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A homochiral tartrate-bridged dinuclear
chromium(in) complex anion with a resonance-
assisted hydrogen bond for proton conductionf

Marko Dunatov, 22 Zhibo Zhao,? Dijana Zili¢ 2@ and Lidija Andro$ Dubraja (2 *?

The synthesis of a homochiral building block based on L-tartrate-chromium(i) complex anions is
reported. The dinuclear complex anion, which contains two bridging L-tartrate ligands and one aromatic
N-donor ligand coordinated to chromium(in) ions, exhibits a boat conformation in which intramolecular
resonance-assisted hydrogen bonding is present. The sodium L-tartrate-chromium(in) compound with
the formula Na[Cr,(bpy),(L-tart),H]-9H,O (1) crystallizes from a methanol-water solution as a high water
content material in the monoclinic space group P2. The as-synthesized compound is only stable at high
relative humidity and undergoes structural transformations during drying, which are accompanied by
water loss. However, these transformations are reversible and upon wetting, the material returns to its
high water content structure. Based on a combination of experimental techniques (PXRD, in situ
ATR-FTIR and EPR spectroscopy), the structure of the complex anions appears to be insensitive to the
humidity variable processes (wetting and drying). Due to the presence of several hydrogen acceptor and
donor groups in the L-tartrate-chromium(in) complex anion, we investigated the proton transport pro-
perties of a sodium L-tartrate-chromium(i) compound by impedance spectroscopy under dry and wet
conditions at different temperatures. Since the relative humidity affects the structural transformations in
this system, it also has a large influence on the proton conductivity, which varies by up to four orders of
magnitude depending on the degree of hydration. These results confirm that the proton conductivity can
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Introduction

It has been experimentally and theoretically proved that struc-
tural water molecules have a major influence on the crystal
structures of certain synthetic and biological materials by
adding additional bonding interactions to the polar functional
groups that help stabilize the structure but also provide more
flexibility due to their reversible non-covalent bonding."™* For
structures with a high water content, a certain degree of flexi-
bility can be correlated with that of biological membranes and
natural tissues, providing an excellent platform for solid-state
research with regard to transportation applications.> Due to
the above-mentioned flexibility, the structures of such
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be tuned in flexible structures in which non-covalent interactions determine the crystal packing.

materials with a high water content are highly dependent on
the degree of hydration, i.e. air humidity.>” Since atmospheric
humidity is a large reservoir of energy that is continuously
available, it seems reasonable to try to exploit it to generate
electricity.® One way to utilize humidity is to develop proton
conductors in the solid state, either in purely organic and in-
organic forms or as hybrid metal-organic systems that could
be used in fuel cells for clean and efficient energy
generation.”'® For the design of highly proton-conducting
materials, specific functional groups, such as carboxylates,
phosphonates, and sulphonates, contribute to the increase of
proton conductivity and have been extensively used to syn-
thesize proton conductors."'™?

The flexibility of structures containing naturally occurring
carboxylic acids, such as r-tartaric acid, has been demon-
strated in several transition metal complexes that undergo
reversible solid-state transformation upon exposure to
moisture."*™® r-Tartaric acid serves several purposes as a
ligand in coordination chemistry: it coordinates, chelates or
bridges the metal centres, can be pH-adjusted to form
different ionic species (—4 < ionic charge < 0) and contains
sufficient functional groups to participate in non-covalent
interactions that stabilize the structure. In most of the struc-
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tures found in the Cambridge Structural Database (CSD),*° the
L-tartrate ligand bridges the transition metal centres, leading
either to extended polymeric structures, as in a series of iso-
morphous compounds {[M(NN)(i-tart-H,)]-xH,0}, (M>" = Mn,
Co, Cu, and Zn; NN = 2,2"-bipyridine, 1,10-phenanthroline;
tart-H, = dianion of r-tartaric acid; x = 5, 6),>'72° or to isolated
dinuclear complexes of the formula [{M(NN)},(i-tart-H,)] (M>*
= Pd and Pt).>”*® Complexes containing two tartrate bridging
groups of the same enantiomeric configuration are considered
to be energetically more stable than those with bridges of
opposite chirality."® For this reason, these complexes are also
very stable toward intramolecular racemization, making them
suitable building blocks for the construction of chiral
extended inorganic-organic frameworks with a polar crystal
structure. This type of structural arrangement is particularly
important for achieving nonlinear optical properties and
ferroelectricity.

In this article, we report the synthesis of a homochiral
dinuclear i-tartrate-chromium(i) complex anion, which crystal-
lizes with sodium cations and a large number of water of crystal-
lization molecules in a compound Na[Cr,(bpy),(L-tart),H]-9H,0
(1), [bpy = 2,2"-bipyridine (C;oHgNy); L-tart = completely deproto-
nated i-tartaric acid, (C40¢H,)*"]. In contrast to divalent tran-
sition metal cations,”*® chromium(m) ions form bridged
dinuclear complexes with meso-, p- and 1-tartaric acid, in which
one proton per two tetranegative tartrate ligands remains undis-
sociated (as shown in Scheme 1).>%° The structure of the meso-
tartrate-chromium(ur) complex anion with an aromatic N-donor
ligand was described by Ortega et al.>® and the structure of the
L-tartrate-chromium(m) complex anion is topologically the
same. Very short intramolecular hydrogen bonds, also known as
resonance-assisted hydrogen bonds,*'* exist in these complex
anions. Compound 1 undergoes a reversible structural trans-
formation depending on the relative humidity. The proton con-
ducting properties were investigated under dry and humid con-
ditions by electrochemical impedance spectroscopy to establish
the direct connection between the structure and activity. In
addition the magnetic properties were determined by magneti-
zation and electron paramagnetic resonance measurements.

H N N=— N N=—
—o——\—Cr/— o O\C/o o
HaC—n N\ / r\
DMF H
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Scheme 1 Solution based synthesis of compound Nal[Cr,(bpy)a(L-

tart),H]-9H,0 (1) through the reaction of [CrClz(DMF)(bpy)] and sodium
L-tartrate.

H OH o
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Experimental
Starting materials

The chromium(m) precursor [CrCl;(DMF)(bpy)] was prepared
according to a slightly modified literature procedure,** and the
other reagents were obtained from commercial sources.
Chromium(m) chloride hexahydrate, CrCl;-6H,0, (1.066 g,
4 mmol) was dissolved in DMF (6 ml) and 2,2"-bipyridine
(0.625 g, 4 mmol) was added to the hot solution, which was
stirred and refluxed at 383 K. After 10 minutes of stirring at
383 K, the reaction mixture was cooled to room temperature,
and the crystalline product [CrCl;(DMF)(bpy)] was separated
by filtration, washed with cold DMF and dry ether, and used as
such for further synthesis. ATR-FTIR bands (4000-400 cm™"):
3109 (m), 3056 (m), 2956 (m), 2856 (w), 1642 (vs), 1601 (s),
1564 (m), 1495 (m), 1469 (m), 1444 (s), 1432 (s), 1420 (s), 1406
(m), 1362 (vs), 1312 (m), 1279 (w), 1245 (m), 1225 (w), 1117 (W),
1155 (m), 1116 (m), 1102 (m), 1071 (w), 1061 (m), 1045 (w),
1033 (m), 863 (w), 813 (w), 771 (vs), 744 (w), 731 (s), 706 (vs),
664 (m), 650 (s), 453 (W), 430 (m), 417 (m).

Synthetic procedure of Na[Cr,(bpy),(i-tart),H]-9H,0 (1)

A DMF-water (1:3) solution (4 mL) containing sodium
L-tartrate dihydrate (0.345 g, 1.50 mmol) and [CrCl;(DMF)
(bpy)] (0.581 g, 1.50 mmol) was stirred and heated at 393 K to
give a red solution. After 10 min, the reaction mixture was
allowed to cool to room temperature. After about 30 min, the
product was obtained in the form of a red crystalline powder
with the formula Na[Cr,(bpy),(r-tart),H]-9H,O (1). The crystal-
line powder was separated by filtration, washed with absolute
ethanol and dried in air (yield: 75%). Single crystals of 1, suit-
able for X-ray analysis, were obtained by recrystallization of the
red powder from a methanol-water (2:1) solution. ATR-FTIR
bands (4000-400 cm™"): 3412 (m, br), 3110 (m), 3081 (m), 2856
(W), 1622 (vs), 1600 (vs), 1494 (w), 1471 (m), 1445 (s), 1353 (vs),
1310 (s), 1278 (m), 1248 (w), 1173 (w), 1158 (w), 1129 (m), 1106
(s), 1055 (m), 1033 (m), 925 (w), 897 (m), 841 (m), 826 (m), 774
(s), 743 (s), 734 (vs), 661 (s), 652 (s), 642 (s), 631 (s), 607 (m),
571 (s), 540 (m), 519 (m), 454 (s), 423 (m), 403 (W).

Infrared spectroscopy

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectra were recorded in the 4000-400 cm™" range
using a PerkinElmer Frontier FT-IR spectrometer. Humidity-
dependent ATR-FTIR measurements were recorded in situ in a
chamber with a manual device (HH414, Omega Engineering,
Inc.) for monitoring the relative humidity (RH) that was
attached to the ATR module of the spectrometer. The RH value
was adjusted in two ways: (i) in dynamic experiments by mixing
dry N, and wet air; (ii) in static experiments by exposure to satu-
rated aqueous solutions of NaBr (RH 60%) and NaCl (RH 75%)
salts, as well as normal room humidity (RH 28 and 35%).

Electrical study

The electrical properties were studied by impedance spec-
troscopy using an impedance analyser (PalmSens4) in the fre-

This journal is © The Royal Society of Chemistry 2024
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quency range from 10 Hz to 1 MHz in a sample cell whose
specific RH value was achieved by exposure to saturated
aqueous solutions of different salts (NaBr and NaCl) and at
room humidity. For measurements the polycrystalline sample
was pressed (estimated by ca. 8 GPa) 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 impedance spectra were analysed by
equivalent circuit modelling using the non-linear least-squares
fitting procedure.

Magnetic study

The temperature dependence of the magnetic susceptibility in
the range of 2-293 K in a field of 1000 Oe was measured with
an MPMS-3 magnetometer equipped with a superconducting
quantum interferometer device. Electron paramagnetic reso-
nance (EPR) measurements were performed using a Bruker
Elexsys 580 FT/CW spectrometer. The spectra were recorded in
the temperature range 78-297 K with a microwave frequency of
about 9.7 GHz, a magnetic field modulation amplitude of
0.5 mT and a modulation frequency of 100 kHz.

Crystallography

Single-crystal X-ray diffraction data were collected by w-scans
using Cu-Ka radiation (1 = 1.54179 A, a microfocus tube, and a
mirror monochromator) on a Rigaku XtaLAB Synergy diffract-
ometer at 200 and 100 K. The crystal data, experimental con-
ditions and the final refinement parameters are summarized
in Table 1 and Table S1.f Data reduction, including multiscan
absorption correction, was performed with the CrysAlisPRO

Table 1 Crystallographic data and structure refinement details of com-
pound 1

Temperature/K 200

Crystal colour, habit Red, stick
Empirical formula C,gH39Cr,N,NaO,,
M,/g mol ™ 894.62
Crystal system Monoclinic
Space group P2

alA 19.9810(5)
b/A 8.7003(2)
c/A 22.9085(5)
al® 90

Bl° 99.220(2)
y/° 90

V/A® 3930.98(16)
z' 4

Pealealg €M™ 1.512
pu/mm™ 5.430
F(000) 1848

6 range/° 3.21-77.82
Measured reflections 29 681
Independent reflections 11359
Observed reflections 10097

No. of parameters, restraints 1061, 3
Rint 0.0453

R, wR [I>20(])]

R, wR [all data)
Goodness of fit
Flack parameter
Apmaxy Apmin/e A73

This journal is © The Royal Society of Chemistry 2024

0.0753, 0.2164
0.0840, 0.2244
1.089

0.006(6)
1.138, —0.718
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software package. Molecular and crystal structures were solved
by direct methods using the program SIR2019 ** and spherical
refinement was performed using the full-matrix least-squares
method based on F* with anisotropic displacement parameters
for all non-hydrogen atoms (SHELXL-2014/7).*® Both programs
were operated under the WinGX program package.’” In the
structure at 200 K, one sodium atom and water molecules with
the labels 038-048 located near a crystallographic 2-fold
rotation axis were modelled with an occupancy of 0.5. The
positions of hydrogen atoms attached to carbon were found in
the electron density map, but due to the complex structure
with many disordered water molecules, all hydrogen atoms in
the structural model were placed in idealized positions, with a
C-H distance of 0.93 A and displacement parameters were
assigned as Ujso(H) = 1.2U,q(C). The hydrogen atom that is
shared by two r-tartrate ligands was also recognized in a differ-
ence map. Other hydrogen atoms of the water molecules (72
per unit cell) were not determined due to orientational dis-
order of some water molecules.

The data collected at 100 K show that lowering the tempera-
ture has no significant effect on the thermal motion of the
water molecules, which are located together with the sodium
atoms in layer-like voids (35% of the unit cell, 1400 A*). Due to
the difficulties in modelling the water molecules, we addition-
ally used the PLATON SQUEEZE tool.*® The refinement results
for squeezed and un-squeezed data at 100 and 200 K are
shown in Table S1.T Geometrical calculations were carried out
with PLATON®® and the figures were generated using ORTEP®’
and CCDC-Mercury.*® The powder X-ray diffraction (PXRD)
data were collected in reflection mode with Cu-Ka, radiation (4
= 1.54060 A) on a Malvern PANalytical Empyrean diffractometer
using a step size of 0.007° in the 20 range between 5° and 50°.

Results and discussion
Synthesis

The chromium(im) species used as precursor for the synthesis
of the new i-tartrate compound formed in almost stoichio-
metric yield after refluxing a DMF solution of CrCl;-6H,0 and
the N-donor ligand (bpy).>* Heating the as-synthesized precur-
sor [CrClz(DMF)(bpy)] with sodium i-tartrate in DMF-water
solution leads to the dissociation of DMF and chloride anions
from chromium(m) to give the title compound Na[Cr,(bpy),(L-
tart),H]-9H,O (1), as shown in Scheme 1. The use of DMF is
crucial for this reaction to occur, since it dissolves the chro-
mium(ur) precursor and is employed as a reagent for the depro-
tonation of sodium r-tartrate.

Crystal structure

The compound Na[Cr,(bpy),(L-tart),H]-9H,O (1) crystallizes in
the monoclinic space group P2 with four [Cr,(bpy),(L-tart),H]™
anions in the unit cell, two of which are symmetry indepen-
dent (Fig. 1). The [Cr,(bpy),(i-tart),H]™ complex anion is com-
posed of two chromium(m) ions that are bridged with two tar-
trate anions and chelated with 2,2-bipyridine molecules. The

Dalton Trans., 2024, 53, 9315-9322 | 9317
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Fig. 1 Molecular structures of two symmetrically independent dinuc-
lear [Cr,(bpy)s(L-tart),HI~ anions present in the structure of Na
[Cra(bpy)a(L-tart),H]-9H,O (1). Displacement ellipsoids are drawn at a
probability level of 50% and hydrogen atoms are shown as spheres of
arbitrary radii.

coordination sphere around chromium(m) is octahedral and
the complex anion has a boat configuration. The Cr-N and
Cr-O bond lengths are in the ranges 2.055-2.082 A and
1.905-1.989 A, which are typical of bis(bidentate) chromium
(m) complexes with N and O donor atoms.>**°™**> The dis-
tances between two Cr'" ions bridged by tartrate ligands in
complex anions are 4.928(2) and 4.978(2) A. The tartrate
anions are almost fully deprotonated: only one hydrogen
atom remains per two tartrate anions, which is located
between the two hydroxyl groups of the opposite tartrates.
The specific bis(bidentate) coordination mode of the tartrate
anions to chromium(m) atoms enables such a configuration
in which short O---O distances of 2.482(8) and 2.491(9) A (two
symmetrically independent anions) between the half-ionized
hydroxyl groups are accomplished and further stabilized by
the presence of a bridging hydrogen atom. Similar structures
with an ~O-H-O- bridge are reported in the CSD,? where the
0---0 distance varies between 2.231 and 2.773 A, with an
average value of 2.442 A.

Charge balance in compound 1 is accomplished with the
presence of hydrated sodium ions. One sodium atom is
located in a special position surrounded by two oxo-oxygen
atoms of the symmetry-related [Cr,(bpy),(i-tart),H]™ anions
(Cr1, Cr2) and four water molecules. The other two symmetry-
related [Cr,(bpy),(i-tart),H]™ anions (Cr3 and Cr4) are also con-
nected via a sodium atom, which is in orientational disorder
due to its position near the crystallographic 2-fold rotation
axis. One additional sodium atom is located close to the
[Cry(bpy),(i-tart),H]” anion (Cr3 and Cr4) stabilizing the
deprotonated tartrate ligands.

9318 | Dalton Trans., 2024, 53, 9315-9322
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Fig. 2 Crystal packing feature in compound 1: (a) stacking interactions
formed by [Cr,(bpy),(L-tart),H]™ anions in the (100) plane (chromium
ions are shown as green spheres); (b) blue areas represent the cavities in
which water molecules and sodium ions are located (octahedra around
chromium ions are shown in green).

The crystal structure is stabilized by stacking interactions
(Fig. 2a and Table S27). Each aryl group of the complex anion
is connected to the nearest aryl group of the neighbouring
complex anion, forming infinite intermolecular =-stacking
across the (100) plane. The distance between two Cr'™ ions
connected by n-stacks is 7.677 and 7.751 A. Between the layers
of n-stacked complex anions, there are a large number of water
molecules (36 per unit cell) and four sodium atoms (Fig. 2b).
Some water molecules located near special positions are
refined with half occupancy. The water molecules together
with the hydroxyl and carboxyl groups of the tartrate ligands
form a rather complex hydrogen bonding network that extends
in three dimensions (geometrical parameters of hydrogen
bonding are given in Table S37).

Crystal transformation

Compound 1 with a large number of water molecules is not
stable at room temperature when the relative humidity is low.
The TGA/DSC analysis showed that all water molecules are
already eliminated at 365 K (see Fig. S3 and Table S4 in the
ESIT). The complete decomposition of the organic part of the
molecule ends at 680 K, leaving behind the oxide residue. In
situ ATR-FTIR spectra recorded during exposure to a dry nitro-
gen atmosphere reveal that water molecules exit the crystal
structure upon drying. This is detectable as a decrease in the
intensity of v(O-H) stretching vibrations appearing as a broad
band in the range 3650-3150 cm ™" (Fig. 3a). Less pronounced
but observable changes in the spectra are associated with
vibrations originating from the tartrate ligands as they form
hydrogen bonds with the surrounding water molecules. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) In situ humidity-dependent ATR-FTIR spectra following water

loss during exposure to a dry nitrogen atmosphere; (b) PXRD patterns
following the structural transformation from the initial hydrate phase 1
to the dry phase and the recovered hydrate phase. A simulated diffracto-
gram from the single-crystal XRD data of 1 is given for comparison.

positions of the bands related to the asymmetric stretching
vibrations of the carbonyl group [v,5(C=O0)] in the initial phase
appear at 1622 and 1600 cm™', and in the dry phase, they shift
to 1634 and 1608 cm ', respectively.'®'®** The symmetric
stretching vibration of the carbonyl group [vs(C=O)] shifts
from 1353 cm™" in the initial phase to 1348 cm™" in the dry
phase. The vibrations in the bpy molecule are less sensitive to
intermolecular hydrogen bonding and remain at their original
frequencies; e.g. bands at 1471, 1445 and 734 cm™" which are
related to aromatic ring deformations.*> When the dry phase
is exposed to RH 60% (achieved by the presence of saturated
NaBr solution) the spectrum recovers to the initial one (green
line in Fig. 3a).
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The structural model obtained from the single crystal XRD
data of 1 gave a satisfactory fit for Rietveld refinement of
powder data (Fig. S2, ESIT). The crystals of 1 show a strong pre-
ferential orientation in the [100] direction, which is due to the
mild grinding conditions under which the material is prepared
for the PXRD measurement to minimize the structural trans-
formation that occurs as soon as the material is exposed to a
relative humidity of less than 60%. According to PXRD the
initial high water content structure of 1 undergoes complete
structural transformation during exposure to a dry nitrogen
atmosphere, which is associated with water release (Fig. 3b).
The transformation is reversible and the initial PXRD pattern
of the hydrated phase recovers after exposure to high relative
humidity levels (RH > 60%).

Proton-conducting studies

The proton conductivities of compound 1 were investigated at
different RH values by AC impedance spectroscopy using
pressed pellets of the powder sample with two gold electrodes
sputtered onto opposite surfaces. The dependence of conduc-
tivity (o) on RH (Fig. 4a) clearly indicates that there are two
regimes of conduction. At low humidity (below RH 30%) the
conductivity is rather small at 298 K and reaches 2.86 x 107'° §
em™'. A significant increase, by four orders of magnitude to a
value of 4.23 x 10™® S cm™, is observed under humid con-
ditions at RH 75%. This behaviour is related to the structural
transformation that occurs in this system, where two distinct
phases appear to exist based on PXRD and in situ ATR-FTIR
(Fig. 3), the fully hydrated phase at high RH levels and the dry
phase at low RH levels. Fig. 4b and ¢ show Nyquist plots for
the dry phase measured at a RH of 28% and the hydrated
phase at a RH of 75%, respectively. The corresponding Nyquist
plots can be described using an equivalent circuit consisting
of a resistor (R) and a constant phase element (CPE) connected
in parallel. Under humid conditions the complex impedance
spectrum for compound 1 can be described by two parallel
equivalent circuits (R-CPE) connected in series. The semicircle
at higher frequencies is usually considered as an intrinsic
property of the material (grain), whereas the semicircle at low

-5
a) 10 § 208K a b)a 300 ~{RH = 28% d) l RH =75%
! : = 200 298K E, =047 eV
106 b N J N -5
3 Ry 100 4 <
—~ I : - ]
'TE 107 0 L DAL B B c
15} 0 50 100 150 200 250 $ 10
22 108 ] o ) Z'(MQ) E ~N
° 1 100 'Ry = 75% 5 7 S
9 ¢ 1298k £ N
107 Ng -15 - ~
! A
10710 — T T 0 +——T— —T T — T T
20 40 60 80 0 50 100 150 200 250 3.0 3.2 3.4
RH (%) Z'(kQ) 1000/ 7 (K™

Fig. 4
arcs (solid lines); (d) In(6T) vs. T2 plot with the Arrhenius fit as a solid line.

This journal is © The Royal Society of Chemistry 2024

(a) Plot of conductivity vs. RH at 298 K; (b and c) complex impedance plane (Nyquist plot) recorded at different RH values at 298 K with fitted
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frequencies is associated with the grain boundaries as a result
of the polycrystalline form of compound 1 pressed in a pellet.
The reason for the more obvious contribution of the grain
boundaries under humid conditions could be related to the
presence of so-called ice-like and liquid-like water layers that
form on the surface and grain boundaries when RH is high
enough. The presence of molecular adsorbed water layers has
been experimentally confirmed by spectroscopic and impe-
dance methods on silicon oxide and ceramic materials,***
and recently in a metal-organic system composed of
ammonium cations and a vanadium(iv)-L-tartrate complex.® In
a metal-organic system under humid conditions (RH 75%),
the generation of so-called liquid-like layers of adsorbed water
leads to a one order of magnitude increase in proton conduc-
tivity."® In compound 1, due to the very large number of water
molecules in the structure, it is difficult to distinguish the con-
tributions of ice-like and liquid-like water layers by ATR-FTIR
spectroscopy, but impedance spectroscopy clearly indicates
their formation, which is reflected in the difference in conduc-
tivity measured at RH 60 and 75% (Fig. 4a). Similar to the
vanadium(wv)-i-tartrate compound,'® in compound 1 water
molecules also serve a dual purpose by both enhancing proton
conduction and facilitating the structural transformation from
dry to fully hydrated phases.

The thermal dependences of conductivity were investigated
under dry and wet conditions in the temperature range of
293-333 K. The activation energies (E,) were calculated based
on the Arrhenius fit for the linear part of the In(¢T) vs. T~"
plot (Fig. 4d). The calculated E, values are 0.98 and 0.47 eV at
35 and 75% RH, respectively. The difference in the activation
energies under dry and wet conditions indicates that different
types of mechanisms of conduction exist. With the elimination
of a considerable amount of water molecules in the dry phase,
the structure of hydrogen bonds is lost and the conduction
pathways are probably based on the diffusion of protonated
charge carriers via the so-called vehicle mechanism.”® In con-
trast, when the high water level is restored in hydrated form
these water molecules mediate proton transport via pathways
arranged on the network of hydrogen bonds through the
Grotthuss mechanism.*’

Magnetic study

Compound 1 contains four octahedral chromium(ui) ions in
the form of two dinuclear tartrate bridged complex anions
per asymmetric unit. Magnetization measurements as a func-
tion of temperature were performed to reveal the magnetic
properties of the chiral dinuclear i-tartrate chromium(um)
complex anion.

The magnetic susceptibility calculated in the field of 1000
Oe (see Fig. 5) indicates a paramagnetic-like behaviour.
According to the oxidation state of chromium and the ligand
field around it the magnetic susceptibility y was modelled sup-
posing that the spin S = 3/2 of Cr'™ ions has the zero-field split-
ting type of single ion anisotropy with a neglected transversal
term. Program PHI was used to fit the data.*® The value of 6.44
emu mol™" Oe™" K observed for yT at 293 K is in good agree-
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Fig. 5 Temperature dependence of molar magnetic susceptibility (ym)
of 1 (calculated per four Cr atoms) measured in the field of 1000 Oe.
The inset shows the temperature dependence of the susceptibility and
temperature product. The solid red lines represent the corresponding
fitting curves.

ment with the Curie contribution of four chromium(u) ions
with S = 3/2 (value calculated from the spin only formula 6.48
emu mol™" Oe™" K). This value decreases slowly as the temp-
erature is lowered, reaching 3.89 cm® mol™" Oe™" K at 2 K. The
values obtained for the g-factor and the zero-field splitting
term D, g = 1.844(1) and |D| = 3.39(5) em™", are in good agree-
ment with the EPR spectra and also in very good correlation
with previously determined D for chromium(m) in similar
4939 gimilar to the r-tartrate bridged vanadium
and lanthanide complexes no exchange interactions are
involved despite the short ligand metal-metal pathways
present in the tartrate-bridged structures (of about 4.2 A in the
vanadium complex, 5.8 A in the lanthanide complexes, and
4.9 Ain 1).1%5?

EPR measurements were performed to reveal fine changes
in the local environment of Cr'" ions in compound 1 under
dry and wet conditions concerning RH. The X-band EPR
spectra of the investigated samples, recorded at three selected
temperatures of 78 K, 200 K, and 297 K, are shown in Fig. 6.
The spectra obtained are characteristic of Cr'™" ions with spin S
= 3/2. It can be seen that the spectra of 1 under dry and wet
conditions are very similar, indicating that the chromium
coordination spheres are not much affected by the water
content in the structure. To obtain spin-Hamiltonian para-
meters, it is necessary to perform EPR spectroscopy in a stron-
ger magnetic field and at a higher frequency (HF-EPR).
Namely, the spectra shown in Fig. 6 are related to the allowed
central transition My = —1/2 < +1/2. To detect the other two
allowed transitions —3/2 < —1/2 and +1/2 < +3/2, HF-EPR

40,50

environments.

spectroscopy is required, as we reported previously.
However, if we use the values of the g-factor and the zero-field
splitting parameter D obtained from magnetization measure-
ments, the obtained simulated spectrum (with a Lorentzian
linewidth of 160 mT) is in approximately good agreement with
the experimental spectra, as can be seen in Fig. 6.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 The temperature dependence of normalized X-band EPR spectra
of the initial hydrated phase 1 and its dry phase. The simulated spectrum
is obtained using the values of the g-factor and the zero-field splitting
parameter D obtained from magnetization measurements.

Conclusions

In summary, we report the synthesis of a homochiral building
block based on i-tartrate-bridged chromium(m) ions of the
formula [Cr,(bpy),(i-tart),H]™, which can potentially be used
for the design of polar crystal structures of interest for appli-
cations in molecular magnetism, nonlinear optics, ferroelec-
trics and other switchable dielectrics. The anion adopts a boat
conformation in which a short distance between two deproto-
nated hydroxyl groups is stabilized by the presence of a hydro-
gen atom in a resonance-assisted type of intramolecular hydro-
gen bond. The sodium salt crystallizes in the monoclinic space
group P2 as a highly hydrated compound, as is frequently
observed in tartrate complexes. The water molecules of crystal-
lization give rise to increased proton conductivity, but also
limit the stability of the as-synthesized compound under
humid conditions. Under dry conditions, the structure of the
initial (as-synthesized) phase changes driven by water loss,
and as a result, proton transfer pathways are lost, affecting the
decrease in proton conductivity by four orders of magnitude.
The fact that the structure of the initial phase with a high
water content can be restored when exposed to humid con-
ditions at room temperature and pressure clearly demonstrates
the importance of water from the air in solid-state transform-
ations of metal-organic compounds. According to spectro-
scopic (ATR-FTIR) and magnetic (EPR) measurements, the geo-

This journal is © The Royal Society of Chemistry 2024
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metry and bonding topology of the anion are not significantly
affected by water-assisted transformations, indicating the
stability of the [Cr,(bpy),(L-tart),H]” anion under various con-
ditions. The observed electrical responsiveness of these trans-
formations to external triggers such as humidity, on the other
hand, is a valuable property that can be used to develop new
sensors and switchable devices.
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