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Engineering solid-state structural transformations
and reactions in complexes containing a natural
alkaloid for specific switchable properties

Mia Mesic,
Robert Kruk

@ Marko Dunatov, (2® Andreas Puskari¢, (2 @ Glorija Medak, (=@

® and Lidija Andro§ Dubraja (2 *2

Molecule-based crystals that respond to environmental stimuli such as light, temperature, pressure, elec-
tricity and humidity are attractive candidates for smart materials, i.e. sensors, actuators, optoelectronic
devices, information storage, medical applications, etc. The design strategies for stimuli-responsive mole-
cular materials are based on the interplay between weaker intermolecular interactions and flexible con-
stituent units, e.g. pseudo-spherical organic cations and halogenometalate anions. In this context, solid-
state structural transformations of a metal complex containing a natural alkaloid with a quasi-spherical
fragment, the cinchoninium—trichloro—cobalt(i), were investigated under the influence of various stimuli.
The cinchoninium-trichloro-cobalt (i) complex was dynamically modified post-synthetically by exposing it
to (i) different small molecules in the vapour phase (water, methanol, acetonitrile, hydrochloric acid) or (ii)
grinding conditions with small molecules (mechanochemical reaction), resulting in six different crystal
phases. The structural transformations, their reversibility and selectivity towards small molecules were
investigated by a combination of vacuum infrared spectroscopy and powder X-ray diffraction methods,
supported by single-crystal X-ray diffraction analysis. The study of the effects of exposure to solvent
molecules either in the vapour phase or by post-synthetic grinding on the crystal structure of the final
product provided insights into the control of crystallographic symmetry (enhancement or breaking) and
an understanding of the origin of the resistive sensing and static magnetic properties in the cinchonine—
chloro—cobalt(i) system.

such as ferroelectrics, sensors and switchable dielectric
devices.®*® Molecular and crystal engineering offers numerous

The ability of crystalline solids to change reversibly under the
influence of external stimuli, such as electrical, magnetic,
chemical and thermal stimuli, is important for the develop-
ment of new devices and technologies, particularly for appli-
cations in the fields of (bio)sensors, actuators, information
storage, optoelectronics, spintronics and medical treatment.’™
In this context, molecule-based materials are the most promis-
ing candidates to exhibit the stimuli-responsive behaviour,
mainly due to the soft crystal packing mediated by inter-
molecular interactions, which favours structural transform-
ations with a lower energy barrier.””” The study of these crystal-
line materials at the molecular level could contribute to a
better understanding of the specific stimuli-responsive behav-
iour and lead to the development of materials for applications
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possibilities for designing molecular materials, based primar-
ily on coordination chemistry and organic ligand synthesis."*
Multifunctional organic ligands with several donor and accep-
tor sites are common structural motifs which, in combination
with specific metal ions and various counter ions can lead to
the formation of either discrete molecular-based compounds
or structures with extended architectures such as coordination
polymers."> However, when considering only the principles of
chemical synthesis, predicting the outcome of chemical reac-
tions is often difficult. For a better understanding of product
formation, it is important to account not only for the coordi-
nation bonds formed by such complexes but also for the pre-
diction of weaker intermolecular interactions.">'* In the
search for suitable organic ligands for the synthesis of stimuli-
responsive materials, it is logical to look for inspiration in
naturally occurring compounds.'® Cinchona alkaloids, e.g.
quinine and cinchonine, are easily accessible natural chiral
compounds that can be extracted from the bark of Cinchona
pubescens.'® Their structure contains the quinoline ring, which
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provides the possibility of making stacking interactions, and
quasi-spherical polar quinuclidine fragment, which is well
known for its low energy rotational properties.” The Cinchona
alkaloids and their derivatives have been intensively studied
from the point of view of medicinal applications,'® enantio-
selective catalysis and separation,'® and as chiral building
blocks for metal-organic supramolecular architectures.>**' To
develop functional materials based on Cinchona alkaloids, it is
necessary to understand, at the molecular level, the supramo-
lecular forces that govern the self-assembly of the associated
complexes. The crystal structure provides the best insight into
these forces.?>>3 In this work, the structural transformations
of a cinchoninium-trichloro-cobalt(n) complex, [(H-Cn)
CoCl;], (cinchoninium, H-Cn = C;oH,3N,0) with polar P2,
structure were investigated using two different post-synthetic
approaches. In the first approach, the starting phase [(H-Cn)
CoCl;] was exposed to solvent vapours to induce structural
changes, and in the second approach it was modified mechan-
ochemically. The formation and stability of different cincho-
nine-chloro-cobalt(u) compounds were discussed in the
context of their crystal structures and intermolecular inter-
actions. The structural changes were monitored in situ by infra-
red spectroscopy in vacuum and powder X-ray diffraction. The
influence of structural changes on magnetic and electrical
(sensing) properties was discussed.

Experimental

Materials

Cinchoninium chloride dihydrate (85%), (H-Cn)Cl-2H,0O, was
purchased from Sigma Aldrich and cobalt(n) chloride hexa-
hydrate (98%), CoCl,-6H,0, was purchased from Alfa Aesar.
Methanol and acetonitrile were purchased from J. T. Baker and
ethanol purchased from Gram-mol (w = 97%).
Concentrated hydrochloric acid was purchased from BDH
Aristar Plus (w = 35%).

was

Synthesis of [(H-Cn)CoCl;]

(H-Cn)Cl-2H,0 (m = 92 mg; n = 0.25 mmol) and CoCl,-6H,0
(m = 119 mg; n = 0.5 mmol) were dissolved in a mixture of
ethanol and diethyl-ether. Blue prism-like single crystals of
cinchoninium-trichloro-cobalt(n) complex, [(H-Cn)CoCl;],
formed within a day. Anal. caled % for C;9H,3N,0C0Cl;
(found, %): C, 49.53 (49.75); H, 5.03 (5.52); N, 6.08 (6.22); Co,
12.79 (12.96); Cl, 23.08 (23.58).

Crystallographic measurements

The single-crystal X-ray diffraction data for [(H-Cn)CoCl;], [(H-
Cn)CoCl;]-CH3;0H, [H,-Cn][CoCl,] and [H,-Cn][CoCl,]-CH;CN
were collected by w-scans using Cu-Ka radiation (4 = 1.54179 A,
microfocus tube, mirror monochromator) using a Rigaku
XtaLAB Synergy diffractometer at 293 K. The crystal data,
experimental conditions and the final refinement parameters
are summarized in Table S1 in the SI. Data reduction, includ-
ing the multiscan absorption correction, was performed using
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the CrysAlisPRO software package. The molecular and crystal
structures were solved by direct methods using the program
SIR2019%* and refined by the full-matrix least-squares method
based on F* with anisotropic displacement parameters for all
non-hydrogen atoms (SHELXL-2014/7).>> Both programs were
operating under the WinGX program package.’® Hydrogen
atoms attached to the C atoms were treated as riding in ideal-
ized positions, with the C-H distances of 0.97 or 0.93 A and
displacement parameters assigned as Ujso(H) = 1.2Ucq(C).
Hydrogen atoms of hydroxyl group and protonated nitrogen
were identified based on different Fourier maps and distances
of O-H and N-H bonds were restrained. Geometrical calcu-
lations were carried out using PLATON>” and the figures were
generated using CCDC-Mercury*® programs. Dipole moment
calculations were performed with semi-empirical quantum
chemistry method ZINDO implemented in ArgusLab
program.”® The powder X-ray diffraction (PXRD) data were col-
lected in reflection mode using Cu-Ko radiation (4 = 1.54060 A)
using a Malvern Panalytical Empyrean diffractometer with a
step size of 0.013° in a 26 range between 4° and 50°. The peak
search and indexing for phases [(H-Cn)CoCl;]-H,O, [H,-
Cn][CoCl,]-CH;0H and [H,-Cn][CoCl,]-H,O were carried out
using the TOPAS software. Unit cell and profile refinements
were carried out using the Pawley method.*® Crystallographic
data, structure refinement details with profile fitting of the
PXRD data are given in Table S2 and Fig. S1 in the SL
Crystallographic parameters for all crystal phases are given in
Table 1.

Thermal analysis

Thermogravimetric analysis (TG) were carried out in a
Shimadzu DTG-60H analyser at a rate of 10 K min™" from
300 K to 973 K under a flow of dry air.

Spectroscopic measurements

Fourier transformed infrared (FTIR) spectra were recorded in
the 4000-400 cm™" range using a PerkinElmer FTIR Frontier
spectrometer, in the transmission mode under ambient
pressure, reduced pressure of 1 x 107> mbar and during
exposure to 25-100 ppm of probe molecule at reduced
pressure. The samples were diluted for transmission mode by
preparing a thin film of the sample (drop-casting of the metha-
nol solution) on the NaCl pastille.

Electrical and magnetic measurements

The current response during exposure to methanol vapours
was monitored by chronoamperometric measurements with a
PalmSens4 potentiostat. For measurements the polycrystalline
sample was pressed into a cylindrical pellet with a diameter of
5 mm and a thickness of 0.5 mm having 3.5 mm diameter
sputter coated Au electrodes on the opposite surfaces of the
pellet. The temperature dependence of the magnetic suscepti-
bility in the range of 2-293 K in a field of 1000 Oe was
measured with a Quantum Design MPMS-3 magnetometer
equipped with a superconducting quantum interferometer
device.

This journal is © the Partner Organisations 2025
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Results and discussion
Screening for crystal transformations

In general, the metal complexes of Cinchona alkaloids as
homochiral building blocks are suitable candidates for the
construction of polar supramolecular architectures in the solid
state.”®>* The chemical and thermal stability of Cinchona alka-
loids makes them excellent and inexpensive chelating ligands
for the construction of chiral metal complexes and networks,
which is of potential interest for developing new materials for
nonlinear optics, piezoelectrics and ferroelectrics. The cations
of the Cinchona family consist of quinoline rings, which
provide stability through possible aromatic interactions, and
quinuclidine fragments, which offer flexibility through low-
energy rotational flexibilitiy."” Both the quinoline and quinu-
clidine nitrogen atoms can be protonated, so the Cinchona
alkaloids can occur as mono- or dications. Given the above-
mentioned structural adaptability and the manifold possibili-
ties of intermolecular interactions offered by Cinchona alka-
loids, it should be investigated how the structure and pro-
perties of the Cinchona alkaloid-metal complex in the solid
state can be altered by gentle external stimuli (e.g. above room
temperature heating, vacuum conditions, exposure to small
molecules). For this purpose, a solvent-free cinchoninium-tri-
chloro-cobalt(u) complex, [(H-Cn)CoCl;], was prepared as a
starting phase, which was exposed to solvent vapours (water,
methanol, acetonitrile, hydrochloric acid), and mechanochem-
ical reactions with solvents to induce structural transform-
ations in the solid state and possibly lead to switchable pro-
perties. The starting [(H-Cn)CoCl;] phase is a neutral complex
in which cobalt(n) adopts a tetrahedral geometry consisting of
three chlorine atoms and one nitrogen atom of the quinoline
ring, while the quinuclidine nitrogen of cinchonine is proto-
nated. According to PXRD measurements (Fig. 1), exposure of
the [(H-Cn)CoCl;] compound to methanol vapours induces
structural changes, resulting in the formation of a new phase
that incorporates methanol and is referred to here as [(H-Cn)
CoCl;]-CH;0H. This structural and compositional change is
reversible, and the initial solvent-free phase [(H-Cn)CoCl;] can
be obtained either by heating [(H-Cn)CoCl;]-CH;O0H to 400 K
(Fig. S5 in the SI) or by exposure to vacuum conditions.

To further test the affinity of other molecules for incorpor-
ation into the crystal structure of [(H-Cn)CoCl;], two proton
molecule (H,0), a polar aprotic solvent (CH;CN) and a strongly
acidic molecule (HCI) were introduced to [(H-Cn)CoCl;] in the
vapour phase. The investigations revealed that the energy
barrier for water molecules transitioning from the gas phase
into the solid-state structure of [(H-Cn)CoCl;] is too high for
this process to occur under humid atmospheric conditions.
After exposing the compound to air with a relative humidity of
more than 90%, no structural change occurs. However, the
aqueous phase of the compound, [(H-Cn)CoCl;]-H,O, can be
obtained directly mechanochemically using the starting reac-
tants [(H-Cn)CoCl;] and H,O (see Fig. 1, sample c).
Acetonitrile, on the other hand, has no effect on the [(H-Cn)
CoCl;] compound, neither by exposing [(H-Cn)CoCl;] to the

Inorg. Chem. Front,, 2025, 12, 7863-7873 | 7865
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a) [(H-Cn)CoCl,]

b) (H-Cn)CoCl;)-CH,OH
c) [(H-Cn)CoCl,}-H,0

H,-Cn][CoCl,

Intensity (a.u.)

H,-Cn][CoCl,J-CH,0H

[H,-Cnl[CoCl,}H,0

[H,-Cn][CoCl,]-CH,CN

T T T T T T T T T T T
5 10 15 20 25 30 35
26 ()

Fig.1 PXRD patterns of various cinchonine—chloro—cobalt(i) com-
plexes prepared by solid-state transformation. The experimental data are
confirmed by calculated PXRD patterns from single-crystal XRD data
(black lines).

CH;CN vapour phase at atmospheric conditions nor by
mechanochemical reaction of [(H-Cn)CoCl;] with CH;CN. The
corrosive hydrochloric acid vapours are very reactive and lead
to the reconstructive solid-state transformation.*' The starting
cinchonine-trichloro-cobalt(i) complex is decomposed and a
complex salt [H,-Cn][CoCl,] is formed by protonation of the
quinoline nitrogen of the cinchonine molecule and introduc-
tion of additional chlorine into the coordination sphere of
cobalt(n) (see Fig. 1, pattern d). The structure of a complex salt
[H,-Cn][CoCl,] is also subject to changes mediated by the
presence of small molecules. The complex salt [H,~Cn][CoCl,]
has its own selectivity towards small molecules, which differs
from that of a discrete complex compound [(H-Cn)CoCl;s]. Water
molecules from humid air cause a structural change leading to
the hydrate phase of the complex salt [H,~Cn][CoCl,]-H,O (Fig. 1,
pattern f). The presence of methanol or acetonitrile in the vapour
phase has no effect on the structure of [H,-Cn][CoCl,], but with
an energetic stimulus from a mechanochemical reaction, these
molecules can penetrate the material structure to give the solvate
phases [H,-Cn][CoCl,]CH;OH (Fig. 1, pattern e) and
[H,-Cn][CoCl,]-CH5CN (Fig. 1, pattern g). Scheme 1 summarizes
the described processes, where it was found from the PXRD ana-
lysis that two different phases can be obtained from the initial
[(H-Cn)CoCls] complex by exposing it to small molecules in the
vapour phase, and that another phase can be isolated by the
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[(H-Cn)CoClyJ-CHy0H — -5 1, -Cnl[CoCI,-CH,0H

[H,-Cn][CoCl,]-CH,OH

[(H-Cn)CoCly] [H,-Cn][CoCl,]

[H,-Cn][CoCl,]-CH,CN

| (H-CMCOCLIH.O | H,-Cn][CoCl,]-H,0
[(H-Cn)CoCljlH,0 [Hx-Cnl[CoCl,lHy

Scheme 1 Different phases in the cinchonine—chloro—cobalt(i) system
obtained from the starting compound [(H-Cn)CoCls] upon reaction with
small molecules either by exposure to vapours or by mechanochemical
processes.

mechanochemical reaction. Further on, the newly formed phase
[H,~Cn][CoCl,] undergoes mechanochemical post-synthetic
modification to methanol and acetonitrile solvate, while water
molecules are able to enter the structure from air humidity.

The TG analysis (Fig. S5 and Table S7 in the SI) shows that
the compound [(H-Cn)CoCl;] is stable up to 500 K. Methanol
starts to eliminate from the compound [(H-Cn)CoCl;]-:CH;OH
at 340 K and the process is over at 400 K. The compound [(H-
Cn)CoCl;]-H,O is very unstable and the water molecule is
already eliminated in presence of dry air. For the complex salts
[Ho-Cn][CoCl,]-CH3;0H and [H,-Cn][CoCl,]-CH;CN, the elim-
ination of the solvent molecules starts at ~340 K and ends at
~400 K. The TG analysis shows that the hydrate complex salt is
more stable than the hydrate complex, which is consistent
with other measurements.

Crystal structures

The observed structural changes as well as the selectivity of the
uptake of individual solvent molecules are observed by
detailed structural studies of the crystal packing. The crystal
structures were solved based on single-crystal X-ray diffraction
data for the phases [(H-Cn)CoCl;], [(H-Cn)CoCl;]-CH;0H,
[H,-Cn][CoCl,] and [H,-Cn][CoCl,]-CH;CN. For the [(H-Cn)
CoCl;]-H,0, [H,-Cn][CoCl,]-H,0 and [H,-Cn][CoCl,]-CH;O0H
phases, the unit cell parameters and the space group were
determined by indexing the PXRD data (Fig. S1 in the SI).
Table 1 contains the unit cell parameters for all isolated
phases in the cinchonine-chloro-cobalt(i) system. Asymmetric
units for the compounds [(H-Cn)CoCl;], [(H-Cn)
CoCl;]-CH;0H, [H,-Cn][CoCl,] and [H,-Cn][CoCl,]-CH;CN are
shown in Fig. 2, and the geometrical parameters describing
the cobalt(u) coordination sphere are given in Table S3 in the
SL In the [(H-Cn)CoCl;] and [(H-Cn)CoCl;]-CH;0H complexes,
cobalt(u) adopts a tetrahedral geometry consisting of three
chlorine atoms and one nitrogen atom of the quinoline ring.
In the [H,-Cn][CoCl,] and [H,-Cn][CoCl,]-CH;CN phases, both
nitrogen atoms of the cinchonine molecule are protonated,
and cobalt(i) adopts an almost regular tetrahedral geometry
with four chlorine atoms. The distances between the Co-Cl
bonds are fairly uniform and ranging from 2.234 to 2.296 A
(Table S3 in the SI). As expected, the deviation from the ideal
tetrahedral geometry is larger for the [(H-Cn)CoCl;] and

This journal is © the Partner Organisations 2025
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Fig. 2 ORTEP-3 drawings of the compounds [(H-Cn)CoCls], [(H-Cn)CoCls]-CH3OH, [H,—Cn][CoCl,] and [H,—Cn][CoCl,]-CH3CN, showing displa-
cement ellipsoids for the probability of 50% and hydrogen atoms as spheres of arbitrary radius, including atom numbering scheme for non-C, H

atoms.

[(H-Cn)CoCl;]:CH30H complexes due to the coordinated
cinchonine molecule, i.e. the presence of the Co-N bond.

The initial [(H-Cn)CoCl;] complex crystallizes in the polar
monoclinic space group P2, (Table 1).** There are two main
intramolecular contacts that stabilize the three-dimensional
supramolecular architecture: first, hydrogen bonds between
the hydrogen on the hydroxyl group and a chlorine atom and
the second one is between the hydrogens attached to the qui-
nuclidine nitrogen and the chlorine atom, which propagate
along the [001] direction (Fig. 3a); and second, the C-H---x
type aromatic interaction, which runs along the [100] direc-
tion. Details of the hydrogen bonds and aromatic stacking geo-
metry can be found in Tables S4-S6 in the SI. The incorpor-
ation of a methanol molecule leads to the formation of the
methanol solvate [(H-Cn)CoCl;]-CH30H, which also has the
polar P2, structure. With the entry of methanol into the struc-
ture, the strongest intermolecular contact becomes the one
between the methanol and the neutral unit of the complex, i.e.
the methanol molecule serves as a mediator in the formation
of an infinite one-dimensional hydrogen bond in the [001]

direction (Fig. 3b). According to the analysis of the contact
surface void analysis in program Mercury,”® the compound
[(H-Cn)CoCl,] contains a free volume of 49 A® in the structure
(green coloured areas in Fig. 3a). The contact surface void of
methanol in the structure of [(H-Cn)CoCl;]-CH30H is about
96 A®, indicating that only a small change in the volume of the
unit cell is required to accommodate one methanol molecule
(see Table 1). The presence of corrosive hydrochloric acid
vapours leads to the dissociation of the neutral [(H-Cn)CoCl;]
complex compound in the solid state, whereby the coordi-
nation sphere of cobalt(n) changes due to the coordination of
an additional chlorine atom and the quinoline nitrogen is sim-
ultaneously protonated, resulting in a complex salt [H,—
Cn][CoCl,]. This structural change leads to an increase in the
symmetry of the system from monoclinic P2, to orthorhombic
P2,2,2,, whereby the polar structure is lost.>**> Closer examin-
ation of the crystal structures shows that the nitrogen atom of
the quinoline ring, which forms a coordinative bond of
2.057 A with the cobalt in [(H-Cn)CoCl;], moves away by about
2 A with respect to the cobalt atom in the [H,-Cn][CoCl,]

Fig. 3 One-dimensional hydrogen bond chains along the [001] direction in: (a) [[H-Cn)CoCls] (green areas represent the free volume); (b) [(H-Cn)

CoCl;]-CH3OH. Hydrogen contacts are shown as cyan-coloured rods.

This journal is © the Partner Organisations 2025
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complex salt (to a total distance Co---N of 4.053 A), creating a
hydrogen bond between the now protonated quinoline nitro-
gen and the chlorine coordinated to the cobalt. During the
transformation, the cobalt atoms move apart in the direction
of the c-axis and move closer in the direction of the a-axis by
about 1.4 A (see Fig. 4).

Comparing the crystal packing features of [(H-Cn)CoCl;]
and [H,-Cn][CoCl,], the C-H--n type contacts in [(H-Cn)
CoCl;] are replaced by Co-Cl---x type of contacts (the geometry
of the contacts is given in Table S5 in the SI). One-dimensional
hydrogen bonds in [(H-Cn)CoCl;] propagate along the c-axis,
while in [H,-Cn][CoCl,] stronger H-bond contacts are formed
in the ac-plane.

The acetonitrile solvate [H,~Cn][CoCl,]-CH;CN also crystal-
lizes in the orthorhombic space group P2,2,2,, confirming
that the polarity of the structure is primarily related to the loss
of the dipole moment of the anion associated with the change
in the cobalt(u) coordination sphere when the nitrogen donor
atom is replaced by chlorine. Acetonitrile as a molecule with a
large dipole moment (5.5 D in the acetonitrile crystal)** has no
influence on the restoration of the polar crystal structure.

Compared to the solvent-free structure, intermolecular con-
tacts in the acetonitrile solvate are energetically weaker, and
the solvent molecule can be easily removed from the structure
either by heating or under vacuum conditions. However,
neither acetonitrile nor methanol from the solvent vapour can
penetrate the [H,-Cn][CoCl,] structure, unlike in the mechano-
chemical reaction, where additional energy input enables such
structural changes.

Spectroscopic characterization

To gain insight into the dynamics of the crystal transformation
process in cinchonine-chloro—-cobalt(u) compounds and the
selectivity for certain small molecules, in situ FTIR measure-
ments were performed in transmission mode at reduced
pressure and controlled atmosphere. The first spectra of the

View Article Online
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compound [(H-Cn)CoCl;]-CH;OH was recorded at atmospheric
pressure. The reduced pressure (1 x 10~ mbar) caused the
elimination of the methanol molecule and the formation of
the solvent-free [(H-Cn)CoCl;] phase (see Fig. S3 in the SI).
After the addition of 25 ppm methanol to the closed system of
the vacuum FTIR cell, a conversion to the methanol phase [(H-
Cn)CoCl;]-CH;0H occurred almost immediately (Fig. 5a). This
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Fig. 5 Vacuum FTIR observation of structural transformation: (a) in the
solvent-free phase [(H-Cn)CoCls] during exposure and subsequent
removal of methanol; (b) in the solvent-free phase [H,—Cn][CoCl,]
during exposure and subsequent removal of D,O.

Fig. 4 Change in crystal packing during the transformation of (a) [(H-Cn)CoCls] complex to (b) [H,—Cn][CoCl,] complex salt obtained by the
exposure to HCl vapours. The Co-N contacts are shown as violet rods. The distances between the cobalt atoms are given in A.
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structural transformation can be recognized by two major
spectral changes: bands at 3480 and 3127 cm™', which are
associated with the v(O-H) and v(N-H) stretching vibrations of
the hydrogen atoms of the hydroxyl group and the protonated
quinuclidine nitrogen,** respectively, shift to lower wavenum-
bers as methanol reduces the freedom of movement of these
bonds. Together with the small shifts in position of the weaker
bands, the most intense band in the spectra associated with
the ring deformation of the quinoline group also shifts to
lower frequencies from 776 cm™" to 770 cm™'.** Performing
the same experiment with the addition of the deuterated sol-
vents CD;CN and D,O (2 h exposure at 100 ppm) had no effect
on the spectra of the initial solvent-free phase [(H-Cn)CoCls],
which is consistent with the PXRD measurements showing
that water enters this system only by a mechanochemical reac-
tion and acetonitrile does not enter at all.

The complex salt systems show different behaviour in the
presence of small molecules in the vapour phase. First, the
FTIR spectra were recorded at atmospheric conditions for the
methanol phase [H,-Cn][CoCl,]-CH;0H. Reducing the
pressure led to the elimination of the methanol molecule and
the formation of the solvent-free phase [H,-Cn][CoCl,] (Fig. S4
in the SI). After the addition of 100 ppm D,O to the closed
system of the vacuum FTIR cell, the conversion to the hydrate
phase [H,-Cn][CoCl,]-D,0 occurred (Fig. 5b), recognizable by a
new broad band at 2222 c¢cm™' related to the stretching
vibration of p(O-D).*® In addition, a »(O-H) stretching
vibrations associated with the hydrogen atoms of the hydroxyl
group of cinchonine centred at 3350 cm™, shifts to 3360 cm™*
and increase in intensity. The presence of water molecules in
the structure is also reflected in a change in the position and
intensity of the band related to the deformation of the quino-
line ring at 768 cm™', which is due to pronounced stacking
interactions that are quite suppressed in [H,-Cn][CoCl,].>* The
addition of water obviously weakens the stacking interactions
and the vibrations related to ring deformation increase, and
the band related to these vibrations increases in intensity and
shifts to higher frequencies at 772 cm™". Performing the same
experiment with the addition of methanol and acetonitrile (2 h
exposure at 100 ppm) had no effect on the spectra of the initial
solvent-free [H,~Cn][CoCl,], showing that these molecules can
only enter the structure through a mechanochemical reaction
and not from the vapour phase.

Static magnetic properties

The dc magnetic susceptibility at variable temperature was
measured on powdered crystalline samples of [(H-Cn)
CoCl;]-CH;0H and [H,-Cn][CoCl,] phase at a field of 1000 Oe
over the temperature range of 2-293 K (Fig. 6). The calculated
magnetic susceptibility values show a paramagnetic behaviour
as expected for mononuclear cobalt(n) complexes with S = 3/2.
At room temperature, the y\T product is 2.86 cm® K mol™" for
[(H-Cn)CoCl;]-CH;0H, and 2.64 c¢cm® K mol ™" for [H,-
Cn][CoCl,]. For both compounds, the yyT value remains
approximately constant from room temperature to 100 K
before decreasing slightly. This temperature profile is consist-
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Fig. 6 Temperature dependence of the molar magnetic susceptibility
(ym) of [(H-Cn)CoCl3z]-CH3zOH and [H,—Cn][CoCl4] (calculated for one
Co atom) measured in a field of 1000 Oe. Inset shows the temperature
dependence of the molar magnetic susceptibility and the temperature
product (ymT). The solid lines represent the corresponding fitting
curves.

ent with the Curie behaviour for non-interacting mononuclear
Co(u) centres, while the observed decrease below 100 K is most
likely due to the intrinsic magnetic anisotropy of the Co(u)
ions. For the complex salt [H,-Cn][CoCly], the yuT product
decreases with decreasing temperature below 100 K and
reaches a value of 2.07 cm® K mol™" at 2.5 K. For the [(H-Cn)
CoCl;]-CH;0H complex, the T value decreases to 2.63 cm® K
mol~" at 14 K and then increases rapidly to reach a maximum
of 2.90 cm® K mo1™" at 8 K, followed by a rapid decrease to
2.05 cm® K mol ™" at 2.5 K. This increase at low temperatures is
probably related to intermolecular ferromagnetic interactions,
which can be explained by closer inspection of the [(H-Cn)
CoCl3]-CH;OH crystal packing. Although the metal centres are
far apart (Co---Co is 9.263 A), the two molecules of the [(H-Cn)
CoCl;] complex are linked by a strong hydrogen bond propa-
gating along the [100] direction, in which the hydroxyl group
of one molecule acts as a proton donor and the chloride ion of
the adjacent molecule acts as a proton acceptor. In the
complex salt [H,~Cn][CoCl,] the Co---Co distance is shorter
(7.024 A) than in [(H-Cn)CoCl;]-CH;OH, but the contacts
between the individual [CoCl,]>~ anions are accomplished
through two hydrogen bonds, and the intermediate is a large
organic cation, which is obviously not suitable for the inter-
molecular magnetic interactions between cobalt ions.

For both compounds, the susceptibility data in the temp-
erature range of 14-290 K can be fitted in program PHI*’
assuming a simple zero-filed splitting effect, leading to values
for the g-factor and the zero-field splitting term D, g = 2.482(1)
and D = —4.52(4) ecm™" in [(H-Cn)CoCl;]-CH;OH and g =
2.397(1) and D = —9.7(1) em™" in [H,-Cn][CoCl,]. These values
are in very good agreement with previously determined g and
D values for cobalt() in similar environments.>®** A similar
magnetic behaviour with a sharp low-temperature peak was
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also observed in mononuclear cobalt(i) complexes with bis
(imino)pyridine pincer ligands, which are single-molecule
magnets according to the temperature and frequency depen-
dent ac susceptibility measurements.”* This is a clear indi-
cation that intermolecular interactions, in addition to
affecting crystal packing, can lead to magnetic coupling of very
distant metal centres mediated by hydrogen bonds.**

Chemoresistive sensing properties

Based on vacuum FTIR experiments, the compound [(H-Cn)
CoCl;] adsorbs methanol in the gas phase already at 25 ppm
level. The reasons for such a rapid response to methanol mole-
cules were explained by a detailed investigation of the structure
of the compound [(H-Cn)CoCl;], in particular the inter-
molecular interactions between the methanol and complex.
The voids present in the structure of [(H-Cn)CoCl;] are ideal
for accommodating methanol molecules without significantly
altering the volume of the unit cell itself. As vacuum FTIR
measurements also showed that water molecules do not pene-
trate the structure of [(H-Cn)CoCl;], this material proved to be
highly specific and selective for the potential application of
methanol detection. This is particularly important for metha-
nol production, fuel processing, industrial monitoring and
food packaging safety testing.** For the precise and quantitat-
ive detection of methanol gas, conventional active materials
consisting mainly of metal oxide semiconductors and operat-
ing at high temperatures (above 400 K), such as SnO,, are gen-
erally used. For the detection of methanol gas, metal-organic
materials could offer certain advantages, such as operation at
room temperature, selective detection in the sub-ppm range,
chemical and structural tunability, and simple and environ-
mentally friendly fabrication protocols.**™*®

The sensing properties of pressed [(H-Cn)CoCl;] and [H,-
Cn][CoCl,] pellets were investigated by exposing the material
to solvent vapours (methanol, acetonitrile and water) under
atmospheric conditions (298 K, 1010 hPa, ~45% RH). For this
purpose, gold electrodes were deposited on both surfaces of
the pellet and the chronoamperometric current (at 10 V) was
measured in Au/pellet/Au sandwich configuration. Fig. 7

10

106

1 1
100 150
Time (min)
Fig. 7 Change in current response upon exposure to 100 ppm metha-
nol vapours (green coloured area) and dry nitrogen (grey coloured area)
of [([H-Cn)CoCls] at 298 K and ambient pressure.
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shows that methanol vapour in the surrounding atmosphere
strongly influences the electrical properties of [(H-Cn)CoCl;].

After the addition of 100 ppm methanol, an increase in
current of four orders of magnitude was observed, which is
related to the diffusion of methanol molecules into the pellet
and the uptake of methanol leading to a structural change to
the methanol-solvent compound, the [(H-Cn)CoCl;]-CH;0H
phase. The return to the initial phase after methanol exposure
can be achieved by opening the chamber and releasing dry
nitrogen gas into the system, which is registered by a drop in
the current response in chronoamperometric measurements.
The cycles of methanol exposure, i.e. the formation of the [(H-
Cn)CoCl;]-CH;0H phase and the subsequent recovery to the
[(H-Cn)CoCl;] phase, are time-dependent. During the first
cycle of methanol exposure in Fig. 7, it can be observed that a
larger change in the current response is achieved with longer
exposure and subsequent drying. Since the measurements are
carried out on a pressed pellet with large, sputtered gold elec-
trodes, the diffusion of molecules from the vapour phase is
somewhat restricted by this geometry. In comparison, the
dynamics of methanol uptake and desorption are much faster
in thin films of this system,** which is related to the larger
surface area of the films structured specifically for these resis-
tive methanol sensing applications.

The ability of the complex salt [H,-Cn][CoCl,] to recognise
the presence of solvent molecules was also tested. When
solvent molecules are introduced into the closed chamber,
they lead to an increase in the current flowing through the
pressed pellet. The extent of the current change is different for
acetonitrile, methanol and water (Fig. 8). For acetonitrile and
methanol, a sharp drop in resistance is observed when nitro-
gen gas enters, which is accompanied by the complete removal
of the solvent molecules, restoration of the [H,-Cn][CoCl,]
phase and the complete reversibility of the behaviour. The
release of water molecules by purging with nitrogen is not as
rapid but the uptake is faster, which is consistent with other
measurements (vacuum FTIR, TG and PXRD) showing that the
water in the [H,-Cn][CoCl,]-H,O phase is more strongly bound
by intermolecular forces.

CH,0H H,O
1079 1 4 1 v 1 i 1 v 1 4 1 v 1 v 1
0 100 200 300 400 500 600 700
Time (min)

Fig. 8 Chemoresistive response of [H,—Cn][CoCl,] in the alternating
presence of 100 ppm of various solvent vapours and dry nitrogen at
298 K and ambient pressure.
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The observed effect of acetonitrile and methanol on the
current increase is certainly related to the diffusion of the
vapours of these solvents into the [H,-Cn][CoCl,] pellet, which
as polar molecules create conductive paths between the
boundaries of the crystal grains. Although the structural
changes of the [H,-Cn][CoCl,] compound in the presence of
methanol and acetonitrile were only observed during the
mechanochemical reaction (and not by exposing the com-
pound to these solvent vapours), future work will investigate
whether the applied voltage of the chronoamerometric
measurement nevertheless influences the change in the struc-
ture of the material in the presence of these solvent vapours.

Conclusion

The complex based on a natural alkaloid, the cinchoninium-
trichloro-cobalt(u) complex [(H-Cn)CoCl;], proved to be a
stimuli-responsive crystal which responds to environmental
triggers with a change in structure and physicochemical pro-
perties. Exposure of [(H-Cn)CoCl;] to methanol vapours leads
to reversible changes in the [(H-Cn)CoCl;]-CH;OH phase, with
little intervention in volume and crystal packing. Furthermore,
the compound showed such selectivity that water and aceto-
nitrile do not enter the structure from the vapour, although
water can be incorporated into the structure by a mechano-
chemically assisted reaction to form a hydrate phase [(H-Cn)
CoCl;]-H,0. Since the entry of methanol into [(H-Cn)CoCl;] is
a low energy process, chronoamperometric measurements
indicate that the material is suitable for methanol detection,
with 25 ppm capable of complete structural conversion to [(H-
Cn)CoCl;]-CH30H. Reconstructive solid-state transformations
are triggered by corrosive HCl molecules that cause a trans-
formation of the complex into the complex salt [H,-
Cn][CoCl,], which is accompanied by an increase in symmetry
but a loss of polar order, from monoclinic P2, to orthorhombic
P2,2,2,. This structural change also has an effect on the mag-
netic properties, as the intermolecular interactions change sig-
nificantly creating pathway to transmit magnetic coupling,
especially at low temperatures, and in addition, a nitrogen
atom is replaced by chlorine in the coordination sphere of the
cobalt. Overall, it has been shown that small (solvent) mole-
cules can influence changes in the structure and properties of
metal-organic crystals, which is of interest for the design strat-
egy of molecules-based materials that respond to stimuli with
variable properties.
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