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Abstract: Reactions of copper(II) sulfate with 2,2′-bipyridine (bpy) and L-serine (L-Hser) were investi-
gated using different solution-based and mechanochemical methods. Four new ternary coordination
compounds were obtained by solution-based synthesis, and three of them additionally via the liquid-
assisted mechanochemical method: α-[Cu(L-Ser)(H2O)(bpy)]2SO4 (1a-α), β-[Cu(L-Ser)(H2O)(bpy)]2SO4

(1a-β), [Cu(L-Ser)(H2O)(bpy)]2SO4·6H2O (1a·6H2O), and [Cu(L-Ser)(bpy)(CH3OH)]2SO4·2CH3OH
(1b·3CH3OH). The compounds were characterized by single-crystal and powder X-ray diffraction,
infrared spectroscopy, and thermal analysis. Structural studies revealed two polymorphs (1a-α and 1a-β)
and two solvatomorphs (1a·6H2O and 1b·3CH3OH). To investigate the stability of the compounds,
crystalline samples were exposed to different conditions of relative humidity (RH) and an atmosphere of
methanol vapours. Successful solid-state transformation of 1a·6H2O into 1a-α was established at lower
RH values, and vice versa at higher RH values, while both compounds partially transitioned to 1a-β in
the atmosphere of methanol vapours. Compound 1b·3CH3OH decomposed spontaneously into 1a-α by
standing in the air. All of the investigated structural transformations were underpinned with proposed
mechanisms. Additionally, 1a-α showed moderate in vitro antiproliferative activity toward a human
breast cancer cell line (MCF-7), a human colon cancer cell line (HCT116), and a human lung cancer cell
line (H460).

Keywords: biological activity; coordination compounds; crystal structures; crystallization;
mechanochemistry; polymorphism; solid-state transformations; solvatomorphism; solvent
adsorption; X-ray diffraction

1. Introduction

Coordination compounds of copper (II) with amino acids and heterocyclic bases have
been studied primarily because of their antitumour activity [1–5]. Some of these coordina-
tion compounds have been patented as potential antitumour drugs [6]. Additionally, copper
coordination compounds have been designed for bioinorganic and medicinal inorganic
chemistry applications and used as model compounds for studying the interaction between
DNA and proteins [7]. It was found that ternary copper compounds with aminoacidates
and that heterocyclic bases act against tumour cells either through direct interaction of
ternary compounds with DNA, DNA cleavage via reactive oxygen species (ROS) genera-
tion, or mitochondrial toxicity [8–11]. Quantitative structure–activity relationship studies
on similar ternary copper compounds showed that the presence of phenanthroline was
necessary to preserve the antiproliferative activity and that the nature of the O,N ligand
had a minor influence on biological activity [12].

Among the published crystal structures of copper(II) with amino acid and heterocyclic
bases that are derivatives of 2,2′-bipyridine (bpy), crystal structures with 2,2′-bipyridine
and 1,10-phenanthroline (phen) predominate [13]. Different structures can be attained
by various synthetic approaches, most commonly by solution-based methods. Another
means of producing different architectures is by solid-state transformation. Generally,
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such transformations are more challenging to achieve than those in solutions but mini-
mize energy consumption and waste production while adhering to the principles of green
chemistry [14,15]. In recent decades, mechanochemistry became more popular method for
synthesis of different kinds of materials, such as cocrystals, metal–organic frameworks,
and organic compounds, sometimes yielding products that are difficult to obtain from solu-
tion [14,16–18]. In the solid-state chemistry of coordination compounds, solvent molecules
can drive reactions towards different products, depending on the type and amount of
solvent [17,19].

Compounds that contain a copper ion, an amino acid, and a heterocyclic base 2,2′-
bipyridine in their structure are most often discrete coordination compounds (0D) in which
the amino acid coordinates the metal through the carboxylate oxygen and nitrogen from
the amino group and 2,2′-bipyridine serves as a bidentate ligand coordinating Cu through
nitrogen atoms [20–22]. In some cases, the carboxylate group and the functional group from
the amino acid’s side chain can coordinate the neighbouring copper ions, thus increasing
the dimensionality from 0D to 1D chains [1,23–25]. Changing the type of ligands, i.e., amino
acids and heterocyclic bases, leads to different architectures based on hydrogen bonds and
π-interactions. Most of the published crystal structures of copper(II) ternary coordination
compounds with amino acids and heterocyclic bases contain water molecules and, in several
structures, small alcohols (coordinated and/or crystallization). Such complexes containing
additional hydrogen bond donors and/or acceptors can form porous structures where solvent
molecules form 0D pockets, 1D chains, or 2D frameworks. Porous compounds can also
recognize and adsorb solvent/other guest molecules, which gives them potential application
as catalysts or in solvent/gas storage and separation [26–31]. Moreover, ternary coordination
compounds of copper(II), heterocyclic bases, and aminoacidates are potential ferroelectric
materials [32]. In the CSD database, there are 57 datasets of compounds containing copper(II),
aminoacidates, and 2,2′-bipyridine, none of which contain L-serinate [13].

Our main interest is to investigate biocompatible materials and their properties in the
solid state. Polymorphism and solvatomorphism are of great importance today for the de-
sign of new architectures of crystalline compounds and targeted tuning of their properties,
especially in the fields of material and pharmaceutical science [33–35]. In the pharmaceuti-
cal industry, polymorphism and solvatomorphism can have substantial medical (different
physical, chemical, or biological) properties, as well as regulatory implications [36,37]. For
any practical application, it is important to investigate optimal synthetic conditions, as well
as the stability and properties of the targeted material. The composition of the atmosphere
(humidity, partial pressures of solvent vapours or gases) and some external conditions,
such as temperature and pressure, can influence the structure of a material, which could
lead to undesired changes in material properties. Structural transformations of compounds
in the solid state can be interesting information for theoretical investigations of solid-state
reactions and interconversions, and ultimately for the prediction of the crystal structure of
reaction products [38,39].

Recently, we reported syntheses, structures, and magnetic and biological properties of
a series of ternary copper(II) coordination compounds with amino acids (glycine, L-alanine,
L-valine, L-phenylalanine) and 2,2′-bipyridine [40,41]. In this work, we investigated copper(II)
sulfate reactions with 2,2′-bipyridine (bpy) and L-serine under different solution-based and
mechanochemical synthetic methods. Four new monomeric ternary copper(II) compounds
with 2,2′-bipyridine (bpy) and L-serine (L-Hser) were prepared: α-[Cu(L-ser)(H2O)(bpy)]2SO4
(1a-α), β-[Cu(L-ser)(H2O)(bpy)]2SO4 (1a-β), [Cu(L-ser)(H2O)(bpy)]2SO4·6H2O (1a·6H2O), and
[Cu(L-ser)(bpy)(CH3OH)]2SO4·3CH3OH (1b·3CH3OH). Two polymorphs and two solvato-
morphs were obtained. To investigate the stability of said compounds, they were exposed to
different conditions of relative humidity and an atmosphere of methanol vapours (at 20 ◦C).
Compound 1a·6H2O was successfully transformed into 1a-α at lower relative humidities, and
vice versa at high relative humidities, while in the atmosphere of methanol vapours, both
1a·6H2O and 1a-α partially transitioned to 1a-β.
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2. Materials and Methods

All chemicals, copper(II) sulfate pentahydrate (Gram-Mol, Zagreb, Croatia), copper(II)
hydroxide (Alfa Aeasar, Ward Hill, MA, USA), 2,2′-bipyridine (Acros Organics, Geel,
Belgium), L-serine (TCI, Tokyo, Japan), methanol (Gram-Mol, Zagreb, Croatia), pyridine
(Carlo Erba Reagents, Milano, Italy), phosphorous(V) oxide (Acros Organics, Geel, Bel-
gium), sodium hydroxide (Carlo Erba Reagents, Milano, Italy), potassium acetate (Kemika,
Zagreb, Croatia), magnesium chloride hexahydrate (Kemika, Zagreb, Croatia), potassium
carbonate (Fischer Scientific, Pittsburgh, PA, USA), magnesium nitrate (Merck, Darmstadt,
Germany), cobalt(II) chloride hexahydrate (Kemika, Zagreb, Croatia), sodium chloride
(Alkaloid, Skopje, North Macedonia), ammonium chloride (Kemika, Zagreb, Croatia), potas-
sium chloride (Zorka Sabac, Sabac, Serbia), and potassium nitrate (Alkaloid, Skopje, North
Macedonia), were used without further purification. Anhydrous CuSO4, CuSO4·H2O, and
CuSO4·3H2O were prepared by heating CuSO4·5H2O at different temperatures (220 ◦C,
120 ◦C, and 60 ◦C, respectively). The purity of copper(II) sulfate hydrates was confirmed
by powder X-ray diffraction. Powder X-ray diffraction (PXRD) was measured on Malvern
PANalytical Aeris in the Bragg–Brentano geometry using CuKα radiation (λ = 1.54056 Å) at
room temperature. Powder samples were placed on the zero-background silicon holder.
Diffraction patterns were measured in the range of 2θ = 5–40◦ with 0.022◦ and at 15.045 s
per step. PXRD data were analysed and visualized using the HighscorePlus suite, version
5.2 and DataViewer, version 1.9a [42,43].

For thermogravimetric analysis, a Mettler Toledo TGA/DSC 3+ was used under
an oxygen flow of 50 mL min−1 and a heating rate of 10 ◦C min−1 in the 25–800 ◦C
temperature range. The sample (approximately 9.0 mg) was placed in a standard alumina
crucible. IR(ATR) spectrum was measured using a Thermo Scientific™ Nicolet™ iS50 FTIR
Spectrometer in ATR mode at 4000–400 cm−1.

Mechanochemical syntheses were performed on a Retsch MM200 grinder operating at
a frequency of 25 Hz for 15 min.

2.1. Synthetic Procedures
2.1.1. Solution-Based Syntheses

Synthesis of α-[Cu(L-ser)(H2O)(bpy)]2SO4 (1a-α). Anhydrous copper(II) sulfate (39.9 mg,
0.25 mmol), 2,2′-bipyridine (78.1 mg, 0.50 mmol), L-serine (52.7 mg, 0.50 mmol), copper(II)
hydroxide (24.4 mg, 0.25 mmol), and methanol (10 mL) were mixed and heated in a beaker at
the boiling temperature for an hour and allowed to cool to room temperature. Light blue crys-
tals of [Cu(SO4)(bpy)2]·CH3OH (CSD refcode OREGEY, [44]) formed. After a few days, the
light blue crystals disappeared and dark blue crystals of 1a-α suitable for single-crystal X-ray
structure analysis formed. Additionally, 1a-α crystallized if pyridine (10 mL) or a mixture of
pyridine and methanol was used as a solvent (9:1 or 5:5 v/v, 10 mL). 1a-α crystallizes with
some impurities, and it is difficult to crystallize it in a pure form. In all synthetic procedures,
heating was needed to accelerate reactions. Mechanochemical synthesis was shown as a better
method for obtaining pure compound.

IR (ATR) for 1a-α: ν̃/cm−1: 3433 (m), 3206 (s), 3112 (s), 3079 (s), 3064 (s), 3037 (s),
2941 (m), 2878 (m), 1626 (s), 1601 (s), 1498 (w), 1477 (m), 1444 (s), 1399 (s), 1353 (m), 1318 (m),
1253 (w), 1175 (m), 1160 (m), 1059 (s), 1030 (s), 1018 (s), 969 (m), 922 (w), 904 (w), 877 (w),
857 (w), 801 (m), 771 (s), 730 (s), 655 (m), 638 (m), 598 (s), 548 (m), 417 (m), 410 (w).

Synthesis of [Cu(L-ser)(H2O)(bpy)]2SO4·6H2O (1a·6H2O). Copper(II) sulfate pen-
tahydrate (62.4 mg, 0.25 mmol), 2,2′-bipyridine (78.1 mg, 0.50 mmol), L-serine (52.5 mg,
0.50 mmol), copper(II) hydroxide (24.4 mg, 0.25 mmol), and water (10 mL) were mixed
and heated in a beaker for 15 min at the boiling temperature. The solution was quickly
evaporated to one-third of the starting volume, and blue crystals of 1a·6H2O were formed,
suitable for single-crystal X-ray diffraction. The same compound crystallized if 1a-α had
been dissolved in water and the solution evaporated at room temperature. If the so-
lution was left in a closed container for several days and then evaporated, light blue
crystals of [Cu(µ-ox)(bpy)2]·2H2O (CSD refcode BISWOP, [45]) or dark blue crystals of
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{[{Cu(H2O)(bpy)}2(µ-ox)][Cu(ox)(bpy)]SO4}n 2H2O (CSD refcode JINWOS, [46]) started to
form. Crystals of 1a·6H2O are not stable outside of the solution and start to decompose.

Synthesis of β-[Cu(L-ser)(H2O)(bpy)]2SO4 (1a-β) and [Cu(L-ser)(bpy)(CH3OH)]2SO4
·3CH3OH (1b·3CH3OH). Anhydrous copper(II) sulfate (79.8 mg, 0.50 mmol), 2,2′-bipyridine
(78.1 mg, 0.50 mmol), L-serine (52.5 mg, 0.50 mmol), sodium hydrogen carbonate (42.0 mg,
0.50 mmol), and methanol (10 mL) were mixed in a Teflon-lined stainless-steel autoclave
for 30 min at 120 ◦C. After cooling the reaction mixture, two types of blue needles were
formed, indistinguishable by their colour (or shade of blue) or habitus. Crystals of 1a-β are
stable at room temperature outside of solution, while crystals of 1b·3CH3OH decompose in
seconds. The difference in stabilities enabled us to distinguish between the two compounds
and analyse both of them by single-crystal X-ray diffraction. In some experiments, only
1b·3CH3OH was formed using the same procedure.

Synthesis of [Cu(L-ser)(bpy)(CH3OH)]2SO4·3CH3OH (1b·3CH3OH).
Anhydrous copper(II) sulfate (39.9 mg, 0.25 mmol), 2,2′-bipyridine (78.1 mg, 0.50 mmol),

L-serine (52.6 mg, 0.50 mmol), copper(II) hydroxide (24.4 mg, 0.25 mmol), pyridine (1 mL),
and methanol (9 mL) were mixed and heated in a beaker for 15 min at the boiling temperature.
After cooling to room temperature, large, dark blue crystals of 1b·3CH3OH, suitable for
single-crystal X-ray diffraction analysis, were formed. Crystals decomposed when taken out
of the solution. Smaller crystals of the same compound were formed using the same reactants,
dissolved in only methanol (10 mL), and heated in an autoclave for 30 min at 120 ◦C. If the
resulting methanolic solution was quickly evaporated at room temperature, blue crystals of
1a-α were formed. In some repeated syntheses, light blue crystals of [Cu(SO4)(bpy)2]·CH3OH
(CSD refcode OREGEY, [44]) also formed.

2.1.2. Mechanochemical Syntheses

General procedure for the mechanochemical synthesis of 1a-α, 1a·6H2O, and 1b·3CH3OH.
Syntheses were performed using the neat grinding (NG) and liquid-assisted grinding (LAG)
methods using water and/or methanol. To explore solvation space in more detail, we used
various hydrates of copper(II) sulfate and different liquids for the LAG method. L-Serine
(0.50 mmol), 2,2′-bipyridine (0.50 mmol), copper(II) hydroxide (0.25 mmol), various hydrates
of copper(II) sulfate (pentahydrate, trihydrate, monohydrate, anhydrous; 0.25 mmol), and a
small amount of water/methanol were placed in a Teflon milling jar (volume 14 mL). Milling
was performed at room temperature for 15 min using one stainless-steel ball (diameter 8 mm).
1a·6H2O was synthesized only if one of the reactants was copper(II) sulfate pentahydrate, with
added water (η = 0.2 and 0.1 µL mg−1). 1b·3CH3OH was synthesized only with a large amount
of methanol added to the reaction mixture (η = 1.8 µL mg−1). 1a-α was formed in most synthetic
conditions. Neat grinding led to no reaction if other hydrates (except for pentahydrate) or
anhydrous copper(II) sulfate were used. The details of the experimental data and the products
are given in Tables S1–S3. Products of mechanochemical syntheses were analysed by powder
X-ray diffraction (Figures S1–S19).

2.2. Solvent Exchange Experiments

Aging in Methanol Vapour. Samples of 1a·6H2O and 1a-α were placed into a small
container with a methanol vapour atmosphere at a constant temperature of 20 ◦C. Structural
changes of samples were monitored ex situ by PXRD, collecting diffraction patterns after
one, two, four, and eight weeks.

Interconversion 1a·6H2O⇄1a-α. Samples of 1a·6H2O and 1a-α were placed in con-
tainers with water (RH = 100%), phosphorus(V) oxide (RH ≈ 0%), and saturated solu-
tions of various inorganic compounds with fixed relative humidity: potassium nitrate
(RH = 95%), potassium chloride (RH = 85%), ammonium chloride (RH = 79%), sodium chlo-
ride (RH = 75%), cobalt(II) chloride (RH = 65%), magnesium nitrate (RH = 54%), potassium
carbonate (RH = 43%), magnesium chloride (RH = 33%), potassium acetate (RH = 23%),
and sodium hydroxide (RH = 9%) [47]. Structural changes of samples were monitored ex
situ by PXRD, collecting diffraction patterns after one, two, and four weeks. No significant
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changes were observed in PXRD patterns after one week. PXRD patterns after 4 weeks of
aging of 1a·6H2O (Figure S20) and 1a-α (Figure S21) are given in Supplementary Materials.
The experiment was performed in a temperature-controlled laboratory at 20 ◦C.

2.3. Single-Crystal X-Ray Diffraction
2.3.1. Data Collection and Refinement

Single-crystal X-ray diffraction data of 1a·6H2O, 1a-α and 1b·3CH3OH were collected
on an Elettra Sincrotrone Trieste facility on XRD1 and XRD2 beamlines at 100 K. The
wavelength of the measurement was set to 0.700 Å. X-ray diffraction data for 1a-β were
collected on a Rigaku XtaLAB Synergy-S diffractometer equipped with a HyPix 6000HE
detector using CuKα radiation (λ = 1.54056 Å) at 100 K. The diffraction data were processed
using the CrysAlisPRO software, version 171.42.63a [48]. Crystal structures were solved by
SHELXS (version 2013/1) [49] and refined by the SHELXL (version 2018/3) [50] software
incorporated in the WinGX software package, version 2023.1 [51]. The structures were
visualized by the Mercury program (version 2024.1.0) [52]. Geometrical parameters were
calculated by PLATON (version v1.17) [53], and the simplification of hydrogen bonding
was performed by ToposPro (version 5.5.2.2) [54]. Hirshfeld surface analysis was performed
by the CrystalExplorer program (version 21.5) [55]. All nonhydrogen atoms were refined
anisotropically. Hydrogen atoms were located in the Fourier difference map, but because of
the poor geometry of some of them, we placed most of the hydrogen atoms on calculated
positions according to idealized geometry. Hydrogen atoms of water and some hydrogen
atoms of methanol (in hydroxyl groups) molecules were located in the Fourier difference
map. Hydrogen atoms that belonged to water molecules were restrained to an O–H
distance of 0.85(1) Å and H–H distance of 1.39(2) Å. Hydrogen atoms of hydroxyl groups
of three methanol molecules in 1b·3CH3OH were found in the Fourier difference map and
restrained to an O–H distance of 0.84(1) Å. The hydroxyl group of the L-serinato ligands
in one of the symmetrically independent cations in 1a-α and 1a-β was disordered over
two positions. Occupancies of hydroxyl groups were refined to values of 0.34091:0.65909
(in 1a-α) and 0.61126:0.0.38874 (in 1a-β), with a total occupancy factor constrained to 1.
Crystallographic data for 1a·6H2O, 1a-α, 1a-β, and 1b·3CH3OH are given in Table S4 in
the Supplementary Materials.

2.3.2. Crystal Structure Data

Crystal data for 1a-α, C26H32Cu2N6O12S (M = 779.71 g/mol): monoclinic, space group
P21 (no. 4), a = 7.1389(1) Å, b = 20.7625(4) Å, c = 20.0048(4) Å, β = 95.348(2)◦, V = 2952.23(9)
Å3, Z = 4, T = 100(2) K, µ(sync) = 1.455 mm−1, Dcalc = 1.754 g/cm3, 11,978 reflections
measured (4.0◦ ≤ 2Θ ≤ 51.8◦), 11,978 unique (Rint = 0.0743, Rsigma = 0.0551), which were
used in all calculations. The final R1 was 0.0673 (I > 2 σ(I)), and wR2 was 0.1637 (all data).

Crystal data for 1a-β, C26H32Cu2N6O12S (M = 779.71 g/mol): monoclinic, space group
P21 (no. 4), a = 10.0790(3) Å, b = 20.9260(5) Å, c = 14.5656(3) Å, β = 107.209(3)◦, V = 2934.55(14)
Å3, Z = 4, T = 100(2) K, µ(CuKα) = 3.129 mm−1, Dcalc = 1.765 g/cm3, 79,459 reflections
measured (6.4◦ ≤ 2Θ ≤ 136.4◦), 10,665 unique (Rint = 0.1476, Rsigma = 0.0587), which were
used in all calculations. The final R1 was 0.0620 (I > 2 σ(I)), and wR2 was 0.1561 (all data).

Crystal data for 1a·6H2O, C26H44Cu2N6O18S (M = 887.81 g/mol): monoclinic, space
group P21 (no. 4), a = 6.7125(1) Å, b = 20.8435(2) Å, c = 13.1341(1) Å, β = 103.455(1)◦,
V = 1787.18(4) Å3, Z = 2, T = 100(2) K, µ(sync) = 1.221 mm−1, Dcalc = 1.650 g/cm3, 19,816
reflections measured (3.2◦ ≤ 2Θ ≤ 60.0◦), 10,178 unique (Rint = 0.0358, Rsigma = 0.0360),
which were used in all calculations. The final R1 was 0.0335 (I > 2 σ(I)), and wR2 was 0.0937
(all data).

Crystal data for 1b·3CH3OH, C31H48Cu2N6O15S (M = 903.89 g/mol): orthorhombic,
space group P212121 (no. 19), a = 6.8675(1) Å, b = 20.9159(2)Å, c = 26.4444(3)Å, V = 3798.47(8)
Å3, Z = 4, T = 100(2) K, µ(sync) = 1.203 mm−1, Dcalc = 1.581 g/cm3, 63,205 reflections measured
(3.6◦ ≤ 2Θ ≤ 60.0◦), 11,541 unique (Rint = 0.123, Rsigma = 0.0479), which were used in all
calculations. The final R1 was 0.0496 (I > 2 σ(I)), and wR2 was 0.1349 (all data).
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2.4. Antiproliferation Assays

The experiments were carried out on three human cell lines derived from three cancer
types: H460 (lung carcinoma), MCF-7 (breast carcinoma), and HCT116 (colon carcinoma),
in line with previously published experimental procedures [56,57]. H460, MCF-7, and
HCT116 cells were cultured as monolayers and maintained in Dulbecco’s modified Eagle
medium (DMEM), supplemented with 10% foetal bovine serum (FBS), 2 mM L-glutamine,
100 U/mL penicillin, and 100 µg/mL streptomycin in a humidified atmosphere with 5%
CO2 at 37 ◦C.

The cells were seeded on standard 96-well microtiter plates and allowed to attach
for 24 h. The next day, the test compound was added in five serial 10-fold dilutions.
Cell viability was assessed after 72 h of incubation using the MTT assay, which detects
dehydrogenase activity in viable cells. The MTT assay is a colorimetric assay system that
measures the reduction of a tetrazolium component (MTT) into an insoluble formazan
product by the mitochondria of viable cells. The absorbance (optical density, OD), measured
on a microplate reader at 570 nm, is directly proportional to cell viability. The percentage
of growth (PG) of the cell lines was calculated. The results obtained are expressed as an
IC50 value, which represents the concentration of the compound that caused 50% growth
inhibition. The IC50 values were calculated from the concentration–response curve using
linear regression analysis by adjusting the test concentrations giving PG values above and
below the reference value (i.e., 50%). If all tested concentrations resulted in PG values
above the corresponding reference value, the highest tested concentration was marked
with a “>“ sign as the default value. Each test was performed in quadruplicate in at least
two individual tests.

3. Results
3.1. Syntheses and Crystallizations

Solution-based (Figure 1) and mechanochemical methods (Figure 2) were utilized for
the syntheses of four new ternary coordination compounds of copper(II) with L-serine
(L-Hser) and 2,2′-bipyridine (bpy), and all were structurally characterized. A total of four
reactants were used in reactions: anhydrous or different hydrates of copper(II) sulfate
(monohydrate, trihydrate, pentahydrate), copper(II) hydroxide or sodium hydrogen car-
bonate, 2,2′-bipyridine, and L-serine. 1a·6H2O was obtained from a solution containing
only water as a solvent, from a reaction, or by recrystallization of 1a-α from water. In most
of the explored conditions (various solvents and hydrates of copper(II) sulfate), 1a-α crys-
tallized. In most experiments, crystals of 1a-α did not have good quality for single-crystal
X-ray analysis, so synchrotron radiation was needed. Using anhydrous copper(II) sulfate
and at low water and high methanol fraction in solution, 1a-β (polymorph of 1a-α) and
1b·3CH3OH crystallized, often along with [Cu(SO4)(bpy)2]·CH3OH. 1a-β is difficult to
crystallize, and it does not always form in repeated experiments, which indicates that it
is stable or metastable only in a narrow range of conditions, while 1b·3CH3OH formed
always from solutions with a high fraction of methanol, as specified in the experimental
section. In all solution-based experiments, a crucial step for the successful isolation of
compounds was quick crystallization, because compounds are unstable in solution. It
seems that these coordination compounds are catalysts for the oxidation of amino acids
into oxalate ions, since oxalate complexes crystallized after several days.
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Mechanochemical synthesis was shown to be a better method for the preparation
of 1a-α. Four reactants in the solid state were chosen, so no byproducts were formed in
the case of a complete reaction. We used anhydrous or different hydrates of copper(II)
sulfate (monohydrate, trihydrate, pentahydrate), copper(II) hydroxide, 2,2′-bipyridine, and
L-serine, and in most cases water or methanol (which were in some reactions also reactants).
Typically, those reactants yielded one pure product, and in some cases, mixtures of known
or unknown phases. All products were analysed by PXRD and compared with powder
diffraction patterns calculated from crystal structures of 1a·6H2O, 1a-α, and 1b·3CH3OH.
In most synthetic conditions we investigated, 1a-α was formed in pure form in a short
time (15 min of milling). We prepared 1a·6H2O (Table S1, Figures S1–S3) and 1b·3CH3OH
(Table S3, Figure S19) by mechanochemical synthesis. These two compounds form unstable
crystals, so they started decomposing immediately after opening the jar (Figures S1 and
S19). We showed that the syntheses are highly dependent on water content. If more water
(η = 0.1 or 0.2 µL mg−1) is used for LAG, 1a·6H2O is formed, while at lower water content
(neat grinding or liquid-assisted grinding, LAG, with methanol/water mixture or pure
methanol), 1a-α is the product of the reaction. In some cases, a small amount of unidentified
phase was formed along with 1a-α (Tables S1–S3). If anhydrous copper(II) sulfate was
used in LAG with methanol, 1a-α or 1b·3CH3OH was formed (Figures 2 and S14–S19).
For the synthesis of 1b·3CH3OH, the η-parameter, which is widely used for systematic
approaches to mechanochemical synthesis [15,58], was 1.8 µL mol−1. Methanol had to be
in surplus to prepare 1b·3CH3OH. Such a large amount of solvent relative to the mass of
solid reactants is not usually considered a mechanochemical reaction (limit is typically set
to η = 1.0 µL mg−1, [18,58]); however, methanol was also one of the reactants, entering the
crystal structure. Along with the η-parameter, in the synthesis of solvates such as this, one
should also consider the amount of solvent that will be absorbed into the crystal structure of
the products. In our case, such a large surplus of methanol was needed probably because of
the presence of water in the reaction mixture, the air, and the milling jar, as well as forming
as a product of the reaction; thus, more methanol was needed for successful formation of
1b·3CH3OH.

3.2. Solvent Exchange in Solid State
3.2.1. Transformations 1a·6H2O⇄1a-α, 1a·6H2O→1a-β and 1a-α→1a-β

The formation of different solvates enables the potential application of these com-
pounds as sensors or adsorbents. We explored the stability of 1a·6H2O and 1a-α, and the
conversions 1a·6H2O⇄1a-α, 1a·6H2O→1a-β, and 1a-α→1a-β, in solid state. If 1a·6H2O
is placed in atmospheres of different relative humidities (RH), it readily converts into
1a-α (Figures 3 and S20). The rate of conversion is dependent on relative humidity,
where at RH ≈ 0% it is completely converted into 1a-α after a few minutes. Conver-
sion 1a·6H2O→1a-α proceeds through an unknown intermediate phase, IP1, possibly a
hydrate with lower water content, which was present even at RH = 9% after 4 weeks.
1a·6H2O completely decomposes into the intermediate phase and 1a-α at RH < 65%.
1a-α, on the other hand, is stable at low values of RH, even at RH ≈ 0% (Figures 3 and
S21). At RH = 65%, an intermediate phase IP1 (the same phase as in 1a·6H2O→1a-α
conversion) starts to form. At RH > 95%, 1a·6H2O starts to form, but 1a-α→1a·6H2O
conversion was not complete after 4 weeks.

We also explored the stability of 1a-α and 1a·6H2O in an atmosphere of methanol
vapours. Both compounds were placed in a methanol vapour atmosphere and monitored by
ex situ PXRD measurements. 1a·6H2O transforms partly into 1a-α, but in both experiments,
diffraction maxima of 1a-β were observed after 4 weeks (Figure 4). These results confirmed
that the presence of methanol is needed for the formation of 1a-β, as was observed in
solution-based synthesis experiments.
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3.2.2. Transformation 1b·3CH3OH→1a-α

We obtained 1b·3CH3OH mechanochemically with a large amount of methanol, with
η = 1.8 µL mol−1. Immediately upon opening the jar, 1b·3CH3OH decomposed to 1a-α as
observed by PXRD. After 2 min, only 1a-α was present in the solid sample (Figure S19).

3.3. Thermogravimetric Analysis (TGA) and Infrared Spectroscopy (IR)

Only 1a-α was analysed using thermogravimetric analysis and infrared spectroscopy.
1a·6H2O and 1b·3CH3OH decompose too fast to be analysed properly by these methods,
and 1a-β was not obtained in pure form. 1a-α loses its coordinated water molecule at ap-
proximately 90 ◦C (exp. 4.2% of mass loss, theor. 4.6%) in a wide step that partially overlaps
with the start of the decomposition of organic ligands (at 170 ◦C). Most of the components
decompose up to 480 ◦C (residue is 21.6%), but there is another small decomposition step
at 670–720 ◦C with a weight loss of 1.0% (Figure S22). After 720 ◦C, the residue is copper(II)
oxide (exp. 19.9%, theor. 20.4%).
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The infrared spectrum of 1a-α revealed extensive hydrogen bonding with several
broad bands (Figure S23). Bands at 3433–3037 cm−1 correspond to stretching vibrations
of ν(O–H) and ν(N–H). Aliphatic C–H vibrations are at 2941 and 2878 cm−1. The strong
band at 1626 cm−1 was assigned to the stretching of the delocalized carboxylate group
of the L-serinato ligand, and that at 1601 cm−1, to a combination of the stretching of the
carboxylate group and the bending of amino-group [59]. The bands at 417 and 410 cm−1

correspond to the stretching of Cu–O and/or Cu–N bonds.

3.4. Crystal Structures

All four compounds are composed of complex cations [Cu(L-ser)(bpy)(L)]+ (L = H2O or
CH3OH) with square-pyramidal geometry. L-Ser and bpy are bonded to copper in a chelate
ring in an equatorial plane and water or methanol molecule is apically coordinated. Because
of the Jahn–Teller effect, apical Cu–O bonds are elongated with distances 2.205(8)–2.347(4)
Å (Table S5). Complex cations [Cu(L-ser)(bpy)(L)]+ (L = H2O or CH3OH) are stacked
through π-interactions in 1D infinite pillars (Figure 5). Pillars are further interconnected
through Owater/methanol–H· · ·Ocarboxylate and N–H· · ·Ohydroxyl hydrogen bonds, forming a
3D supramolecular framework (Figure S26, Table S6).
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Figure 5. π-stacked pillars in 1a·6H2O, 1a-α, 1a-β, and 1b·3CH3OH.

All compounds contain numerous donors (water or methanol molecules, amino and
hydroxyl groups) and acceptors (sulfate ions, water or methanol molecules, carboxylate and
hydroxyl groups) of hydrogen bonds forming complex frameworks. 1a·6H2O forms a 3D
framework of hydrogen bonds (Figure S26), where crystallization water molecules connect
neighbouring π-stacked pillars of complex cations and sulfate ions. Four crystallization
water molecules are propagated by 5-membered hydrogen-bonded rings along the a-axis
involving Owater–H· · ·Ocarboxylate, Owater–H· · ·Osulfate and Owater–H· · ·Owater hydrogen
bonds (Table S6) and forming infinite 1D channels (Figure 6a,b). A similar hydrogen bond-
ing pattern is found in [Cu(L-ser)(H2O)(phen)]2SO4·6H2O (phen = 1,10-phenanthroline;
CSD refcode: JEFXIE [28], Figure 6a). Nevertheless, 1a·6H2O is unstable outside of solution
decomposing to 1a-α, while JEFXIE is stable for months, suggesting that other structural
features also significantly influence the stability of crystal structure. Crystallization water
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molecules form 1D channels and occupy 15.9% of the unit cell volume. Similarly, crystal-
lization methanol molecules in 1b·3CH3OH form 1D channels occupying 20.9% of the unit
cell volume. In both cases, the crystal structures are unstable and lose solvent molecules.
1b·3CH3OH decomposes more quickly because of the weaker interactions of methanol
molecules compared with the water molecules in 1a·6H2O.
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a-axis in 1a·6H2O and [Cu(L-ser)(H2O)(phen)]2SO4·6H2O; (b) 1D channels of solvent molecules
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The two polymorphs 1a-α and 1a-β have similar structural features and intermolecular
interactions. In both structures, complex cations form 2D layers through π-interactions
and Owater–H· · ·Ocarboxylate hydrogen bonds. Sulfate ions are located between layers and
act as a bridge between them through Owater–H· · ·Osulfate, Ohydroxyl–H· · ·Osulfate, and
N–H· · ·Osulfate hydrogen bonds (Table S6). Both polymorphs form 2D hydrogen bond
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networks (Figure 7). In 1a-α, three out of four symmetrically independent complex cations
form N–H· · ·Ohydroxyl hydrogen bonds between those layers, while in 1a-β, only one
complex cation forms such a bond. Another significant difference between 1a-α and 1a-
β is in the relative orientation of 2D layers. In 1a-α, layers are tilted to each other by
approximately 26.5◦, while in 1a-β, they are coplanar (Figure 7).
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Figure 7. Differences in the structures of 1a-α and 1a-β. π-stacked layers of complex cations and
a simplified view of propagation of hydrogen bonds are shown in the top pictures. Brown lines
represent hydrogen bonds formed by complex cations, and light blue lines represent hydrogen bonds
formed by sulfate ions. The difference in the relative angles of the π-stacked layers is shown in the
bottom pictures.

3.4.1. Hirshfeld Surface Analysis

Hirshfeld surface analysis was performed for each symmetrically independent cation
to better understand the differences in the intermolecular contacts in the structures of
1a-α and 1a-β. The differences in the distribution of interatomic contacts in the complex
cations are very small. On average, the complex cations in 1a-α contain slightly more
O· · ·H/H· · ·O contacts (33.4% in 1a-α, 32.0% in 1a-β). 1a-β contains more C· · ·O/O· · ·C
(1.1% in 1a-α, 2.1% in 1a-β) and H· · ·H (38.8% in 1a-α, 39.9% in 1a-β) contacts (Figure 8).
If we inspect the differences between each cation, we can see that cation 4 in 1a-α has
significantly more O· · ·H/H· · ·O (37.6%) and fewer H· · ·H contacts (35.5%) than other
cations in 1a-α (range of O· · ·H/H· · ·O contacts, 31.5–32.3%; range of H· · ·H contacts,
39.6–40.2%) or 1a-β (range of O· · ·H/H· · ·O contacts, 30.8–33.1%; range of H· · ·H contacts,
38.7–41.4%). The main reason for this difference is disordered serine residue, and both
positions were taken into account for calculations. 1a-β also contains one complex cation
with disordered serine residue, but the disordered residues are closer to each other and
do not contribute to such a difference. In general, small deviations in interatomic contacts
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suggested that polymorphs form similar types of intermolecular interactions and that the
main difference between them is in the geometric features of crystal packing.
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3.4.2. Molecular Movements During 1a·6H2O⇄1a-α and 1b·3CH3OH→1a-α
Transformations in Solid State

During 1a·6H2O⇄1a-α in solid state, some molecular motions are involved in trans-
formation. In the 1a·6H2O→1a-α transition, 1a·6H2O loses crystallization water molecules,
and to fill the empty space, 1D π-stacked pillars rotate and move closer to each other,
forming 2D layers between sulfate ions (Figure 9). The coordination of half of the complex
cations also changes. In π-stacked pillars of 1a·6H2O, apically coordinated water molecules
alternate in an up–down fashion. This trend changes in 1a-α, where all apically coordi-
nated water molecules within the same pillar are oriented in the same direction, but the
neighbouring pillars of the same 2D layers alternate in an up–down fashion. Possibly, a
coordinated water molecule switches position from one copper atom to another as shown
in Figure 9, since it is the closest water molecule to a copper atom.

During the 1b·3CH3OH→1a-α transition, 1b·3CH3OH loses methanol molecules
and absorbs water from the air, which coordinates to copper atoms. After crystallization,
methanol molecules are desorbed from 1b·3CH3OH; 1D π-stacked pillars are involved in
similar movements as in the 1a·6H2O→1a-α transition (Figure 10).
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3.5. Proliferation Assays

The antiproliferative activities of 1a-α were measured on three human cell lines derived
from three cancer types, H460 (lung carcinoma), MCF-7 (breast carcinoma), and HCT116 (colon
carcinoma), using the MTT test. 1a-α had moderate activity towards all three tested cell lines.
IC50 values were comparable to and slightly higher than those of the known antitumour agents
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etoposide, 5-fluorouracil, and [Cu(L-ser)(H2O)(phen)]2SO4·6H2O [28,56,57] (Table 1). These
results give us valuable information for the design of compounds with higher antiproliferative
activities. These data support results in the literature that the heterocyclic base is the key factor
influencing the antiproliferative activity of ternary coordination compounds [12].

Table 1. IC50 values of 1a-α compared with [Cu(L-ser)(H2O)(phen)]2SO4·6H2O, etoposide, and
5-fluorouracil (in µM).

Compound

IC50
a/10−6 mol dm−3

Cell Lines

HCT116 MCF-7 H 460

1a-α 10 ± 1 18 ± 3 14 ± 2
[Cu(L-ser)(H2O)(phen)]2SO4·6H2O - b 2 ± 0.08 c 2 ± 0.2 c

etoposide 5 ± 2 d,e 1 ± 0.7 d,e 0.1 ± 0.04 d,e

5-fluorouracil 4 ± 1 e 14 ± 0.3 e 3 ± 0.3e

a IC50—the concentration that causes 50% growth inhibition; b not measured; c [28]; d [57]; e [56].

4. Conclusions

We successfully prepared four new ternary coordination compounds of copper(II),
L-serine, and 2,2′-bipyridine by solution-based and mechanochemical syntheses. 1a·6H2O
and 1b·3CH3OH are unstable outside of solution because of their large fractions of solvent
molecules (15.9% and 20.9%, respectively) and crystal packing influence. Two polymorphs
of [Cu(L-ser)(bpy)(H2O)]2SO4 were crystallized, 1a-α and 1a-β. It was shown that the
presence of water hinders the formation of 1a-β and promotes the crystallization of 1a-α,
while methanol can be used for partial transformations 1a·6H2O→1a-β and 1a-α→1a-β in
the solid state. In mechanochemical synthesis, different amounts of water and methanol
direct the formation of either 1a·6H2O or 1a-α at high water content, or either 1a-α or
1b·3CH3OH at low water and high methanol content. As shown here and in our previous
research, in similar systems, it is advisable to perform fine-tuned screening of solvents
to explore the solvatomorphic behaviour of compounds. During the 1a·6H2O→1a-α
transition, cooperative movements of atoms occur. Crystallization water molecules desorb
from the crystal, 1D π-stacked pillars move closer to each other, and the position of the
coordinated water molecule is switched in half of the complex cations. Similar movements
occur in 1b·3CH3OH→1a-α decomposition, where crystals spontaneously absorb water
from the air to form 1a-α. Furthermore, 1a-α can be considered as an activated form of
porous compounds, with the ability to adsorb water and potentially methanol molecules.
We showed that many supramolecular synthons are preserved in all four structures, which
is useful for further design of similar compounds and aimed tuning of desired properties.
These compounds show potential as sensors or adsorbers and as model compounds for
more complex coordination systems. Moderate antiproliferative activity was shown 1a-α
towards three cell lines, H460 (lung carcinoma), MCF-7 (breast carcinoma), and HCT116.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst14110986/s1, Figure S1: Experimental PXRD pattern (blue)
of the products of synthesis no. 1 from Table S1 compared with calculated PXRD patterns from
the crystal structures of 1a-α and 1a·6H2O (red); Figure S2: Experimental PXRD pattern (blue) of
the products of synthesis no. 2 from Table S1 compared with calculated PXRD patterns from the
crystal structure of 1a-α (red); Figure S3: Experimental PXRD pattern (blue) of the products of
synthesis no. 3 from Table S1 compared with calculated PXRD patterns from the crystal structure
of 1a-α (red); Figure S4: Experimental PXRD pattern (blue) of the products of synthesis no. 4 from
Table S1 compared with calculated PXRD patterns from the crystal structure of 1a-α (red); Figure S5:
Experimental PXRD pattern (blue) of the products of synthesis no. 5 from Table S1 compared with
calculated PXRD patterns from the crystal structure of 1a-α (red); Figure S6: Experimental PXRD
pattern (blue) of the products of synthesis no. 6 from Table S1 compared with calculated PXRD
patterns from the crystal structure of 1a-α (red); Figure S7: Experimental PXRD pattern (blue) of
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the products of synthesis no. 7 from Table S1 compared with calculated PXRD patterns from the
crystal structure of 1a-α (red); Figure S8: Experimental PXRD pattern (blue) of the products of
synthesis no. 8 from Table S2 compared with calculated PXRD patterns from the crystal structure
of 1a-α (red); Figure S9: Experimental PXRD pattern (blue) of the products of synthesis no. 9 from
Table S2 compared with calculated PXRD patterns from the crystal structure of 1a-α (red); Figure S10:
Experimental PXRD pattern (blue) of the products of synthesis no. 10 from Table S2 compared with
calculated PXRD patterns from the crystal structures of reactants (red); Figure S11: Experimental
PXRD pattern (blue) of the products of synthesis no. 11 from Table S2 compared with calculated
PXRD patterns from the crystal structure of 1a-α (red); Figure S12: Experimental PXRD pattern (blue)
of the products of synthesis no. 12 from Table S2 compared with calculated PXRD patterns from
the crystal structure of 1a-α (red); Figure S13: Experimental PXRD pattern (blue) of the products of
synthesis no. 13 from Table S2 compared with calculated PXRD patterns from the crystal structures
of reactants (red); Figure S14: Experimental PXRD pattern (blue) of the products of synthesis no.
14 from Table S3 compared with calculated PXRD patterns from the crystal structures of reactants
(red); Figure S15: Experimental PXRD pattern (blue) of the products of synthesis no. 15 from
Table S3 compared with calculated PXRD patterns from the crystal structure of 1a-α (red); Figure S16:
Experimental PXRD pattern (blue) of the products of synthesis no. 16 from Table S3 compared
with calculated PXRD patterns from the crystal structure of 1a-α (red); Figure S17: Experimental
PXRD pattern (blue) of the products of synthesis no. 17 from Table S3 compared with calculated
PXRD patterns from the crystal structure of 1a-α (red); Figure S18: Experimental PXRD pattern
(blue) of the products of synthesis no. 18 from Table S3 compared with calculated PXRD patterns
from the crystal structure of 1a-α (red); Figure S19: Experimental PXRD pattern of the products
of synthesis no. 19 from Table S3 measured immediately upon opening the jar (blue) and after 2
min of standing in the air (light blue) compared with calculated PXRD patterns from the crystal
structures of 1a-α and 1b·3CH3OH (red); Figure S20: Experimental PXRD patterns of 1a·6H2O after
aging 4 weeks (blue) in a humidity- and temperature-controlled chamber compared with calculated
PXRD patterns from the crystal structures of 1a-α and 1a·6H2O (black); Figure S21: Experimental
PXRD patterns of 1a-α after aging 4 weeks (blue) in a humidity- and temperature-controlled chamber
compared with calculated PXRD patterns from the crystal structures of 1a-α and 1a·6H2O (black);
Figure S22: TGA curve of 1a-α; Figure S23: IR(ATR) spectrum of 1a-α; Figure S24: ORTEP plot of
the asymmetric unit of 1a-α and 1a-β with the atom labelling scheme in the copper coordination
sphere. Crystallization water molecules and sulfate anion were omitted for clarity. Displacement
ellipsoids were calculated at the 50% probability level; Figure S25: ORTEP plot of the asymmetric
unit of 1a·6H2O and 1b·3CH3OH with the atom labelling scheme in the copper coordination sphere.
Crystallization water/methanol molecules and sulfate anion were omitted for clarity. Displacement
ellipsoids were calculated at the 50% probability level; Figure S26: Simplified hydrogen bond
frameworks. Brown lines represent hydrogen bonds formed by complex cations [Cu(L-ser)(L)(bpy)]+

(L = H2O or CH3OH); light blue lines, hydrogen bonds formed by sulfate ions; dark blue lines,
hydrogen bonds formed by crystallization water molecules in 1a·6H2O; and purple lines, hydrogen
bonds formed by crystallization methanol molecules in 1b·3CH3OH. Atoms are shown in the pictures
on the left, while in the pictures in the middle and on the right, they are omitted for clarity; Figure S27:
Concentration–response profiles for 1a-α tested in vitro on HCT116, MCF-7, and H 460 cell lines;
Table S1: Mechanochemical synthetic conditions and the amounts of reactants and solvents used for
the reactions with copper(II) sulfate pentahydrate; Table S2: Mechanochemical synthetic conditions
and the amounts of reactants and solvents used for the reactions with copper(II) sulfate trihydrate
and monohydrate; Table S3: Mechanochemical synthetic conditions and the amounts of reactants and
solvents used for the reactions with anhydrous copper(II) sulfate; Table S4: Crystallographic data for
compounds 1a-α, 1a-β, 1a·6H2O, and 1b·3CH3OH; Table S5: Distances ([Å]) within the polyhedra
of copper coordination spheres in the crystal structures of 1a-α, 1a-β, 1a·6H2O, and 1b·3CH3OH;
Table S6: Selected hydrogen bonds in 1a-α, 1a-β, 1a·6H2O, and 1b·3CH3OH.
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15. Friščić, T.; Childs, S.L.; Rizvi, S.A.A.; Jones, W. The Role of Solvent in Mechanochemical and Sonochemical Cocrystal Formation:
A Solubility-Based Approach for Predicting Cocrystallisation Outcome. CrystEngComm 2009, 11, 418–426. [CrossRef]

16. Liu, Y.; Liu, F.; Li, S.; Liu, H.; Yan, K. Biasing the Formation of Solution-Unstable Intermediates in Coordination Self-Assembly by
Mechanochemistry. Chem.—A Eur. J. 2023, 29, e202302563. [CrossRef]
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