 1174, 1138, 1113, 1063, 1025, 896, 850, 839, 801, 720, 686, 621, 600, 542.

2.1.3. {[Cu(PhCO2)2(4PNA)2].H2O}2 (2)

A solution of copper(II) benzoate (30.5 mg, 0.1 mmol) in 10.0 mL DMF was layered
over an aqueous solution (10.0 mL) of 4PNA (40.0 mg, 0.2 mmol). Slow evaporation of
the solution resulted in blue plate-shaped crystals of 2 after 2–3 days. Yield: 40.0%. FT-IR
(KBr, cm−1): 3547, 3263, 3173, 3066, 1687, 1667, 1600, 1573, 1555, 1512, 1446, 1429, 1420,
1379, 1332, 1299, 1268, 1212, 1173, 1115, 1103, 1068, 1026, 896, 838, 721, 708, 684, 597, 539.

2.1.4. {[Zn(PhCO2)2(4PNA)2].DMF} (3)

A solution of 4PNA (40.0 mg, 0.2 mmol) in 0.5 mL of DMF was added to a solution
of zinc(II) benzoate (30.7 mg, 0.1 mmol) in 3.0 mL DMF and the mixture was left at room
temperature for slow evaporation. The crystals of 3 were isolated as colorless needles in
four days. Yield: 10.0%. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 10.80 (2H, s), 9.12
(2H, d, J = 2.34), 8.80 (2H, dd, J = 4.80, 1.68), 8.52 (4H, m), 8.31 (2H, dd, J = 8.00, 2.36), 7.95
(5H, m), 7.79 (4H, m), 7.60 (2H, dd, J = 7.96, 4.84), 7.48 (2H, m), 7.41 (4H, m), 2.89 (3H, s),
2.73 (3H, s). FT-IR (KBr, cm−1): 3265, 3170, 3074, 1695, 1600, 1558, 1528, 1517, 1500, 1447,
1431, 1393, 1335, 1312, 1274, 1214, 1175, 1126, 1104, 1064, 1055, 1022, 965, 934, 899, 848, 817,
721, 683, 649, 606, 540.

2.1.5. [Zn(PhCO2)2(4PNA)]n (4)

A solution of zinc(II) benzoate (30.7 mg, 0.1 mmol) in 10.0 mL MeOH was layered
over an ethanolic solution (5.0 mL) of 4PNA (40.0 mg, 0.2 mmol). The slow evaporation
of the above solution resulted in block-shaped colorless crystals of 4 in two days. Yield:
60.0%. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 10.85 (1H, s), 9.12 (1H, d, J = 2.40), 8.80
(1H, dd, J = 4.84, 1.68), 8.54 (2H, m), 8.31 (1H, dd, J = 7.68, 0.64), 7.96 (4H, m), 7.82 (2H, m),
7.61 (1H, dd, J = 4.80, 2.24), 7.49 (2H, m), 7.41 (4H, m). FT-IR (KBr, cm−1): 3434, 3265, 3170,
3074, 1695, 1600, 1558, 1528, 1517, 1500, 1447, 1431, 1392, 1335, 1312, 1275, 1214, 1175, 1126,
1104, 1064, 1055, 1022, 899, 848, 721, 688, 650, 606, 540.

2.1.6. {[Cd(PhCO2)2(4PNA)2].DMF}2 (5)

A mixture of 4PNA (40.0 mg, 0.2 mmol) and cadmium(II) benzoate (35.5 mg, 0.1 mmol)
was dissolved in 3.0 mL DMF and left at room temperature. Slow evaporation of the
solution resulted in colorless rod-shaped crystals of 5. Yield: 50.0 1H-NMR (400 MHz,
DMSO-d6): δ (ppm) = 10.78 (2H, s), 9.12 (2H, m), 8.80 (2H, dd, J = 4.84, 1.72), 8.51 (4H, m),
8.31 (2H, dd, J = 7.92, 2.32), 7.97 (5H, m), 7.78 (4H, m), 7.60 (2H, dd, J = 8.00, 4.84), 7.47
(2H, m), 7.41 (4H, m), 2.89 (3H, s), 2.73 (3H, s). FT-IR (KBr, cm−1): 3259, 3178, 3062, 1689,
1658, 1595, 1542, 1522, 1421, 1401, 1332, 1301, 1277, 1213, 1116, 1100, 1066, 1024, 1014, 895,
851, 832, 725, 713, 682, 663, 621, 590, 534.

2.1.7. [Cd(PhCO2)2(4PNA)]n (6)

The polymer 6 was synthesized following a similar procedure to that used for com-
pound 4 by layering a cadmium(II) benzoate (35.5 mg, 0.1 mmol) solution in MeOH
(10.0 mL) over an ethanolic solution (5.0 mL) of 4PNA (40.0 mg, 0.2 mmol) and left to
undergo slow evaporation. Colorless plate-shaped crystals of 6 were obtained in three
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days. Yield: 55.0%. 1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 10.79 (1H, s), 9.12 (1H, d,
J = 2.32), 8.80 (1H, dd, J = 4.76, 1.68), 8.51 (2H, m), 8.31 (1H, dt, J = 6.00, 1.96), 7.96 (4H, m),
7.78 (2H, m), 7.60 (1H, dd, J = 8.00, 4.84), 7.47 (2H, m), 7.41 (4H, m). FT-IR (KBr, cm−1):
3263, 3180, 3090, 3069, 1697, 1595, 1523, 1496, 1445, 1401, 1332, 1308, 1274, 1214, 1194, 1176,
1123, 1069, 1051, 1026, 1014, 963, 893, 843, 721, 683, 644, 601, 540.

2.2. Crystal-to-Crystal Transformation
2.2.1. Transformation of 1 to 2

The crystals of 1 (≈2.0 mg) were transferred into a vial and 5.0 mL of the solvent
(water or MeOH/water or EtOH/water or DMF/water) was added to it. The color of the
material slowly changed from purple to blue and plate-shaped crystals of 2 were obtained
in four days. The conversion of 1 to 2 was confirmed by analyzing the unit cell parameters
using SCXRD and comparing the XRPD data.

2.2.2. Transformation of 1.S to 2

The crystals of the complex 1.S were left in the mother liquor for four days. The purple
crystals of 1.S were gradually converted to blue complex 2, which was confirmed using
SCXRD and XRPD data. The isolated crystals of 1.S that were immersed in 5.0 mL of the
solvent (water or MeOH/water or EtOH/water or DMF/water) also transformed into 2.

2.2.3. Transformation of 1.S to 1

The crystals of 1.S were air-dried under a fume hood for four days, and the XRPD
analysis was performed on the dried crystals. The XRPD pattern of the dried crystals
matched with the bulk crystals of 1.

2.3. Single-Crystal X-ray Diffraction

We have performed single crystal X-ray analysis on a Bruker D8 VENTURE (Photon100
CMOS detector) diffractometer, which was connected to a low temperature device, namely
Cryostream open-flow nitrogen cryostat. The crystals of 4PNA complexes/polymers
suitable for SCXRD were isolated and coated with cryogenic oil before mounting. The
data were collected using MoKα (λ = 0.71073 Å) or CuKα (λ = 1.54178 Å) radiation. We
used Apex III (Bruker AXS, Madison, WI, USA) for determining unit cell, collecting the
diffraction pattern, for absorption correction and solving/refining the data to a proper
model. We used the direct method, and the data was refined using SHELXTL [42], version
2017/1. All non-disordered non-hydrogen atoms were refined anisotropically, except the
disordered oxygen atom of the benzoate anion in 5, which was refined using free variable
(FVAR) instruction. The position of the hydrogen atoms were fixed, and the riding model
was used to refine the fixed positions, except for complex 2, where the peaks connected
to the oxygen atoms on the Fourier map were assigned as hydrogen atoms and refined.
We could not find a proper model for the disordered solvent molecules in 1.S, and the
contribution of the electron densities from the solvent molecules was excluded from the
refinement using PLATON/SQUEEZE [43]. The crystallographic data for the complexes
reported herein have been deposited at the Cambridge Crystallographic Data Centre, and
the CCDC numbers are 2052228–2052234. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk.

2.4. X-ray Powder Diffraction

The crystals of the complexes/polymers were dried in a fume hood to remove any
residual solvent and were ground into a fine powder. The samples were prepared by
making a thin layer of the finely powdered sample (≈10.0 mg) on a glass slide. XRPD was
carried out on a PANalytical instrument (CuKα radiation, λ = 1.54178 Å) in the 2θ range of
4.0–60.0◦ using a 0.02◦ step size.

www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
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2.5. Luminescence

The UV-absorption experiment (10−4 M in MeCN) was carried out on a PerkinElmer
Lambda 25 UV/Vis Spectrometer (Shelton, CT, USA) and the fluorescence experiments
(10−3 M in MeCN) were performed on a FluoroMax-4 spectrofluorometer instrument
(Edison, NJ, USA) at 20.0 ◦C. The corresponding compound (0.01 mmol) was dissolved
in 10.0 mL MeCN by heating and sonicating, and cooled to room temperature to obtain
a 10−3 M solution. The solution was excited at 295 nm and the emission spectrum was
collected at intervals of 1 nm from 300–720 nm with a slit width of 5 nm.

3. Results
3.1. Structural Analysis

The reaction of 4PNA with the corresponding metal benzoate yielded supramolecular
complexes and these complexes were characterized using single-crystal X-ray diffrac-
tion analysis. The crystallographic data and hydrogen bonding parameters are given in
Tables S1 and S2 (see Supplementary Materials), respectively.

3.1.1. Structural Analysis of 1 and 1.S

Single-crystal X-ray analysis of the crystals obtained by layering an ethanolic solution
of 4PNA over copper(II) benzoate in methanol revealed the formation of SCC (1) with a
formula of [Cu(PhCO2)2(4PNA)2]. The copper(II) metal center lay on an inversion center
and displayed a distorted octahedral geometry. The equatorial positions of the metal center
were occupied by two benzoate ligands that were coordinated to the metal center in an
asymmetric chelate coordination mode. The pyridyl nitrogen atom of the aminopyridine
end of the 4PNA molecules was coordinated to the axial positions. In contrast, the pyridyl
nitrogen atom of the nicotinoyl end was found to be non-coordinated (Figure 1a). The
oxygen atom of the metal-bound carboxylate was hydrogen-bonded to the amide moiety
of 4PNA, resulting in a 1-D hydrogen-bonded chain (N· · ·O = 2.8188(19) Å). The adjacent
1-D chains interacted via C–H· · ·O and C–H· · ·N interactions to form the 3-D hydrogen-
bonded architecture (Figure S2, see Supplementary Materials). Analysis of the crystals
obtained by changing the solvent system revealed the formation of an inclusion compound
(1.S) with a formula of {[Cu(PhCO2)2(4PNA)2].xH2O} and the complex was found to be
isostructural with 1 (Figure S3, see Supplementary Materials). XRPD analysis of the air-
dried crystals of 1.S (four days) revealed the conversion of 1.S to 1 via a crystal-to-crystal
transformation. The crystals of 1 or 1.S were immersed in water or aqueous solvents, such
as MeOH/water, EtOH/water, and DMF/water, and the SCXRD analysis performed on
these crystals after three days revealed a crystal-to-crystal transformation that resulted in a
complex with a formula of {[Cu(PhCO2)2(4PNA)2]·H2O}2 (2).
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3.1.2. Structural Analysis of 2

The crystallization experiments using copper(II) benzoate and 4PNA that were per-
formed by increasing the amount of water in the DMF/water mixture also resulted in
plate-shaped blue crystals of complex 2. The structural analysis of the crystals revealed
the formation of a dinuclear complex, and the Cu(II) centers were bridged by two ben-
zoate ligands, resulting in a dinuclear metallo-macrocycle (Figure 1b). The metal center
displayed distorted trigonal bipyramidal geometry, with the pyridyl nitrogen atoms of the
aminopyridine end of four 4PNA molecules occupying the axial positions of two copper(II)
metal centers. The solvent water molecule was hydrogen-bonded to the amide moieties of
adjacent 4PNA molecules, which was stabilized by the N–H···O and O–H···O interactions
(Figure S2, see Supplementary Materials). These water molecules interacted with the
pyridyl nitrogen atoms of the adjacent metallo-macrocycle via O–H···N interactions to
form a 1-D hydrogen-bonded chain. The 1-D chains interacted via N–H···O interactions
involving the amide moiety of one of the 4PNA molecules and the carbonyl oxygen atom
of the benzoate, resulting in a 2-D hydrogen-bonded network.

3.1.3. Structural Analysis of 3

Single-crystal X-ray analysis of the colorless crystals obtained via the slow evaporation
of a solution of 4PNA and zinc(II) benzoate in DMF confirmed the formation of complex 3
{[Zn(PhCO2)2(4PNA)2].DMF}. The Zn(II) metal center displayed a tetrahedral geometry
with two benzoate ions that were coordinated in a monodentate fashion and two 4PNA
molecules coordinated via pyridyl nitrogen of the aminopyridine end (Figure 2a). The
amide moieties were hydrogen-bonded to the oxygen atom of the benzoate ion (Figure
S4, see Supplementary Materials), resulting in a 1-D hydrogen-bonded chain. The non-
coordinated pyridyl moiety of the nicotinoyl end of 4PNA and the solvent DMF molecule
did not show hydrogen-bonding interactions but displayed weak intermolecular non-
bonding interactions.

Symmetry 2021, 13, x FOR PEER REVIEW 7 of 18 
 

 

 
 

(a) (b) 

Figure 2. Coordination geometry of the Zn(II) metal center in (a) coordination complex 3 with a distorted trigonal bi-
pyramidal geometry and (b) coordination polymer 4 with a distorted square pyramidal geometry (the hydrogen atoms 
are omitted for clarity). 

3.1.4. Structural Analysis of 4 
The reaction of 4PNA and zinc(II) benzoate was repeated in DMF/water and 

MeOH/EtOH, which resulted in block-shaped crystals. The structural analysis of these 
crystals revealed the formation of a polymeric network (4) with a formula of 
[Zn(PhCO2)2(4PNA)]n. One of the benzoate moieties was coordinated to the metal center 
in a monodentate fashion, whereas the second benzoate ion adopted an asymmetric che-
late coordination mode (Figure 2b). The 4PNA molecules interconnected the zinc(II) ben-
zoate moieties to form a 1-D coordination polymer (Figure S5, see Supplementary Mate-
rials). The Zn(II) metal center’s geometry can be considered a distorted square pyramidal 
geometry. The amide moiety of the 1-D polymeric chains displayed a hydrogen-bonding 
interaction with the carbonyl oxygen atom of the monodentate benzoate ion of the adja-
cent chains to form a 2-D hydrogen-bonded network (Figure S4, see Supplementary Ma-
terials). 

3.1.5. Structural Analysis of 5 
The reaction of cadmium(II) benzoate and 4PNA in DMF at room temperature 

yielded X-ray-quality crystals, and the structural analysis revealed the formation of the 
dinuclear complex 5 with a formula of {[Cd(PhCO2)2(4PNA)2].DMF}2. The equatorial po-
sitions of the Cd(II) metal center were occupied by the oxygen atoms of the benzoate ions 
and the pyridyl moiety of the aminopyridine end of 4PNA was coordinated to the axial 
position to form an octahedral Cd(II) metal center. However, the oxygen atoms of one of 
the benzoates displayed a bidentate coordination mode with the Cd(II) center of the adja-
cent molecule to form a metallo-macrocycle with a distorted pentagonal bipyramidal ge-
ometry (Figure 3a). The pyridyl moiety of the nicotinoyl end of 4PNA and the solvent 
DMF molecules were found to be non-coordinated, similar to 3, but the amide moiety of 
one of the 4PNA molecules displayed hydrogen bonding with the oxygen atoms of the 
DMF molecule (Figure S6, see Supplementary Materials). The metallo-macrocycles were 
interconnected via a hydrogen-bonding interaction between the amide moieties of the 
other 4PNA and the oxygen atom of the benzoate ion, resulting in a 1-D hydrogen-bonded 
macrocyclic chain. 

Figure 2. Coordination geometry of the Zn(II) metal center in (a) coordination complex 3 with a distorted trigonal
bipyramidal geometry and (b) coordination polymer 4 with a distorted square pyramidal geometry (the hydrogen atoms
are omitted for clarity).

3.1.4. Structural Analysis of 4

The reaction of 4PNA and zinc(II) benzoate was repeated in DMF/water and MeOH/EtOH,
which resulted in block-shaped crystals. The structural analysis of these crystals revealed
the formation of a polymeric network (4) with a formula of [Zn(PhCO2)2(4PNA)]n. One
of the benzoate moieties was coordinated to the metal center in a monodentate fash-
ion, whereas the second benzoate ion adopted an asymmetric chelate coordination mode
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(Figure 2b). The 4PNA molecules interconnected the zinc(II) benzoate moieties to form
a 1-D coordination polymer (Figure S5, see Supplementary Materials). The Zn(II) metal
center’s geometry can be considered a distorted square pyramidal geometry. The amide
moiety of the 1-D polymeric chains displayed a hydrogen-bonding interaction with the
carbonyl oxygen atom of the monodentate benzoate ion of the adjacent chains to form a
2-D hydrogen-bonded network (Figure S4, see Supplementary Materials).

3.1.5. Structural Analysis of 5

The reaction of cadmium(II) benzoate and 4PNA in DMF at room temperature yielded
X-ray-quality crystals, and the structural analysis revealed the formation of the dinuclear
complex 5 with a formula of {[Cd(PhCO2)2(4PNA)2].DMF}2. The equatorial positions
of the Cd(II) metal center were occupied by the oxygen atoms of the benzoate ions and
the pyridyl moiety of the aminopyridine end of 4PNA was coordinated to the axial po-
sition to form an octahedral Cd(II) metal center. However, the oxygen atoms of one of
the benzoates displayed a bidentate coordination mode with the Cd(II) center of the ad-
jacent molecule to form a metallo-macrocycle with a distorted pentagonal bipyramidal
geometry (Figure 3a). The pyridyl moiety of the nicotinoyl end of 4PNA and the solvent
DMF molecules were found to be non-coordinated, similar to 3, but the amide moiety of
one of the 4PNA molecules displayed hydrogen bonding with the oxygen atoms of the
DMF molecule (Figure S6, see Supplementary Materials). The metallo-macrocycles were
interconnected via a hydrogen-bonding interaction between the amide moieties of the
other 4PNA and the oxygen atom of the benzoate ion, resulting in a 1-D hydrogen-bonded
macrocyclic chain.
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3.1.6. Structural Analysis of 6

The X-ray analysis of the plate-shaped crystal obtained by layering a solution of
cadmium(II) benzoate (methanol or DMF) over a solution of 4PNA (ethanol or water)
revealed that a coordination polymer (6) with a formula of [Cd(PhCO2)2(4PNA)]n was
formed (Figure 3b). In the crystal structure, the benzoate ions displayed bidentate coor-
dination modes with the metal centers interconnected by 4PNA molecules to form a 1-D
coordination polymer (Figure S5, see Supplementary Materials) similar to 4. Although the
coordination mode of 4PNA was identical to 4, the coordination geometry of the Cd(II)
metal center in 6 could be assigned as a distorted trigonal anti–prismatic geometry. The
non-bonding interactions were similar to the zinc(II) coordination polymer (Figure S6, see
Supplementary Materials).
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3.2. X-ray Powder Diffraction

The phase purity of the SCMs was confirmed by comparing the XRPD pattern of the
crystals and the simulated pattern calculated from the crystal structure. The bulk crystals
were filtered from the mother liquor, air-dried, and ground into a fine powder for XRPD
analysis. The XRPD pattern of the complexes synthesized in bulk scale matched with
the simulated pattern obtained from the SCXRD data (Figure 4 and Figures S7–S11, see
Supplementary Materials). XRPD analysis was also performed on the materials obtained
via the crystal-to-crystal transformation of 1 and 1.S. The XRPD pattern of the blue crystals
obtained from the solvent-mediated crystal-to-crystal transformations of 1 and 1.S were
virtually superimposable onto the pattern of complex 2 (Figure 4), and the pattern of
air-dried 1.S was similar to complex 1 (Figure S7, see Supplementary Materials).
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3.3. Hirshfeld Surface Analysis

The Hirshfeld surface was generated on a complete fragment using CrystalExplorer17 [44]
following similar reports [45]; the dnorm maps calculated for 1 and 2 are shown in Figure 5,
where the red spots of different intensities indicate various close contacts. In complex 1,
intense red spots were observed near the carboxylate and amide moieties, and relatively
faint spots were observed near the nicotinoyl nitrogen atoms. In comparison, strong red
spots were observed on the carboxylate, the amide, and the nicotinoyl moieties of com-
plex 2. The dnorm maps of the SCMs 3–6 (Figure 6) and 1.S (Figure S12, see Supplementary
Materials) were also plotted in a similar way.
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In order to compare the contribution of various non-bonding interactions in the self-
assembled supramolecular structure, 2-D fingerprint analysis was carried out to quantify
the close contacts with neighboring hydrogen atoms. The fingerprint diagrams obtained by
plotting the normalized distances of the Hirshfeld surfaces from the nearest outside and in-
side atoms (de and di, respectively) displayed a paw-like map for all complexes (Figure S13,
see Supplementary Materials). The H···C/C···H interactions exhibited the highest contri-
bution in all complexes, whereas H· · ·O/O· · ·H and H· · ·N/N· · ·H were observed on
the minimum di + de contact distances. The Hirshfeld surfaces’ corresponding specific
non-bonding interactions were also generated (Figure S14, see Supplementary Materials).
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3.4. Luminescence

The UV-vis absorption spectra (Figure S15, see Supplementary Materials) and the
emission spectra of the metal benzoates, 4PNA ligand, and the SCMs 1–6 were recorded
in MeCN at room temperature (20.0 ◦C). Fluorescence emission was observed for all
compounds upon excitation at 295 nm (Figure 7).
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SCMs 1–6 displayed emission bands in the range of 360~600 nm, which was similar
to the free ligand 4PNA. However, there was a distinct difference in the intensities of the
emission bands for the copper(II) complexes 1 and 2, which had a reduced intensity (2.5-fold
for the peak at 500 nm). In contrast, the peak intensities increased from four- to five-fold
for the zinc(II) and cadmium(II) SCMs (3–6). Interestingly, both the coordination polymers
4 and 6 displayed higher intensities compared to the coordination complexes 3 and 5. The
emission spectra of the metal benzoates were different from the SCMs (Figure S16, see
Supplementary Materials).

4. Discussion

The structural characterization of supramolecular complexes of metal benzoates (cop-
per(II), zinc(II), and cadmium(II)) and hydrogen-bond-functionalized bis-pyridyl amide lig-
and (4PNA) was performed using SCXRD. The effect of the solvents on the supramolecular
architecture was studied by crystallizing these SCMs in different solvents/solvent mixtures.

4.1. Solid-State Structural Analysis

The crystals obtained using the reaction of copper(II) benzoate and 4PNA in var-
ious solvent mixtures were analyzed to evaluate the role of solvent molecules on the
supramolecular architecture in SCMs. The reaction in the MeOH/EtOH mixture yielded
purple-colored crystals of complex 1 and the blue crystals obtained from DMF/water
mixture (1:1, v/v) turned out to be a dinuclear complex (2). The experiment performed
by varying the amount of water in the DMF/water mixture (8:1, v/v) resulted in an inclu-
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sion compound (1.S). The structural analysis of 1.S revealed the presence of disordered
guest molecules and the supramolecular architecture of 1 remained intact in 1.S; however,
the solvent-accessible area per unit cell of 1 (9.5%) was expanded to 16.2% in 1.S. The
disordered solvent molecule was not involved in the hydrogen bonding interaction with
the complex and the inclusion of the solvent molecule did not affect the intermolecular
hydrogen bonding, which was removed using PLATON/SQUEEZE [43].

The presence of voids in the single-crystal X-ray structure of 1 prompted us to evaluate
the inclusion properties of 1, which was achieved by immersing the purple crystals in,
water, MeOH/water, EtOH/water or DMF/water. After three days, blue crystals were
observed in the solutions, and the structural analysis of the crystals indicated that 1 was
transformed into 2 via a crystal-to-crystal transformation (Figure 8). Crystal-to-crystal trans-
formation [46–48] can be considered as one of the best methods to unravel the solid-state
self-assembly process of SCMs. The solid-state transformation via crystal-to-crystal trans-
formation will enable us to monitor the structural change during self-assembly and often
lead to products that are not accessible via routine synthetic routes [49,50]. We repeated the
experiments to study the structural transformation of the inclusion compound 1.S, which
was performed by treating the crystals of 1.S in water, MeOH/water, EtOH/water, and
DMF/water. The analysis of the crystals isolated from these solutions indicated that 1.S
was transformed to 2 via crystal-to-crystal transformation (Figure 8). The reversible nature
of this transformation was studied by evacuating the crystals of 1.S and 2 at 60.0 ◦C for 24 h,
and the structural transformation was analyzed using X-ray diffraction. A crystal-to-crystal
transformation was observed for 1.S, which was converted to 1, but compound 2 remained
unchanged. The structural transformation of 1.S was due to the removal of the solvent
molecule, which resulted in the conversion of the monoclinic space group to a triclinic
space group. Thus, 1.S can be considered as an intermediate form in the transformation of
1 to 2.
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The effect of solvent molecules was analyzed by comparing the crystal structures of 1
and 2, which were obtained from MeOH/EtOH and DMF/water mixtures, respectively.
The coordination geometry of the Cu(II) metal center in 1 was a distorted octahedral
geometry, and in the case of 2, a distorted pentagonal bipyramidal geometry was observed.
One of the benzoate ions showed a bifurcated coordination bond with two metal centers in
2, resulting in a dinuclear complex. Although the solvent molecules were not interacting
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with the framework in complex 1.S, a strong interaction was observed in 2, and the solvent
water molecule was hydrogen-bonded to the amide moieties, which was stabilized by the
N—H···O and O—H···O interactions.

The crystal structure of the zinc(II) complex 3 from DMF was compared with the SCM
4 obtained from DMF/water or MeOH/EtOH mixtures to analyze the effect of solvents in
the supramolecular architecture of Zn(II) complexes. The amide moieties were hydrogen-
bonded to the carboxylate moieties in both cases but the coordination geometry of the
Zn(II) metal center was different. The metal center of 3 displayed a tetrahedral geometry,
but a distorted square pyramidal geometry was observed in 4. Furthermore, changing
the solvents induced the coordination of the two pyridyl groups in 4PNA, resulting in the
formation of the coordination polymer (4). We analyzed the structures of the cadmium com-
plexes obtained from different solvent/solvent mixtures. The crystallization of cadmium(II)
benzoate and 4PNA in DMF resulted in a dinuclear complex (5), but a coordination poly-
mer (6) was obtained by changing the solvent to MeOH/EtOH or DMF/water mixtures.
The coordination geometries of the Cd(II) metal center were different in these structures,
where a distorted pentagonal bipyramidal geometry and a distorted trigonal anti–prismatic
geometry was observed in 5 and 6, respectively. The dinuclear complex (5) was formed due
to the bifurcated coordination mode of the oxygen atom of one of the benzoate ions, similar
to complex 2. Although the coordinated organic components of 5 were similar to those of
2, the oxygen atoms of one of the benzoate anions in 5 displayed bidentate coordination
modes. This resulted in a different coordination geometry in 5, which was converted to a
distorted pentagonal bipyramidal geometry. The non-bonding interactions and the coordi-
nation mode of 4PNA in 6 were similar to 4, resulting in a 1-D coordination polymer. These
results indicate the importance of the solvent in supramolecular coordination compounds,
which had a prominent effect in dictating the final supramolecular architecture.

4.2. X-ray Powder Diffraction

The XRPD pattern of the as-synthesized SCMs 1–6 was similar to the simulated pattern
obtained from the single-crystal structure (Figure 4 and Figures S7–S11, see Supplementary
Materials), which confirmed the phase purity of the synthesized complexes. The XRPD of
the solvated complex 1.S displayed a match with the non-solvated 1, indicating the loss
of solvent molecules during the drying process. The XRPD of complex 2 obtained via the
crystal-to-crystal transformation of 1 also matched perfectly with the simulated pattern
(Figure 4), revealing the complete transformation of complex 1 to 2 in the presence of water.
The XRPD pattern of 2 was unchanged after heating the crystals overnight at 60.0 ◦C in a
vacuum, indicating that form 2 is thermodynamically stable, in contrast with 1 and 1.S.

4.3. Hirshfeld Surface Analysis

The non-bonding interactions play an important role in the self-assembly process of
SCMs and the analysis of different intermolecular interactions enable chemists to elucidate
structure–property relationships using the crystal engineering approach [51]. The specific
atom-to-atom contacts in the solid state of the SCMs were identified from the respective
crystal structures, which was further extended to visualize the residue-to-residue inter-
actions by utilizing a Hirshfeld surface analysis [44]. The Hirshfeld surface analysis was
performed to study the intermolecular aggregation of the SCMs, where various red spots
on the dnorm maps indicated the close contact and possible non-bonding interactions. The
bright red spots on the carboxylate and amide moiety of 1 indicated the role of these func-
tionalities in intermolecular interactions. The Hirshfeld surface of 2 displayed additional
red spots near the nicotinoyl moiety and the water molecule, which suggested that the
supramolecular assembly was dictated by nicotinoyl nitrogen and the water molecule.
The intense red spot on the water molecule revealed the enhanced interactions, resulting
in favorable packing within the crystal, which could explain the stability of complex 2
at 60.0 ◦C under a high vacuum. In the Hirshfeld surface of complex 3, the red spots
observed near the amide and carboxylate moiety were similar to 1, indicating that the
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complex was self-assembled via amide–carboxylate interactions (Figure 6). The acute red
spot on the surface of 4 near the pyridyl nitrogen was due to the strong coordination
bond between the metal ion and the ligand, and the other red spots with lower intensities
indicated additional non-bonding interactions. The Hirshfeld surface of 5 revealed that
the metallo-macrocyles were interacting via amide· · · carboxylate (N–H· · ·O) interactions.
The coordination polymer 6 was isostructural with 4 and the Hirshfeld surfaces of both the
coordination polymers were similar.

The relative contributions of the various non-bonding interactions were quantified
via the 2-D fingerprint analysis (Figure S13, see Supplementary Materials). As expected,
the H· · ·C/C· · ·H interactions were found to be the most abundant (between 20.3–27.8%)
due to the higher number of carbon atoms in the complex. The H· · ·O/O· · ·H interactions
were significantly prominent (22.0–22.3%) in the coordination polymers 4 and 6, where
both the carboxylate and amide oxygens played a vital role in the molecular assembly. The
contribution of H· · ·O/O· · ·H interactions was moderate (13.5–16.8%) in complex 1–3,
and low (9.3%) in complex 5 due to the low involvement of amide and carboxylate oxygens
in the non-bonding interactions. The 7.0–9.7% contributions of H· · ·N/N· · ·H interactions
in complexes 1–3 and 5 were predominately from the nicotinoyl nitrogen, and the amount
was low (3.1%) in the coordination polymers 4 and 6 because both the nitrogen atoms were
coordinated to the metal center.

The di + de value at any point of the fingerprint plot indicates the donor–acceptor con-
tact distances, where a lower di + de value represents stronger intermolecular interactions.
The H· · ·O/O· · ·H contacts exhibited the minimum di + de value in all fingerprint plots
(Figure S13, see Supplementary Materials), typically <2.5 Å, which fell within the hydrogen
bond length. Thus, the oxygen atom acted as hydrogen bond acceptor in all the complexes,
and in complex 2, both oxygen and nitrogen atoms were involved in hydrogen bonding.

4.4. Luminescence

The transition metal complexes of bis-pyridyl ligands exhibited excellent luminescence
properties in both solid and solution states [52,53]. Specifically, the d10 metal complexes [54]
and coordination polymers [55] are well-known active fluorescence probes [56], which have
been utilized in the fluorescent detection of zinc(II) ions in biological systems [57], elec-
troluminescent materials in organic light-emitting diodes (OLEDs) [58], cell imaging [59],
and chemosensors [60]. The free ligand 4PNA showed blue luminescence with two bands
centered at 380 and 500 nm, which may be attributed to the π*→ π transition emission. The
fluorescence experiments were performed at a higher concentration (10−3 M) due to the
low luminescence of 4PNA. The comparison between the emission bands of metal benzoate,
4PNA, and the SCMs 1–6 clearly suggested that the fluorescence properties of the com-
plexes were ligand-based. The emission spectra of the transition metal complexes depend
on several factors, such as electron transfer, d–d transitions, and metal–ligand/ligand–metal
charge transfer. The deactivation of the metal-based absorption in the visible–near IR region
of Cu(II) complexes via ultrafast non-radiative pathways [53] results in poor luminescence
properties. The 4PNA fluorescence intensity was quenched in complexes 1 and 2, which
may be attributed to the quenching of the fluorescence emission of the organic moieties
due to the paramagnetic nature of copper(II) ions [61].

The zinc(II) and cadmium(II) ions possess a stable oxidation state and closed d10

electronic configuration; thus, electron transfer or d–d transitions are not expected in SCMs
3–6. Furthermore, the fluorescence spectra were similar to the 4PNA ligand with varying
intensities, which could be attributed to the intraligand π*→ π or n→ π transitions [62]. The
enhanced fluorescence intensity was presumably due to the introduction of a metal–ligand
coordination bond, which increased the structural rigidity of 4PNA and reduced the energy
loss by radiationless decay in the intraligand emission [62,63]. This was further supported
by the fact that when 4PNA was coordinated at both ends to form coordination polymers 4
and 6, the highest luminescence intensity was observed.



Symmetry 2021, 13, 112 14 of 17

5. Conclusions

In summary, a series of supramolecular coordination complexes and coordination
polymers were synthesized by reacting copper(II)/zinc(II)/cadmium(II) benzoates with a
bis-pyridyl amide based ligand (4PNA). The complexes were structurally characterized
using SCXRD and the phase purity was confirmed using XRPD. The effect of solvent
molecules in dictating the final supramolecular architecture in these SCMs was studied.
The copper(II) complex 1 underwent a solvent-mediated crystal-to-crystal transformation
to form the thermodynamically stable complex 2. The solvated crystals of complex 1
were also isolated, which is believed to be the intermediate state in the crystal-to-crystal
transformation. The supramolecular complexes and the 1-D coordination polymers of the
Zn(II)/Cd(II) benzoates and 4PNA obtained by varying the solvent system revealed the
importance of specific solvents in the formation of SCMs. The solid-state interactions of
the complexes were studied using Hirshfeld surface analysis and the relative contribution
of various non-bonding interactions was quantified. The fluorescence properties of SCMs
were analyzed in acetonitrile, where the fluorescence of 4PNA was quenched in copper(II)
complexes (1 and 2) but the zinc(II)/cadmium(II) SCMs enhanced the emission of 4PNA,
which was correlated with the electronic configuration of the respective metal ions. These
results indicate the key role of solvent molecules in the formation of SCMs with structural
diversities and intriguing properties.
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