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The ladder-like [CrCu] coordination polymers containing unique
bridging modes of [Cr(C,0,4);]3>~ and Cr,0,%~

Lidija Kanizaj, KreSimir Mol¢anov, Filip Tori¢, Damir Pajic,
Ivor Lonéari¢, Ana Santi¢ and Marijana Juri¢

Three coordination polymers having ladder-like topologies owing
to novel and unique bridging modes of [Cr(C,04)3]* or Cr,0,%"
show strong antiferromagnetic interaction between copper(ll)
ions through oxalate bridge: {A[CrCu,(bpy),(C,04)4]-H,0}, [A = K*
(1) and NH st (2); bpy = 2,2"-bipyridine] and
[(Cr,04)Cuy(C,04)(phen),], (3; phen = 1,10-phenanthroline).
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Three heterometallic one-dimensional (1D) coordination polymers {A[CrCu2(bpy)2(C204)a]-H20}, [A = K* (1) and NHa4* (2);

wew.rsc.org/ bpy = 2,2"-bipyridine] and [(Cr.07)Cu2(C.0a4)(phen)2]» (3; phen = 1,10-phenanthroline) with interesting topology have been
synthesized using a building block approach and characterized by single-crystal X-ray diffraction, IR and impedance
spectroscopy, magnetization measurements, and DFT calculations. Due to the partial decomposition of the building block
[Cr(C204)3)3, all three compounds contain oxalate-bridged [Cuz(L)2(u-C204)]?* units [L = bpy (1 and 2) and phen (3)]. In
compounds 1 and 2 these cations are mutually connected through oxalate groups from [Cr(C204)s]*", thus forming ladder-
like topologies. Unusually, three different bridging modes of the oxalate ligand are observed in these chains. In compound
3 copper(ll) ions from cationic units are bridged through oxygen atoms of Cr.07%~ anions in a novel ladder-like mode. Very
strong antiferromagnetic coupling observed in all three compounds, determined from magnetization measurements and
confirmed by DFT calculations (J = =343, =371 and —340 cm™* for 1, 2 and 3, respectively), appears between two copper(l)

ions interacting through oxalate bridge.

[M(C204)3]3~ (M = trivalent metal) have been widely used as
ligands toward (paramagnetic) metal ions in the preparation
mostly of two- (2D) and three-dimensional (3D) extended
systems of a general formula [M,"/""M,!/"(C,04)]1,2"7"~. These
anionic networks provide magnetic properties and are able to

Introduction

Coordination polymers (CPs) have been extensively studied
due to a large variety of topologies and structures leading to a
diverse platform of physical and chemical properties, which
makes them prototypes of multifunctional molecular
materials.! In this context, the oxalate-based compounds of
various transition metals have been the subject of numerous
studies; the oxalate moiety, C,04%, acts as a linker between metal
centres, with various possibilities of coordination to metal centres
yielding open structures with dimensionalities ranging from zero to
three. A property of oxalate ions that has been of specific interest is
their ability to mediate electronic effects between paramagnetic
metal ions. A facile approach for the preparation of
(hetero)polynuclear species with predetermined structures
and spin topologies, known as “complexes as ligands” or
“building-block chemistry”, involves the use of anionic
mononuclear complexes as ligands in reaction with a second
metal ion. In particular, the tris(oxalato)metalate anions

host various functional cations, paving the way to a rational
synthesis of magnetic multifunctional materials.1-3

Also, it is well known, that large metal-oxo anions, such as
Cr 072 consisting of two apex-linked distorted tetrahedral,
provide heterometallic systems.
Whereas many structural studies of simple dichromates have
been reported, the use of the dichromate anion as a bridging
ligand forming multi-dimensional networks is not explored so
deeply.?

Beside heterometallic [Cr''Cu"] oxalate-based CPs prepared
using [Cr(C,04)3]3-, we have started to design so far
unexplored hybrid polymers of copper(ll) prepared using two
building blocks of chromium, [Cr(C,04)3]3~ and Cr,0,2~. Mostly,
oxalate groups from [Cr(C,04)3]>~ act as bidentate or
monodentate?25¢ while Cr,0;% acts as a bis(monodentate)
bridging ligand towards other transition metals.”?

construction of novel

e Ruder Boskovic Institute, Bijenicka cesta 54, 10000 Zagreb, Croatia. E-mail:
Marijana.Juric@irb.hr

b-pepartment of Physics, Faculty of Science, University of Zagreb, Bijeni¢ka cesta
32, 10000 Zagreb, Croatia.

t Electronic supplementary information (ESI) available: selected bond distances

and angles for 1-3 (Table S1), molecular structures with the atom-numbering

scheme of 1 and 2 (Fig. S1), topological representation of 1-3 (Fig. S2), disorder of

dichromate moieties in 3 (Fig. S3), hydrogen bonding patterns and geometry of 1

and 2 (Fig. S4, Table S2), aromatic stacking interactions of 3 (Table S3), impedance

In this article we report preparation and characterization of
one-dimensional (1D) ladder-like heterometallic CPs: oxalate-
bridged {A[CrCu,(bpy)2(C204)4]-H.0}, [A = K* (1) and NHg* (2);
bpy =2,2"-bipyridine] obtained using [Cr(C,04)3]3~ as building
block, and oxalate- and dichromate-bridged
[(Cr07)Cuz(C,04)(phen)z], (3; phen = 1,10-phenanthroline)

plot of 2 (Fig. S5), the M(H) curves for 1-3 (Figs. S6-S8), selected magneto-
structural parameters (Table S4). CCDC 1896153-1896155. For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

prepared by utilizing initial block with the addition of Cr,072.
In addition to the single-crystal diffraction, IR and impedance
spectroscopy, and measurements on a SQUID magnetometer,
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characterization of three novel [CrCu] coordination polymers
has been accomplished by means of DFT calculations.

Results and discussion

Synthesis and crystal structure of compounds 1-3

Applying the layering technique, the blue-green rod-like
crystals of poorly water-soluble compounds 1 and 2 were
grown from the reaction of an aqueous solution of
A3[Cr(C204)3]-nH,0 (A = K* or NH4*) and methanol solution of
CuCl3-2H,0 and bpy, in the molar ratio of 1 : 1 : 1. The X-ray
diffraction measurements for isostructural compounds 1 and 2
crystallizing in a triclinic P1 space group were performed at
293(2) K (the unit cell parameters of 1 and 2 did not show
significant changes at low temperature). Structural analysis has
showed that these compounds contain oxalate-bridged
[Cu(bpy)(u-C204)Cu(bpy)]?* units mutually connected through
oxalate groups from [Cr(C,04)3]3-, forming 1D ladder-like
[Cr'"Cu"] chains along the a axis (Fig. 1a, Figs. S1 and S2t). Due
to the partial decomposition of the tris(oxalato)chromate(lll)
anion and the release of oxalate ligand from the coordination
sphere of chromium(lll) during the crystallization process of 1
and 2,19 which was consequently coordinated to copper(ll) ions
in reaction mixture, oxalate-bridged dinuclear [Cu(L)(u-
C,04)Cu(L)]?* cationic species [L = bpy (1 and 2) and phen (3)]
have been further bridged yielding ladder-like chains. This
appearance is not usually observed for the
tris(oxalato)chromate(lll) precursor, although studied
compounds are prepared under mild reaction conditions, such
as slightly acidic pH and room temperature. Also unusually,
simple counterions K* and NHs* from the precursors, which
usually favour dissolution of tris(oxalato)metalate(lll) salts,
also appear as template cations in the investigated complexes
1and 2.

The ladder-like chains are mutually connected along b axis
through K* ions as shown in Fig. 1b (the coordination sphere of
K atom includes seven O atoms, six from three oxalate groups
and one from water molecule of crystallization; Fig. 1c) in 1 or
through hydrogen bonds of oxalate groups and NH4* cations
(Fig. 1d; Table S2t), forming 2D arrangement. Further,
hydrogen-bonding pattern with water molecules in ¢ direction
in both compounds connects this layer into a 3D network (Fig.
S4t and Table S21).

Each copper(ll) atom from the asymmetric complex cation
[Cuz(bpy)2(u-C204)]%* in 1 and 2 displays elongated octahedral
coordination, involving two N atoms from bpy molecule
[1.958(3)-1.988(4) A] and two O atoms from bridging
bis(bidentate) oxalate group in the basal plane [1.9596(19)—
1.989(3) A], together with O atoms from the oxalate groups of
the [Cr(C204)3]3" anion in the apical positions (Fig. 1a; Table
S1t). The O atoms in these axial positions of the coordination
sphere of Cul are at the same time coordinated to
chromium(lll) atoms [Cul-01 = 2.760(3) and 2.7166(19) A and
Cul-010' = 2.602(4) and 2.6351(19) A for 1 and 2,
respectively; symmetry operator: (i) 1 + x, y, z; Table S1t],
creating u-1,1,2 mode of coordination of oxalate group.1112

2| J. Name., 2012, 00, 1-3
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Terminal O atoms of the oxalate groups of two,neighbering
[Cr(C204)3]3~ units make axial positions of Rk QU2 EnvidHHiam
[Cu2—07 = 2.465(4) and 2.471(2) A and Cu2—08' = 2.597(4) and
2.584(2) A; for 1 and 2, respectively; symmetry operator (i) 1 +
X, ¥, z], thus enabling generation of us3-1,2,3,4 bridging oxalate
mode.3 The observed axial Cu—O distances for both
compounds (on average 2.678 A for u-1,1,2 and 2.529 A for us-
1,2,3,4) are significantly longer than the typical Cu—O covalent
bonds (1.98 A),4 but they are considerably shorter than the
sum of the van der Waals radii (2.92 A).2* The Cul--Cu2
separations across the oxalate bridge in 1 and 2 are 5.1392(14)
and 5.1350(6) A, respectively; intramolecular Crl---Cul
distances through the oxygen atom of u-oxalate group are
4.733(5) and 4.698(3) A [directly 4.251(3) and 4.2242(6) A],
while Cr1---Cu2 is 6.936(9) and 6.9475(19) A through the part
of us-oxalate ligand [5.399(2) and 5.4098(6) A through space],
respectively. The chromium(lll) ion from [Cr(C204)3]3~ displays
an approximately octahedral coordination geometry, involving
six oxygen atoms from three bidentate oxalate groups. The
values of the Cr-O bond lengths are in relatively good
agreement with literature data.*>d Selected bond distances
and angles are given in Table S17¥.

Fig.1 (a) An 1D ladder-like chain made of [CrCu;(bpy),(C,04)4]" units along a axis in 1
and 2; (b) The 1D chains of 1 mutually connected along b axis through K* atoms; (c) The
coordination sphere of the K atom in compound 1; (d) The 1D chains of 2 mutually
connected along b axis through hydrogen bonds, shown as black dashed lines; (e) Three
different bridging modes of the oxalate group observed in 1 and 2: bis(bidentante) [u-
1,2,3,4], bidentate-monodentate [u-1,1,2], and bidentate-bis(monodentate) [us-
1,2,3,4].

Recently published oxalate-based networks have showed

proton conductivity related to the presence of ammonium
and/or crystallization water.22.5¢5¢ However, no signature of

This journal is © The Royal Society of Chemistry 20xx
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proton conduction was found in 2 (containing NH4*) which
exhibits rather insulating behavior with a very low electrical
conductivity of 1.1 x 10714 (QQ2 cm)~! over a wide temperature
range, from 20 to 120 °C (Fig. S5t)

Interestingly and not common for the heterometallic
oxalate-bridged systems, in each of these two complexes three
different bridging modes of the oxalate ligand are observed
(Fig. 1le); CSD* search found only a few heterometallic
compounds containg transition metals in which oxalate anion
adopts two different coordination modes [mostly
bis(bidentate) + bidentate-monodentate through terminal
oxygen atoms].22:6 It appears that slow diffusion and solvent
mixture used herein addresses  reproducibly the
unprecedented bridging modes forming structures with
noteworthy characteristics.

The change of N-donor aromatic ligand from bpy to phen
with the addition of K,Cr,O; in the same reaction mixture
influenced notably the reaction outcome. The obtained yellow
polyhedra of 3 contain 1D ladder-like [CrV!Cu"] chains, in which
copper(ll) ions from symmetrical oxalate-bridged [Cu(phen)(u-
C,04)Cui(phen)]?* units [symmetry operator: (/) = —x, =y, 1 — 2]
are bridged through oxygen atoms of Cr,0,2~ anions along a
axis (Fig. 2). As in compounds 1 and 2, the oxalate release of
[Cr(C204)3)3 and its delivery allows obtaining cationic species.
Compound 3 crystallizes in the P1 space group and is
disordered, so X-ray data were collected at 100(2) K (Fig.
S3t). To our knowledge, this type of bridging mode found in
compound 3 [us-tetra(monodentate)] has not yet been
reported: Cr,072 bridges four Cu?* ions from two
[Cuz(phen)a(u-C204)]12* units through four terminal oxygen
atoms in ladder-like mode (Fig. 2).

Fig. 2 The 1D ladder-like chains made of [(Cr,07)Cu,(C;04)(phen),] units along a axis in
3. The aromatic systems of the neighbouring chains are stacked by m-interactions
between phen moieties along a axis. Symmetry operator: (i) =—x, -y, 1 —z, (ii) =1 —x, —
y,1-2z

Copper(ll) ion, beside O atoms from dichromate in apical
positions [Cul-01 = 2.244(3) A and Cul-04Ai = 2.571(9) A;
symmetry operator: (iii) =1 + x, y, z], is coordinated by two N
atoms from phen molecule [1.983(4) and 2.005(4) A] and two
O atoms from bridging bis(bidentate) oxalate group [1.978(4)
and 1.982(3) A] (Table S1t). The Cul--Cul’ [symmetry
operator: (/) = —x, =y, 1 — z] distance across the bridging oxalate

This journal is © The Royal Society of Chemistry 20xx

group is 5.1315(14) A. The aromatic systemsa.of othe
neighbouring [(Cr,07)Cu,(C,04)(phen),] dHains Hred/stalekedoby
n-interactions between phen moieties along a axis (Fig. 2;
Table S31). The wuse of K3(Cy04)-H,O instead of
K3[Cr(C204)3]-3H,0 resulted in a much lower yield and purity of
compound 3, without single-crystals.

Infrared study

The IR spectra of compounds 1 and 2 show characteristic
absorption bands of the coordinated [bis(bidentate) and
bidentate-bis(monodentate) mode] and uncoordinated
[bidentate-monodentate] CO groups of oxalate ligands (Table
1). Beside absorption bands corresponding to the
bis(bidentate) bridging oxalate ligands (Table 1), those with a
maximum located at 944 and 921 cm™ in the spectra of 3
could be recognized as v(Cr—0) from dichromate.42

Other absorption bands of the significant intensity in the
spectra 1-3 correspond to different vibrations of chelating
bidentate oxalate groups and coordinated N-donor ligands.1>

Table1 Selected absorption bands (cm™) of the oxalate group in the infrared spectra
of compounds 1-3

bis(bidentate) /

bidentate-monodentate
bidentate-bis(monodentate)

Page 4 of 9

Comp. oxalate group
oxalate group
Vas(CO) vs(CO) 6(0C0) Vas(CO) vs(CO)  6(0CO)
1 1709, 1680 1385 806 1648 1356 781
2 1706, 1675 1383 809 1648 1358 797
3 - - - 1642 1348 804

Magnetization study

The temperature dependence of the magnetic susceptibility,
x(T), for compounds 1-3 (Fig. 3) was measured on
polycrystalline powder samples in the temperature range 2—
290 K in magnetic field of 1000 Oe, as well as the
magnetization as a function of applied field, M(H), for several
temperatures in the range 2—-20 K (Figs. S6—S8t). No magnetic
irreversibilities were observed, neither in form of the magnetic
hysteresis even at the lowest temperatures (2 and 5 K), nor in
form of the splitting between the zero-field cooled (ZFC) and
field-cooled (FC) magnetization curves. The M(H) curves for 1
and 2 measured at 2 K approach the saturation in high fields
(50000 Oe) attaining the molar magnetization of 16000 emu
Oe mol™ (2.86 Npg) and 17550 emu Oe mol! (3.14 Nps),
respectively (Figs. S6 and S7t). These values correspond to the
expected saturated moment of Cr3* with spin S = 3/2.
Therefore, these M(H) measurements suggest that copper(ll)
ions from [Cu(bpy)(u-C204)Cu(bpy)]?* cations, mediated via
oxalate bridge, in 1 and 2 are coupled antiferromagnetically
with very strong interaction. The M(H) curves are linear up to
fields considerably above 1000 Oe, so 1000 Oe was used for
M(T) measurements ensuring linear response.

The xT(T) dependences for 1 and 2 have similar behaviour,
being not a straight line at high temperatures. Values of the xT
at RT is lower than expected for the spin only values for non-
interacting two spins 1/2 (Cu?*) and one spin 3/2 (Cr3+). Cooling
down xT(T) is decreasing and reaches plateau below 50 K

J. Name., 2013, 00, 1-3 | 3
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which corresponds to the value expected for Cr3* ion. All this
points out strong antiferromagnetic interaction between CuZ*
ions bridged by oxalate group, besides the independent
paramagnetic Cr3* ions.

In order to extract the magnetic interaction within dimer,
magnetic behaviour of 1 and 2 is reproduced by a simple 0-D
spin Hamiltonian:

H= —JS,-S;+D (53, - 2= 4 53 guupi -5, (1),
where S; and S, are spins of Cu?* and S3 of Cr3*, and other
symbols have their usual meaning. The best fitting was
obtained for parameters: gcy, = 2.07, gcr = 2.01, J = -343 cm™,
|Der|=0.15 cm™ for 1 and gcy = 2.24, gcr = 2.04, J = -371 cm™,
| Dcr|= 0.05 cm™® for 2. The J parameters for these compounds
obtained with DFT calculations are —382 and —-377 cm7},
respectively, supporting the validity of susceptibility modelling.
Obtained g-factors are within the absolute accuracy of the
instrument in very good agreement with usual values for such
ions, as well as D parameters.

24 n
224

2.0 H

N4

1.8 4

AN

0.8 5

2T (emu K mol")

0.6 5

0.4 3

0.2 4

. . ———
0 50 100 150 200 250 300
T(K)

Fig. 3 Temperature dependence of the product xT for compounds 1-3. The red
solid lines are model curves. Note the large break on xT axis.

Bending of the xT(7) curve for compound 3 at
temperatures above 100 K is similar to the behaviour in 1 and
2, suggesting as well very strong antiferromagnetic interaction
between copper(ll) centres. In dichromate Cré* ion is in
diamagnetic state, and with cooling down xT7(T) should
gradually reach value of zero. Here the measurements do not
show such ideal behaviour, therefore we could not apply
fitting of simple model as for 1 and 2. Therefore, the xT(T)
curve was simulated using J = =340 cm™! obtained from the
DFT calculations, g = 2.14, and paramagnetic susceptibility
contribution of 0.4 emu K mol=. Curve matches the measured
data in high temperature region confirming thus the strong
antiferromagnetic interaction between Cu2?* ions which
determines dominantly the curvature of yT(T). Since the added
paramagnetic contribution in 3 is much smaller than
contribution of Cr3* in 1 and 2, as confirmed also with M(H)

4| J. Name., 2012, 00, 1-3
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measurements, its origin is ascribed to possible, magpetic
impurities (Fig. 91). DOI: 10.1039/C9DT01195A

DFT calculations with doubled cell for all three compounds
show that second neighbour magnetic interactions between
Cu?* ions are negligible, as well as with Cr3* ions, justifying thus
the performed magnetic modelling.

Several structural parameters in oxalate-bridged binuclear
copper(ll) complexes, such as the Cu---Cu separation across the
bridging oxalate, the dihedral angle between the mean oxalate
and equatorial planes, or the distance of the copper atom from
basal plane, influence the strength of antiferromagnetic
interaction.’® The values of these parameters for compounds
1-3 are approximate to those of similar oxalate-bridged
copper(ll) moieties containing same N-ancillary ligands and an
entirely planar [Cu(L)(u-C204)Cu(L)] array (Table S3t).17 The
obtained values of J indicate a maximized antiferromagnetic
interaction as a consequence of the 4 + 2 coordination of
oxalate-bridged copper(ll) centres.

Conclusions

In summary, three 1D heterometallic coordination polymers
(CPs) are obtained by diffusion, in which [{Cu(L)}>(n-C204)]2*
cations are bridged by [Cr(C204)3]3~ (1 and 2) or Cr,072~ (3). In
these two types of compounds, [Cr(C204)3]3~ and Cr 0%
bridges four copper(ll) centers, thus forming novel ladder-like

topologies.
These compounds show unique structures due to:
(/) the partial decomposition of the

tris(oxalato)chromate(lll) anion during the crystallization
process of 1-3;

(if) so far unknown way of coordination of the [Cr(C;04)3]3~
building block in 1 and 2 — two different bridging modes of the
oxalate ligand between Cr3* and Cu?* are observed:18 u-1,1,2
[bidentate-monodentate  through  non-terminal  oxygen
atom]1%12 and us-1,2,3,4 [bidentate-bis(monodentate)];13

(iii) altogether three different observed bridging modes of
the oxalate ligand in 1 and 2;

(iv) the extraordinary and novel bridging ladder-like -
tetra(monodentate) mode of Cr,072 in 3;419

(v) for the first time C,04% and Cr,0,% act as bridging
ligands in the same compound (3).

Magnetic measurements and DFT calculations have shown
very strong antiferromagnetic interaction, which couples
copper spins into singlet. It has also been demonstrated that
the peculiar bridging modes of used building blocks do not
create observable magnetic interactions along ladders nor
between them.

Experimental

Materials and physical measurements

All chemicals were purchased from commercial sources and
used without further purification. The precursor salt
K3[Cr(C,04)3]-3H,0 was prepared according to the method
described in the literature.2° The preparation method used for

This journal is © The Royal Society of Chemistry 20xx
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the synthesis of (NH4)3[Cr(C204)3]-:3H20 has been derived from
those of the potassium salt by replacing the potassium
reactants by the ammonium homologues. Elemental analyses
for C, H and N were performed with a Perkin—Elmer Model
2400 microanalytical analyzer. Infrared spectra were recorded
with KBr pellets using a Bruker Alpha-T spectrometer in the
4000-350 cm™ range.

Synthetic procedures

Synthesis of {K[CrCu;(bpy)2(C204)s]-H2.0}, (1). An aqueous
solution (3 mL) of K3[Cr(C204)3]:3H,0 (0.049 g; 0.1 mmol) was
layered with a mixture of methanol solutions (8 mL) of
CuCly-2H,0 (0.017 g; 0.1 mmol) and 2,2’-bipyridine (0.016 g;
0.1 mmol) in a test tube. The blue-green rod-like single crystals
of 1 were formed after 7 days, washed with a small amount of
water and dried in air. The yield was 58%. Anal. Calcd for
CzsH13CrCu;KN4017 (1; Mr = 900.64): C, 37.34; H, 2.01; N, 6.22:
Found: C, 37.36; H, 2.04; N, 6.25%. IR data (KBr, cm™): 3452
(s), 1709 (vs), 1680 (vs), 1648 (vs), 1615 (sh), 1499 (w), 1477
(w), 1450 (m), 1385 (m), 1356 (w), 1315 (w), 1254 (w), 1160
(w), 1109 (w), 1059 (w), 1036 (w), 1023 (w), 979 (w), 891 (w),
806 (m), 781 (m), 768 (w), 730 (w), 666 (w), 650 (w), 545 (m),
495 (w), 480 (w), 416 (m).

Synthesis of {(NH4)[CrCu;(bpy)2(C204)4]-H20}, (2). An aqueous
solution (3 mL) of (NH4)3[Cr(C204)3]-:3H,0 (0.043 g; 0.1 mmol)
was layered with a mixture of methanol solutions (8 mL) of
CuCl;-2H,0 (0.018 g; 0.1 mmol) and 2,2’-bipyridine (0.016 g;
0.1 mmol) in a test tube. The blue-green rod-like single crystals
of 2 formed after 7 days, washed with a small amount of water
and dried in air. The vyield was 52%. Anal. Calcd for
Ca8H2,CrCu;Ns017 (2; Mr = 879.58): C, 38.23; H, 2.52; N, 7.96:
Found: C, 38.26; H, 2.54; N, 7.98%. IR data (KBr, cm™): 3437
(s), 1706 (vs), 1675 (vs), 1648 (sh), 1617 (s), 1574 (w), 1501
(w), 1478 (w), 1450 (m), 1383 (m), 1358 (w), 1318 (w), 1252
(w), 1161 (w), 1107 (w), 1060 (w), 1036 (w), 1023 (w), 977 (w),
893 (w), 809 (m), 797 (sh), 768 (w), 731 (w), 667 (w), 650 (w),
548 (m), 495 (w), 468 (w), 419 (m).

Synthesis of [(Cr,07)Cuz(C204)(phen):]n (3). An aqueous
solution (4 mL) containing Ks3[Cr(C,04)3]-3H.0 (0.026 g; 0.05
mmol) and K;Cr,07 (0.016 g; 0.05 mmol) was layered with a
methanol solution (8 mL) of CuCl;-2H,0 (0.018 g; 0.1 mmol)
and 1,10-phenanthroline (0.021 g; 0.1 mmol) in a test tube.
Yellow prismatic single crystals of 3 formed after few days,
were washed with a small amount of water and dried in air.
The yield was 21 %. Anal. Calcd for C13HsCrCuN;Os5s (3; Mr =
395.75): C, 39.45; H, 2.04; N, 7.08: Found: C, 39.47; H, 2.10; N,
7.05%. IR data (KBr, cm—1): 3440 (w), 1642 (vs), 1518 (w), 1492
(w), 1427 (m), 1385 (m), 1348 (m), 1308 (w), 1222 (w), 1151
(w), 1111 (w), 1050 (w), 1032 (w), 944 (s), 921 (s), 878 (w), 845
(w), 804 (m), 770 (w), 720 (m), 477 (w), 433 (w).

Single-crystal X-ray structural study

X-ray data for single crystals of compounds 1-3 were collected
by w-scans on an Oxford Diffraction Xcalibur Nova R
diffractometer with mirror-monochromated Cu-Ka radiation (A
= 1.54179 A, microfocus tube, CCD detector), for 1 and 2 at
293(2) K, while that of 3 at 108(2) K. The crystal data and

This journal is © The Royal Society of Chemistry 20xx

details of data collections and refinements for the,structures
reported are summarized in Table 2. Dat@@edUERiSA; TREIHIAL
the multi-scan absorption correction, was performed by the
CrysAlisPRO software package.?! The solution, refinement and
analysis of the structures were performed using the programs
integrated in the WinGX system.22 The structures were solved
by direct methods (SIR92)23 and refined by the full-matrix
least-squares method based on F? against all reflections
(SHELXL-2017/1).2*¢ All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms attached to the carbon
atoms of aromatic ligands were treated as riding entities in
idealized positions, with the C-H distances of 0.93 A and
displacement parameters assigned Uiso(H) = 1.2Ucq(C). The
geometry of the water molecules as well as of the ammonium
cation was constrained to d(O/N—-H) = 0.95(2) A and d(H---H) =
1.50(4) A. Displacement parameters of all water hydrogen
atoms were assigned as Uiso(H) = 1.5Ueq(O). Dichromate
moieties in 3 are disordered with two positions of non-
coordinated oxygen atoms (Fig. S3t). These could not be
properly resolved at room temperature, so the data were
collected at 108(2) K. Geometrical calculations were carried
out with PLATON?5 and the figures were made by the use of
the CCDC-Mercury,2® ORTEP-3,22 VESTA?2” and ToposPro2®
programs.

Electrical characterization

Electrical conductivity of compound 2 in the form of a pressed
pellet was measured by impedance spectroscopy (Novocontrol
Alpha-N dielectric analyzer) in the frequency range 0.01 Hz-1
MHz from 20 °C to 120 °C. For the electrical contacts, gold
electrodes (3.8 mm in diameter) were sputtered on the
opposite surfaces of the pellet. The impedance spectra were
analysed by equivalent circuit modelling using the complex
nonlinear least-squares fitting procedure (ZView software).
The experimental complex impedance at 20 °C of compound 2
exhibits an arc at high values of impedance indicating low
electrical conductivity, Fig. S5T. Such impedance data can be
well approximated by the equivalent electrical circuit
consisting of a parallel combination of resistor and capacitor.
The parameters of the equivalent circuit, i.e. electrical
resistance (R) and capacitance (C), obtained by the complex
non-linear least squares fitting are shown in Fig. S5t. From the
values of electrical resistance (R) and electrode dimensions (A
is the electrode area and d is the sample thickness) DC
conductivity is calculated according to relation: opc = d/(A-R).
The value of electrical conductivity of compound 2 at 20 °C is
1.1 x 10724 (QQ cm)~1. With increasing temperature up to 120 °C
the impedance spectra remains nearly the same revealing that
conductivity of 2 is very weakly temperature dependent. This
further suggests the absence of proton transfer in the
conduction process in compound 2.

Magnetization study

The magnetization M of a polycrystalline samples was
measured with an MPMS 5 commercial superconducting
quantum interferometer device (SQUID) magnetometer. The
measured magnetic moments of the samples were corrected

J. Name., 2013, 00, 1-3 | 5

Page 6 of 9


https://doi.org/10.1039/c9dt01195a

Page 7 of 9

Published on 29 April 2019. Downloaded by UNIV OF LOUISIANA AT LAFAYETTE on 4/29/2019 10:27:11 PM.

by taking into account the sample holder, temperature-
independent contributions of the core electrons in accordance
with the well-known Pascal constants and temperature
independent paramagnetic contribution of copper(ll).
Calculations of numerical fits and simulations were performed
using own developed program in Python.

DFT calculations

The plane-wave DFT code Quantum ESPRESS014,2930 with
GBRV pseudopotentials3? was used to study magnetic
properties of the compounds 1-3. The energy cut-off for the
plane wave basis set is set to 680 eV. Relaxation of ionic
positions starting from experimental structures was performed
until forces on all atoms were smaller than 0.01 eV A-! and
change in energy of two consecutive steps was smaller than
0.5 meV. The Brillouin zone is sampled with a Monkhorst-Pack
mesh with density of k-points of at least 2 A. We use PBE32
exchange correlation functional with +U approach33 to better
describe localized d-electrons. Parameter U = 10.15 eV is
calculated from linear response scheme (see Ref. 33) for
compound 3, and used as such also for 1 and 2. Magnetic
interaction parameters J are calculated from differences of
total energies of ferromagnetic and antiferromagnetic
configurations.
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{KICrCua(bpy)>(C204)a]'Hz0}, (1),  {(NH4)[CrCuy(bpy)2(C;04)a]'H,0},  (2)  and

Compound 1

empirical formula Ca8H18CrCu2KN4017
crystal colour, habit Blue-green, rod
fw (g mol™) 900.64

crystal dimensions (mm)

0.30x0.07 x0.03

T(K) 293(2)

Space group P1

a(A) 7.802(5)

b (A) 9.601(5)

c(A) 21.566(5)

o (deg) 80.760(5)

8 (deg) 88.103(5)

y (deg) 82.201(5)

Vv (A3) 1579.6(14)

4 2

Deate. (g cm=3) 1.894

U (mm?) 6.334

F(000) 902

O range (deg) 4.15-82.31

Diffractometer type Xcalibur Nova R

h, k, I range -6<h<9;
-11<h<12;
-26<h<26

no. of measured reflections 14627

no. of independent reflections 6459

No. of observed reflections 5424

Rint 0.0612
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2 3
C28H22CrCuzNs017 C13HsCrCuN20s 5
Blue-green, rod Yellow, prism
879.58 395.75

0.40 x 0.05 x 0.04 0.12 x0.04 x 0.02
293(2) 108(2)

P1 P1

7.8102(2) 7.2322(6)
9.8600(4) 9.7882(8)
21.4368(9) 10.0034(6)
80.494(3) 91.630(6)
88.882(3) 109.709(7)
81.638(3) 95.890(7)
1610.82(10) 661.63(9)

2 2

1.813 1.986

5.066 9.057

886 394
4.18-76.00 4.552-76.090
Xcalibur Nova R Xcalibur Nova R
-A4<h<9; -9<h<6;
-12<h<12; -12<h<12;
-26<h<26 -9<h<12
13929 4683

6574 2593

6120 2144

0.0305 0.0597
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ARTICLE Journal Name

R, wR [I>20(/)] 0.0616, 0.1621 0.0430, 0.1245 0.0619, 0.1638 View Article Online
R, wR [all data] 0.0755, 0.1741 0.0454, 0.1205 0.0721,0.1772  DOJ: 10.1039/CODTO1195A
goodness-of-fit 1.043 1.079 1.059
absorption correction multi-scan multi-scan multi-scan
no. of parameters, restraints 481,0 502,13 217,14
H atom treatment mixed mixed constrained
APmax, Bpmin (€ A‘3) 0.691,-0.916 0.664, —0.578 1.225,-1.079
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