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Abstract

Solvatomorphism has been found between two series of complexes of the composition
[M(bpy)s]o.[NbO(C,0.)s]Cl-nH,0 [M = Fe** (1, 2), Co®* (3, 4), Ni** (5, 6), Cu®* (7) and Zn**
(8, 9); bpy = 2,2"-bipyridine)], crystallizing in the monoclinic space group P2;/c [3,5, 8 (n =
11)] or in the orthorhombic space group P2:2:2; [2, 4, 6, 7 (n = 12)]. All the structures
contain two symmetry independent [M(bpy)s]** cations, one [NbO(C,0.)s]*~ anion, one CI
anion, and crystal water molecules. The cations possess a trigonally distorted octahedral
geometry, with an additional tetragonal distortion in 7. Analysis of crystal packing reveals a
specific type of supramolecular contact comprising four bipyridine ligands from two
neighbouring [M(bpy)s]** cations — quadruple aryl embrace (QAE) contact. The contact is
realized by the alignment of two molecular two-fold rotation axes, preserving the parallel
orientation of the molecular three-fold rotation axes. The resulting two-dimensional
honeycomb lattices of [M(bpy)s]** cations are placed between the hydrogen bonding layers
made of [NbO(C,0.)s]*~ and CI~ anions and the majority of crystal water molecules. The
temperature-dependent magnetic susceptibility measurements (1.8-300 K) show a significant
orbital angular momentum contribution for 3 and 4 (high-spin Co?*), the influence of zero-
field splitting for 5 and 6 (Ni**) and a substantially paramagnetic Curie behaviour for the Cu®*

compound (7).



Introduction

Modern ideas in the design of new molecular solids with desirable physical properties, like
those used in crystal engineering,! are based on the analysis of controlled supramolecular
aggregation of molecular entities.> Supramolecular aggregates can be well recognized and
geometrically characterized using structural data from the X-ray crystallographic methods.
Structural data often contain information that is crucial for the understanding of magnetic and
other properties of materials. In molecular solids with localized paramagnetic centres,
supramolecular aggregates often serve as pathways for the magnetic exchange interactions.
Therefore, in research of magnetic materials, it would be useful to classify supramolecular
aggregates of paramagnetic centres, according to their suitability for mediation of magnetic
exchange interactions.

For a complete understanding of magnetic behaviour of materials, apart from the crystal
packing (i.e. supramolecular aggregation), it is essential to know the coordination geometry of
individual paramagnetic centres. As already documented, deviations from the Curie law of
magnetic susceptibilities of transition metal complexes could be the consequence of a
combined effect of the ligand-field distortion and spin-orbit interaction.>” These effects are
more important for the ions possessing the first-order orbital angular momentum in their
ground states, such as the high-spin Fe? or Co?*" ions in the octahedral environment.?
Additionally, distortions of octahedral ligand field will pronounce the anisotropy of magnetic
susceptibility.3°

In the rational synthesis of novel magnetic materials the oxalate anion has appeared as a
useful bridging ligand — in constructing a diversity of homo- and heterometallic compounds
with attractive new architectures and interesting magnetic properties.® As a continuation of
our research work on transition metal polynuclear compounds, recently we have synthesized a
number of oxalate-bridged transition metal species that exert ferromagnetic exchange
interactions within the homodinuclear (Cu"'Cu") as well as heterotrinuclear (Cu'"Cr"'cu')
units,***2 by using the anionic tris(oxalate) ligands like [Cr(C204)s]>~ and [NbO(C,0.)s]* and
various transition metal cations as building blocks.

In this work supramolecular contacts of the [M(bpy)s]** entities (M = Fe?*, Co®*, Ni**,
Cu?* and Zn?") in the solid state of the novel [M(bpy)s]o[NbO(C,04)3s]Cl-nH,0O (bpy = 2,2"-
bipyridine; n = 11, 12) compounds, obtained in the course of the above mentioned
investigations, have been described. In general, the best known contact within the crystalline

materials involving [M(bpy)s]® units (z = 0, +1, +2) is the so-called six-fold aryl embrace



(SAE) realized along the three-fold axes of the molecules.™ In the present work, the four-fold
(quadruple) aryl embrace (QAE), not analysed for the [M(bpy)s] units in the literature so far,
turned out to be predominant. The magnetic behaviour of the title compounds has been
studied in view of the suitability of the QAE contacts for the mediation of magnetic exchange
interactions. Geometrical distortions of the ligand fields for the individual magnetic centres
have also been presented and correlated with the corresponding magnetic measurements.

Experimental

Materials

M3[NbO(C,04)3]nH,0 (M = NH;, n =1; M = Na’, n =4, M = Rb, n = 2) and
[M(bpy)s]ClnH,0 (M = Co*, Ni** or Cu?*, n = 6; M = Fe**, Zn*, n = 7; bpy = 2,2
bipyridine) were prepared according to the literature methods.***® All other reagents used in
the syntheses were purchased from commercial sources and applied without further
purification. Elemental analyses for C, H and N were carried out using a Perkin EImer Model
2400 microanalytical analyser. Chlorine was determined by titration with standard 0.04 M
AgNOQO3 solution after decomposition of compounds with KOH and H,0..

Preparations

[Fe(bpy)s]2[NbO(C,04)3]CI-nH,0 [n =11 (1); n = 12 (2)]. To an aqueous solution (10
mL) of (NH4)3[NbO(C,04)3]-H20 (0.121 g, 0.272 mmol) an aqueous solution (15 mL) of
[Fe(bpy)s]Cl2-7H,O (0.393 g, 0.545 mmol) was added dropwise. The resulting solution
remained clear but in a period of 2-3 days a small amount of red precipitate was formed and
removed by filtration. Soon after the dark-red needle-like crystals of 1 started to crystallize.
The process of crystallization was over in a period of one week, when the mother-liquid was
decanted, the crystals were quickly washed by a small amount of water and shortly dried in
air. The yield was 0.292g, 64.8%. Found: C, 47.57; H, 4.03; N, 9.98; CI, 2.20; Calc. for
CesH7oN12024CINDFe,: C, 47.89; H, 4.26; N, 10.15; Cl, 2.14%. IR v /cm™: 3430(m, br),
1713(vs), 1686(vs), 1601(w), 1491(w), 1466(m), 1437(m), 1424(m), 1397(s), 1311(w),
1266(w), 1241(w), 1155(w), 1120(w), 1104(w), 1066(w), 1008(w), 929(w), 900(m), 803(w),
778(vs) 734(m), 657(w), 538(w), 416(w), 420(w).

When the crystals of 1 were left in solution the recrystallization of 1 into polyhedral
crystals of 2 took place. The recrystallization process was completed in ~ one month. Then

the mother-liquid was decanted, the crystals were quickly washed with water and shortly air-



dried before analysis. The yield was 0.254 g, 55.8%. Found: C, 47.57; H, 4.20; N, 9.81; Cl,
2.16. Calc. for CgsH72N12025CINDFe,: C, 47.37; H, 4.34; N, 10.04; Cl, 2.12%. IR v /cm™:
3430(m, br), 1711(vs), 1684(vs), 1601(m), 1490(w), 1466(m), 1441(m), 1425(m), 1393(s),
1312(w), 1264(w), 1242(w), 1160(w), 1122(w), 1106(w), 1066(w), 1008(w), 930(w), 901(m),
801(w), 777(vs), 734(m), 658(w), 537(w), 416(w), 421(w).

[Co(bpy)s]o.[NbO(C,0,)3]CI-nH,0O [n = 11 (3); n = 12 (4)]. The aqueous solutions of
Nas[NbO(C,04)3]-4H,0 (25 mL, 0.202 g, 0.393 mmol) and [Co(bpy)s]Cl,-6H,O (20 mL,
0.555 g, 0.785 mmol) were mixed as for 1. The resulting solution soon became cloudy and a
yellow precipitate formed together with the yellow-orange single crystals of the composition
[Co(C204)(bpy)2]-5H,0." These were separated by filtration and the solution was left to
evaporate at ambient conditions. In a two-week period the orange-red single crystals of 3
formed. After two days the crystals of 3, gathered after the mother-liquid was decanted, were
washed and air-dried as for 1. The yield was 0.193 g, 29.6%. Found: C, 48.02; H, 4.42; N,
10.00; Cl, 2.25. Calc. for CesH7oN12024CINDCo,: C, 47.71; H, 4.25; N, 10.12; CI, 2.13%. IR
v lem™: 3417(m, br), 1713(vs), 1688(vs), 1596(s), 1491(w), 1472(m), 1442(s), 1393(s),
1313(m), 1262(w), 1248(w), 1178(w), 1161(m), 1127(w), 1103(w), 1063(w), 1018(m),
929(w), 908(m), 802(w), 777(vs), 737(m), 651(w), 631(w), 540(w), 417 (w).

The crystals of 3 recrystallize into brown polyhedral single crystals of 4 in a period of 3
weeks, if left in mother-liquid. The yield was 0.165 g, 25.0%. Found: C, 47.01; H, 4.56; N,
9.95; ClI, 2.09. Calc. for CssH72N12025CINDbCo,: C, 47.20; H, 4.32; N, 10.01; ClI, 2.11%. IR
v lem™: 3407(m, br), 1713(vs), 1687(vs), 1597(s), 1492(w), 1473(m), 1442(s), 1394(s),
1314(m), 1263(w), 1249(w), 1177(w), 1161(m), 1127(w), 1103(w), 1064(w), 1018(m),
930(w), 909(m), 802(w), 778(vs), 734(m), 652(w), 632(w), 539(w), 417(w).

[Ni(bpy)s]2[NbO(C,04)3]CIl-nH,0 [n = 11 (5); n = 12 (6)]. After mixing the aqueous
solutions of Rb3[Nb(C,04)3]-2H,0 (8 mL; 0.101 g, 0.152 mmol) and [Ni(bpy)s]Cl,-6H,0 (7
mL; 0.214 g, 0.303 mmol) thin pink-coloured needle-like monoclinic crystals of 5 started to
form in 30 minutes. The crystallization was over in 3—4 days. The crystals were separated by
filtration, washed with water and air-dried as for 1. The yield was 0.197 g, 78.2%. Found: C,
47.81; H, 4.21; N, 9.89; CI, 2.17. Calc. for CgH7oN12024CINDbNi,: C, 47.72; H, 4.25; N,
10.12; Cl, 2.13%. IR v /cm™: 3422(m, br), 1718(vs), 1686(vs), 1598(s), 1492(w), 1474(m),
1443(s), 1395(s), 1314(m), 1263(w), 1249(w), 1179(w), 1162(m), 1104(w), 1065(w), 1020(s),
938(w), 908(m), 804(w), 778(vs), 738(m), 653(w), 633(w), 545(w), 419(w).



The crystals of 5, like those of 1 or 3, are also metastable in mother-liquid and
recrystallize into dark-pink polyhedral single crystals of 6. This process is completed in a few
weeks. The crystals were separated, washed and dried as for 1 or 2. The yield was 0.182 g,
71.6%. Found: C, 46.95; H, 4.35; N, 9.82; ClI, 2.08. Calc. for CssH72N1,025CINbNI;: C, 47.21;
H, 4.32; N, 10.01; Cl, 2.11%. IR v /em™*: 3403(m, br), 1713(vs), 1686(vs), 1598(s), 1493(w),
1474(m), 1443(s), 1394(s), 1313(m), 1266(w), 1247(w), 1176(w), 1160(m), 1104(w),
1064(w), 1020(s), 931(w), 909(m), 802(w), 778(vs), 738(m), 653(w), 633(w), 541(w),
418(w).

[Cu(bpy)s]2[NbO(C,04);]CI-12H,0 . The aqueous solutions of
Nas[NbO(C,04)3]-4H,0 (10 mL; 0.111 g, 0.216 mmol) and [Cu(bpy)s]Cl,-6H,O (10 mL;
0.307 g, 0.432 mmol) were mixed as for 1. From the clear solution, in a three-days period
light-blue polyhedral single crystals of the composition [{Cu(bpy)2}2(1-C204)][Cu(bpy)2(p-
C,04)NDO(C,04)-],-0.5bpy-7H,O were obtained.™ In the next two days the dark-blue plate-
like single crystals of 7 started to form. The two kinds of single crystals, coexisting in the
solution, were separated mechanically. The crystals of 7 were washed and dried as for 1 or 2.
They were stable in the mother-liquid similar to the crystals of 2, 4 and 6. The yield was
0.130 g, 35.6%. Found: C, 47.22; H, 4.32; N, 9.89; Cl, 2.28. Calc. for CgsH72N120,5CINbCus:
C, 46.94; H, 4.30; N, 9.95; Cl, 2.10%. IR v /cm*: 3420(m, br), 1725(w), 1711(vs), 1686(vs),
1595(s), 1491(w), 1473(m), 1441(s), 1392(s), 1313(m), 1262(w), 1248(m), 1177(w),
1160(m), 1102(w), 1060(w), 1017(m), 930(w), 909(m), 801(w), 777(vs), 736(m), 652(w),
629(w), 540(w), 417(w).

[Zn(bpy)s3]o.[NbO(C,0,)3]CI-nH,O [n = 11 (8); n = 12 (9)]. After mixing the aqueous
solutions of Nas[Nb(C,04)3]-4H,O (15 mL; 0.109 g, 0.212 mmol) and [Zn(bpy)3]Cl,-7H,0
(15 mL; 0.310 g, 0.424 mmol) the reaction mixture became cloudy. The solution was left for
24 h when a small amount of white precipitate was removed by filtration. Reddish needle-like
single crystals of 8 formed in two weeks. They were separated from solution, washed and
dried as for 1. The yield was 0.083 g, 23.4%. Found: C, 47.65; H, 4.16; N, 9.85; ClI, 2.19.
Calc. for CegH7oN12024CINDZN,: C, 47.34; H, 4.21; N, 10.04; Cl, 2.12%. IR v /cm™: 3414(m,
br), 1711(vs), 1689(vs), 1595(s), 1491(w), 1474(m), 1441(s), 1388(s), 1314(m), 1262(w),
1249(w), 1178(w), 1160(m), 1104(w), 1063(w), 1017(s), 929(w), 909(m), 800(w), 778(vs),
737(m), 651(w), 630(w), 537(w), 417(w).



The crystals of 8, similar to those of 1, 3 and 5, if left in mother-liquid recrystallized into
pink, polyhedral single crystals of 9. The yield was 0.075 g, 20.8%. Found: C, 47.00; H, 4.26;
N, 10.12; ClI, 2.20. Calc. for CgsH72N12025CINbZN,: C, 46,84; H, 4.29; N, 9.93; Cl, 2.09%. IR
v lem™t: 3424(m, br), 1712(vs), 1689(vs), 1595(s), 1491(w), 1474(m), 1442(s), 1389(s),
1314(m), 1261(w), 1249(w), 1178(w), 1160(m), 1103(w), 1064(w), 1017(s), 929(w), 909(m),
800(w), 778(vs), 737(m), 652(w), 630(w), 538(w), 417(w).

Physical measurements

Infrared spectra were recorded as KBr pellets on an ABB Bomem FT model MB 102
spectrometer in the 4000—200 cm* region.

The magnetic data for compounds 3-7 were collected on a commercial SQUID
magnetometer (MPMS-5, Quantum Design). The measurements were performed in the
temperature range 1.8-290 K for the applied magnetic field of 1 T for 3 and 4 and 0.01 T for
5, 6 and 7. The field dependence of the magnetic moments for 3 and 4 was checked upto 5T
and the compounds showed linearity up to more than 1 T. Prior to any calculation, the
measured data were corrected against the sample holder's contribution. Diamagnetic
corrections for the constituent atoms were estimated from the Pascal's constants.'® For the
determination of the model parameters from the magnetic susceptibility measurements with

nonlinear fit procedures, the software system “Mathematica” was used.?®

X-Ray crystallography

Single crystals of compounds 1 and 9 were not of quality needed for the X-ray analysis.
Suitable single crystals of 2-6 and 8 were selected and mounted on an Enraf-Nonius
KappaCCD diffractometer, equipped with a monocapillary optics collimator, whereas for 7 a
four-circle Philips PW1100 diffractometer (updated by Stoe) was used. All data were obtained
by graphite monochromated Mo-Ka radiation (A = 0.71073 A) at 200 K, except for 7 that was
measured at room temperature. Crystals of 3, 5 and 8 were of needle form with one dimension
larger than other two (0.3 x 0.05 x 0.05 mm), whereas crystals of 2, 4, 6 and 7 were of
rhombohedral form (0.12 x 0.1 x 0.1 mm) and chosen small enough to avoid the errors
generated by the absorption of X-rays in the samples. Unit cell parameters for 2—-6 and 8 were
determined based on all collected data using the DENZO-SCALEPACK program,? whereas
for 7 these parameters were obtained from 45 reflections collected in the 6 range of 10.2—
15.4°, with the STADI4 program.?! The Lorentz-polarization correction for 7 was performed
by the X-RED program,®® for other compounds the DENZO-SCALEPACK program® was



used. By using this program during the scaling of the reflection intensities, the multi-scan
absorption correction and correction for decay of the samples was already included,”® whereas
for compound 7 the decay correction (10.9%) was made using the X-RED program.?* The
details of the crystallographic structural analyses are summarized in Table 1. All the
structures were solved by the SHELXS-97 program®* and refined by the SHELXL-97
program.? In order to test the isostructurality among the orthorhombic compounds, the best
structure solution in this series [2, Ry = 0.0411] was used as a starting model in the refinement
of the rest of the orthorhombic structures (4, 6 and 7). All atoms in these structures retained
reasonable atomic displacement parameters. A similar procedure was applied in the
refinement of the monoclinic compounds. The structural solution of the best quality [8, Ry =
0.0408] was used as a starting model in the refinement of the rest of the monoclinic structures
(3 and 5). During the refinement of 3, it was observed that the atomic displacement
parameters of CI™ anion were unusually large, while the same parameters for two crystal water
molecules [O(19) and O(21)] were unusually small. It was assumed that these three
constituents occupy their positions disorderly. Occupancies of these positions were refined in
subsequent least-squares refinement cycles. Also, the crystal water molecules O(16) and
O(21) of 3 showed an unusual elongation of the atomic displacement parameters.
Consequently, the disorder of these atoms was taken into account: the O(16) atom was given
two positions, O(161) and O(162), with the probability of 40 and 60%, respectively; the
O(21) atom was given two positions, O(211) and O(212), of equal probability. The hydrogen
atoms attached to carbon atoms in all the compounds were treated as riding, with the C—H
distances of 0.93 A and Ui, (H) = 1.2Ue(C). Their positions were generated using the
SHELXL-97 program.”® The structural solutions of the best quality (8 and 2) were analyzed
by further difference Fourier syntheses, where some peaks were recognized as hydrogen
atoms of crystal water molecules. The remaining hydrogen atoms were determined using the
M. Nardelli algorithm® implemented in the WINGX program.?’ All hydrogen atoms had
plausible hydrogen bonding interpretation and in the final least-squares refinement procedures
the ideal geometry restraints (the O—H distance of 0.84 A and H-O—H angle of 104°) were
applied. The only exception from this procedure was the structural refinement of 3, where the
positions of hydrogen atoms from the crystal water molecules were not determined at all, due
to the observed occupancy disorder of CI™ anion and several crystal water molecules.

CCDC reference numbers 648552-648558.

See http://www.rsc.org/suppdata/dt/xy/xyz for crystallographic data in CIF or other

electronic format.


http://www.rsc.org/suppdata/dt/xy/xyz

Table1 Crystallographic data for compounds 2—8

Compound* 2 3 4 5 6 7 8

(M) (Fe) (Co) (Co) (Ni) (Ni) (Cu) (Zn)
M/g mol™ 1673.42 1661.56 1679.58 1661.08 1679.10 1688.82 1674.48
Crystal system Orthorhombic  Monoclinic Orthorhombic  Monoclinic Orthorhombic  Orthorhombic  Monoclinic
Space group P2:2:2; P2,/c P2:2:2; P2,/c P2:2:2; P2:2:2, P2./c
alA 14.975(1) 23.548(3) 15.103(1) 23.875(3) 15.058(1) 15.035(1) 24.070(2)
b/A 21.708(2) 13.631(1) 22.075(2) 13.265(1) 22.039(2) 22.267(2) 13.332(1)
c/A 22.351(2) 22.812(2) 22.386(3) 23.115(2) 22.398(2) 22.538(3) 23.168(2)
al® 90 90 90 90 90 90 90
BI° 90 101.04(1) 90 101.69(1) 90 90 102.19(1)
° 90 90 90 90 90 90 90
VIA3 7266(1) 7187(1) 7463(1) 7169(1) 7433(1) 7545(1) 7267(1)
Z 4 4 4 4 4 4 4
DJ/g cm™ 1.530 1.536 1.495 1.539 1.500 1.487 1.531
ulem™ 0.674 0.753 0.712 0.802 0.775 0.828 0.933
F(0,0,0) 3448 3416 3456 3424 3464 3472 3440
Omaxl° 30.53 28.31 30.51 30.55 30.49 27.05 30.52
Unique reflections 22167 17763 22725 21837 22608 16364 22113
Observed reflections 15502 12012 16932 10419 16952 9976 14954
Rint 0.0323 0.0354 0.0388 0.1067 0.0344 0.0358 0.0336
No. of parameters 1036 976 1033 1033 1033 1024 1033
R1 (1> 24(1)), wR; 0.0411, 0.0937 0.0500, 0.1314 0.0507, 0.1219 0.0627,0.1367 0.0461, 0.1270 0.0538, 0.1457 0.0408, 0.1068
Flack param., conf.?®  —0.013(8), -0.02(1), 0 0.004(9), ¢ 0.00(1), A
Goodness of fit 0.993 1.032 1.015 0.965 1.037 1.009 1.025
ApPmax> APmin 0.843,-0.400 1.304,-0.558 1.311,-0.823 1.428,-1.129 1.487,-0.766 0.850,-0.544 1.770,-0.764

*Chemical formula: [M(bpy)s].[NbO(C,0,)s]CI-11H,0 (3, 5 and 8) or [M(bpy)s].[NbO(C,0,)s]CI-12H,0 (2, 4, 6 and 7)



Results and discussion

The new complex salts of the formulae [M(bpy)s]o[NbO(C204)3]CI-nH,0 (M = Fe**, Co?**,
Ni?*, Cu®* and Zn®; n = 11, 12) resulted from the reactions of [M(bpy)s]** and
[NbO(C,04)3]*> performed in aqueous solutions in the molar ratios of 2 : 1. The compounds
formed also when the starting components were mixed in the ratios of 1 : 1 and 3 : 2, but the
yields of the reactions were somewhat lower.

The metastable, obviously thermodynamically less favoured, needle-like monoclinic
crystals [M(bpy)s]o.[NbO(C,04)3]Cl-11H,0 (M = Fe**, Co*, Ni** and Zn?*) formed first,
which, if left in solution, slowly transformed into the more stable orthorhombic compounds
crystallizing with one more crystal water molecule. For copper(ll) only the orthorhombic
complex was obtained, which co-crystallized in solution with the previously reported
[{Cu(bpy)2}2(H-C204)1[Cu(bpy)2(k-C204)NDO(C,04)]2-0.5bpy-7H.0.*  The  complexes

obtained are rather insoluble in water and common organic solvents.

Molecular structures and distortions of [M(bpy)s]** cations

All the structures contain two symmetry independent [M(bpy)s]** cations (A and B), one
[NbO(C,04)3]*" anion and one CI™ anion, together with 11 or 12 crystal water molecules for
the monoclinic and orthorhombic compounds, respectively. Fig. 1 shows ORTEP-3%
drawings of the A and B cations of one orthorhombic [M = Fe (2); Fig. 1a] and one
monoclinic [M = Zn (8); Fig. 1b] compound as well as of the [NbO(C,04)s]*" anion (from the
structure of 2, Fig. 1c), with the atomic numbering schemes. It can be seen that the mutual
orientation of the two symmetry independent cations in two different crystallographic forms is
similar. There is no significant difference in the conformation of the [NbO(C,04)s]>" anion
among the structures, either. The conformation is practically the same as that found in
Rb3[NbO(C204)3]-2H,0 or (NH,)s[NbO(C204)3]-H,0.**® Within the distorted pentagonal-
bipyramidal coordination polyhedra around niobium the interatomic distances for all species
fall into the ranges 1.714(2)-1.722(2) and 2.093(2)-2.212(2) A for the Nb=0 and Nb—O
bonds, respectively. The bond-valence analysis applied to the appropriate bond lengths leads
to a diamagnetic (+5) oxidation state of Nb atoms.*

Metal atoms in the [M(bpy)s]** cations are octahedrally coordinated by six N atoms. The
interatomic M—N distances are in the following ranges: 1.965(2)-1.981(2) A for Fe?* cations,
2.102(3)-2.138(3) A for Co?*" cations, 2.066(3)-2.103(3) A for Ni** cations, 2.042(5)—
2.243(5) A for Cu®* cations and 2.136(2)—2.182(2) A for Zn?* cations. The Fe—N distances in

2 do not exceed 2 A, as typical for the low-spin Fe?* species,* as distinct from the high-spin
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Fe?* complexes usually having Fe—N values of ~ 2.2 A.3*? Also, the Co—N distances in 3 and
4 are typical for the high-spin Co®" species (~ 2.12 A); the corresponding values for the low-
spin Co®* complexes should be shorter by ~ 0.1 A.*? Metal atoms are, in all structures, located
at the general crystallographic positions. Therefore, their octahedral environments can be
distorted in a general way. In the present case the trigonal distortion should be the most
prominent — due to the rigidity of the didendate bipyridine-ligand molecules. These ligands
will couple six nitrogen atoms into three pairs, displacing them from an ideal octahedral
position. Therefore, the [M(bpy)s]** cations should be described in the D; molecular
symmetry group.®® The trigonal distortion can be assessed by the N-M—N bite angles, i.e. by
the cis N—M—N angles with the N atoms coming from the same ligand molecule. Their values
are in the range 75.6(2)-81.72(9)°. The other cis N-M—N angles (i.e. those with the N atoms
from two different bpy molecules) are in the range 89.3(1)-98.7(2)°. The interatomic M—N
distances should not be affected by the trigonal distortion, because all six nitrogen atoms can
retain mutual symmetry equivalence in the point group Ds. Trigonal distortion can be
described by the degree of compression (ratio s/h) and the angle of twisting ¢ (Fig. 2). The
value of h represents a distance between the centres of gravity of the two particular triangles,
these being [N(1), N(3), N(5)] and [N(2), N(4), N(6)] for the A cations, and [N(7), N(9),
N(11)] and [N(8), N(10), N(12)] for the B cations. The value of s corresponds to the average
N---N distance inside the corresponding pair of triangles. By projecting the [N(2), N(4), N(6)]
and [N(8), N(10), N(12)] triangles to the planes defined by the [N(1), N(3), N(5)] and [N(7),
N(9), N(11)] triangles, respectively, it becomes possible to structurally determine the ¢ angles
as the average values of the N-M—N angles inside the hexagons obtained by the projections.
The values obtained of s/h and ¢ for both A and B cations in compounds 2-8 are listed in
Table 2. The data show that the cations are compressed and twisted, s/h > 1.22 and ¢ < 60°
(1.22 and 60° are the values for a perfect octahedron).®* Therefore, the crystallographic data
undoubtedly show a trigonal structural distortion of [M(bpy)s]** cations in all compounds
investigated.

The tetragonal distortion of an octahedron (O, — Dgy) should be recognized by the
differences in the M—N distances. From the above mentioned ranges for these distances it is
evident that for compounds 2-6 and 8 (including both types of cations), the fluctuation is not
larger than 0.05 A, showing that the tetragonal distortion is very small. However, in the B
cation of 7 (Cu® ion) the two trans bonds Cu(2)-N(8) and Cu(2)-N(11) [with the values of
2.205(5) and 2.243(5) A, respectively; ligand numbering as in Fig. 1a] are significantly larger
than the other four [2.057(5)-2.085(5) A], thus indicating a tetragonal elongation in the
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direction of the two noted bonds. In the A cation of the same compound, the two longest bond
lengths are also oppositely oriented: Cu(1)-N(2) and Cu(1)-N(5) [having the values of
2.181(5) and 2.186(5) A, respectively] as well as the two shortest bond lengths: Cu(1)-N(1)
and Cu(1)-N(4) [with the values of 2.060(4) and 2.042(5) A, respectively]. The fluctuation of
the Cu—N distances in the A cation of 7 is 0.144 A, i.e. almost three times larger than
fluctuations in the other compounds, so a tetragonal distortion is present in the A cations of 7,
as well. Tetragonal distortion of coordination octahedra of Cu?* ions is usually attributed to
the Jahn-Teller effect, the natural tendency of the complexes with orbitally degenerate ground
states to transform themselves spontaneously into energetically more favourable distorted
conformations without orbital degeneration.®* The ground state of Cu®** ion in an octahedral
environment is orbitally two-fold degenerate Egq state.* The tetragonal distortion (O, — Da)

3% 1t is interesting that

splits this state into two orbitally nondegenerate states: Aiq and Byg.
the trigonal distortion On — D3 does not remove the orbital degeneracy of the ground state (Egq
N E)_36

The bpy molecules are almost planar, but some of them are slightly twisted along the C—C
bond connecting two pyridyl rings. The largest distortions are found in the B cations of the
monoclinic compounds [12.4(2)° for bpy(5) in 3, 11.1(2)° for bpy(5) in 5 and 10.6° for bpy(6)

in 8].
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Table2  Trigonal distortion parameters for the [M(bpy)s]** cations in compounds 2—8 and inclination of their three-fold axes to the
crystallographic direction c* (i)

Compoun 2 3 4 5 6 7 8

d (Fe) (Co) (Co) (N1) (Ni) (Cu) (Zn)
(M)
unit A B A B A B A B A B A B A B

s/ 135(2) 1.36(2) 1.44(3) 1.42(3) 1.42(4) 143(3) 1.39(3) 1.40(4) 1.39(3) 1.39(3) 1.40(4) 1.42(8) 1.40(3) 1.41(6)
#(°)  518(6) 5L5(6) 48.2(5) 47.9(7) 47.4(9) 48.0(7) 484(5) 50(1) 48.4(7) 49.0(6) 47.0(8) 47(2)  452(7) 47(1)

i) 6.35(1) 4.83(1) 1.49(2) 6.86(2) 5.99(2) 2.98(2) 187(2) 3.60(2) 6.00(2) 3.25(2) 6.3(3) 3.5(3) 2.70(1) 3.64(1)
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Description of the crystal structures

The constituent structural units: [M(bpy)s]** cations, [NbO(C,04)s]*> and CI~ anions and
crystal water molecules, are arranged in two different crystal packing forms (orthorhombic
and monoclinic) which are represented by stereodrawings in Fig. 3. It is evident that both
forms exhibit a layered type of packing: the layers of [M(bpy)s]** cations are located between
the layers consisting of [NbO(C,04)s]> and CI™ anions and majority of crystal water
molecules. All layers are parallel with the ab planes of the unit cells. It is interesting that the
monoclinic form is a racemic structure containing equal number of different [M(bpy)s]**
enantiomers (o and A), whereas the orthorhombic form is an enantiopure structure containing
only one type of [M(bpy)s]** enantiomers (5 or A, Table 1). This is related with a
centrosymmetric character of the space group P2;/c of the monoclinic structures, with respect
to the non-centrosymmetric character of the space group P2;2,2; of the orthorhombic
structures. Thus, transformation of the monoclinic crystals into the more stable orthorhombic
form during crystallization (see “Experimental”) is in fact a process of spontaneous
resolution®’ of the racemic compounds [M(bpy)s]o.[NbO(C,04)s]Cl-11H,0 (M = Fe*", Co*,
Ni%*, Zn®") into the racemic conglomerates [M(bpy)s]o.[NbO(C,04)s]Cl-12H,0. The two
structural forms differ in composition just in the number of solvate (water) molecules (11
versus 12); therefore, this series of compounds exhibits at the same time the phenomenon of
solvatomorphism.® Within the monoclinic and orthorhombic forms the complexes are
isostructural with the low unit cell similarity indices®® (0.013 and 0.009 for the monoclinic
structural pairs 3/5 and 3/8, respectively; 0.009, 0.008 and 0.014 for the orthorhombic
structural pairs 2/4, 2/6 and 2/7, respectively).

Packings of the [M(bpy)s]** cations in one layer for the orthorhombic and monoclinic
structures are shown in Figs. 4 and 5, respectively. It is evident that each symmetry
independent cation (A or B) is surrounded by three neighbouring cations; each A cation is
surrounded by 2 other A and one B cation, whereas each B cation is surrounded by 2 other B
and one A cation. Each neighbouring pair forms a specific supramolecular contact involving
four bipyridine ligands, two from one cation and two from the other. By way of example, the
neighbouring pair of symmetry independent cations A and B (Figs. 1, 4 and 5) are in contact
through the following bpy ligands: bpy(1)(A)---bpy(5)(B) and bpy(2)(A)---bpy(4)(B). This
kind of contact has been termed as quadruple aryl embrace — QAE, after Dance and
Scudder'®®, who originally termed a similar supramolecular pattern as OQAE (orthogonal

quadruple aryl embrace). In our analyses we did not find any evidence of the C-H---x
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interactions between the aryl rings which would prefer mutual orthogonal orientation of the
bpy ligands. We did not observe any stacking interactions either, concluding that the
orientation of the ligands is specific for this kind of supramolecular contacts. For these
reasons, the QAE contact between the symmetry independent [M(bpy)s]** cations A and B
[QAE(I)], as well as the other two symmetry independent QAE contacts encountered in both
structural forms [QAE(II) and QAE(III), Figs. 4 and 5] are described by the distances between
the centres of gravity of the entire bpy ligands which are in short contacts [i.e.
bpy(1)---bpy(11") and bpy(I1)---bpy(I"), Table 3] and by the angles between the normals to their
least-squares planes (i.e. z[bpy(l), bpy(Il')] and [bpy(ll), bpy(I')], Table 3). The distances
between metal atoms of two connected [M(bpy)s]°* cations are also given in Table 3. The
resulting architecture is consistent with a two-dimensional honeycomb lattice, although the
differences in the three crystallographic independent QAE contacts distort the ideal hexagonal
symmetry of the lattice. The similarity of packing arrangement of [M(bpy)s]** cations in the
two types of structures leads to a conclusion that the two structural forms can be considered as
homeostructural groups.*

A common feature of all QAE contacts encountered in the compounds investigated is that
they are aligned in the direction of the local, non-crystallographic C, axes of the individual
[M(bpy)s]®* cations. For instance, in the QAE(l) contact shown in Fig. 4, a local
(approximate) C, axis of the A cation, passing through the middle of the ligand bpy(3) and
through the metal atom, is in the line with the local C, axis of the B cation, passing through
the middle of the ligand bpy(6) and through the metal atom. The A and B cations can be
mutually related by an additional approximate C, symmetry with an axis parallel to the local
Cs axes of both cations and passing through the middle of the line connecting the two metal

132 several

atoms. In comparison with the well described SAE (sextuple aryl embrace) contact,
conclusions can be made on the QAE contact, as another type of supramolecular aggregation
of two [M(bpy)s] units in the solid state:

(i) the [M(bpy)s] units in the QAE contact are homochiral because they can be related with
the proper C, symmetry. Contrarily, two [M(bpy)s] units in the SAE contact are of opposite
chirality (related through the centre of inversion);***

(if) the QAE contact is realized along the C, symmetry axes of [M(bpy)s] units. As there are
three equivalent C, axes in the D3 symmetry group (lying in the plane and forming mutual
angles of 120°), the QAE contacts will induce the formation of two-dimensional honeycomb

lattices in the solid state. The SAE contacts are realized along the C3 symmetry axes of
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[M(bpy)s] units, so formation of one-dimensional chains of [M(bpy)s] units in the solid state
is preferred;'®

(iii) a common feature of both types of contacts is the parallel orientation of the molecular C3
axes of two aggregated [M(bpy)s] units.

The honeycomb hexagonal lattices formed by the QAE contacts appear to be a common
structural motifs of [M(bpy)s] units (M = transition metal) in the solid state. The search of the
Cambridge Crystallographic Database** showed that 34 out of 153 different crystal structures
containing neutral or charged [M(bpy)s] entities (with 3D data) possess honeycomb lattices
created by the QAE contacts similar to these described in the present work. Also, in the
additional 15 structures one-dimensional zig-zag motifs are formed with the neighbouring
[M(bpy)s] units connected via the QAE contacts. Thus, the QAE contacts seem to be more
frequent than the SAE ones (21 hits in the search).

In the structures of the compounds investigated, the C; and C, axes of individual
[M(bpy)s]** cations as well as the additional C, axes relating two neighbouring pairs of
cations, are only approximate. If these symmetries were exact, the distances bpy(l)---bpy(II")
and bpy(I1)---bpy(I') as well as the angles z[bpy(l), bpy(11)] and ([bpy(Il), bpy(1)] should be
identical. Also, the alignments of molecular C, axes into one line, during the formation of a
QAE contact, are also approximate. Therefore, the values for characteristic distances and
angles (Table 3) deviate among each other. From the data in Table 3, the largest deviations
show the QAE(IIl) contacts of the monoclinic compounds. Remarkably, these contacts
involve exactly the most twisted bpy ligands in the structures (see “Molecular structures and
distortions of [M(bpy)s]** cations”). The relative orientation of four bpy ligands inside one
QAE contact is to a great extent determined by the approximate C, symmetry relating two
aggregated [M(bpy)s] units. In such a way only the C—H groups from the positions 4, 5, 6, 4',
5 or 6' come close to each other (numbers represent standard numeration of the atomic
positions in the bipyridine molecule). Several short intermolecular C---C and C---H contacts
were observed in the crystal structures of the investigated compounds, but they are all larger
than 3.28 A (for the C---C contacts) and 2.82 A (for the C---H contacts). These long
intramolecular contacts and canted orientation of the bpy ligands suggest that the QAE
contacts are not favourable structural motifs for the mediation of magnetic exchange
interactions. The formation of the honeycomb two-dimensional lattice with parallel
orientation of the three-fold rotation axes of [M(bpy)s]** cations could have significant
influence on anisotropic properties of the investigated compounds. All three-fold axes tend to

be parallel with the c* crystallographic directions, i.e. orthogonal with the ab planes of the
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unit cells. As the QAE contacts in the investigated structures are found to be distorted, the
local three-fold axes of [M(bpy)s]** cations are not completely aligned in the c* directions,
but show a small inclination (i). These inclinations have been measured for each type of
[M(bpy)s]** cations in the crystal structures investigated and the results are listed in Table 2.
It was assumed that the local three-fold rotation axes pass through the centres of gravity of the
appropriate triangles of the coordinated nitrogen atoms (these are defined in the section
“Molecular structures and distortions of [M(bpy)s]®* cations™). It is evident that the
inclinations never exceed 7°. Assuming that the trigonal distortions of the ligand field
environments of individual metal atoms are the most prominent structural distortions, it can
be concluded that the both structural types should exhibit an anisotropic behaviour of the
physical quantities that can be described as the second-rank tensors (i.e. magnetic
susceptibility, g-value) with one principal axis roughly oriented in the c* crystallographic
directions. As previously mentioned, the cations in the structure of 7 show an additional
tetragonal distortion in the direction of the elongated Cu—N bonds, so the principal directions
of anisotropic physical quantities in this compound should be more inclined with respect to
the c* crystallographic directions.

Regarding chiralities of [M(bpy)s]** cations in all the structures investigated, it is evident
that the cations belonging to one honeycomb layer are homochiral, because all of them are
connected via the QAE contacts which preserve chiralities. Even, in the centrosymmetric
monoclinic form, a segregation of the cations into homochiral layers occurs. Thus, in this
form the neighbouring layers are of opposite chirality, due to the centres of inversion located
between them. On the other hand, the orthorhombic form as a whole exhibits homochirality,

as the neighbouring layers are related with the proper two-fold screw symmetry.
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Table 3  Structural parameters for QAE contacts

QAE(I)
bpy(l) = bpy(1); bpy(1I') = bpy(5); bpy(ll) = bpy(2); bpy(I') = bpy(4)
Comp.  bpy(1)---bpy(II')  bpy(Il)---bpy(I)  fbpy(l), bpy(11]  fbpy(1), bpy(I)] M---M
A) A) ) ©) A)
2 4.88 5.09 50.52 46.34 7.47
3 491 5.69 60.30 50.10 8.15
4 4.77 5.00 50.90 43.80 7.54
5 5.06 5.89 66.60 50.20 8.36
6 4.81 5.06 50.99 44.66 7.55
7 4.85 5.01 51.30 44.50 7.57
8 5.03 5.92 67.36 51.36 8.47
QAE(II) .
bpy(1) =bpy(2); bpy(I1) = bpy(3)'; bpy(I1) = bpy(3); bpy(I') = bpy(1)'
Comp.  bpy(D)---bpy(I1)  bpy(Il)---bpy(I')  cfbpy(1), bpy(IIN]  clbpy(11), bpy(1)] M---M
A) A) ©) ©) A)
2 5.44 5.68 56.35 46.45 8.23
3 4.96 5.12 55.40 48.52 7.86
4 5.30 5.66 57.80 46.50 8.34
5 4.91 4.89 53.04 49.88 7.66
6 5.34 5.68 57.18 46.62 8.31
7 5.30 5.67 56.80 47.40 8.34
8 4.85 4.86 52.32 50.71 7.70
QAE(I) )
bpy(l) = bpy(6) ; bpy(1I') = bpy(5)"; bpy(I1) = bpy(4); bpy(I') = bpy(6)"
Comp.  PRY(1)---bpy(11)  bpy(Il)---bpy(I)  bpy(l), bpy(IIN]  <bpy(ll), bpy(I)] M:--M
A) A) ©) ©) A)
2 5.82 5.54 45.15 57.97 8.30
3 6.01 4.60 35.20 52.20 7.81
4 5.83 5.42 44.40 60.10 8.42
5 6.12 4,53 29.20 51.80 7.72
6 5.82 5.45 44.60 59.40 8.38
7 5.87 5.40 43.70 60.30 8.42
8 6.11 4.46 29.52 49.92 7.72

Symmetry codes: (i) 1/2 + x, 1/2 -y, —z; (ii) 1/2 + x, 3/2 —y, —z for 2, 4 and 6;
(i)-1/2+x,3/2~y,2~7z; (ii)-1/2+x,1/2~y,2 —z for 7 and
(i)—x,1/2+y, 12—z (ii))1-x,1/2+y,1/2—zfor3,5and 8



Hydrogen bonds

In both, the orthorhombic and monoclinic structural forms, two-dimensional honeycomb
lattices of [M(bpy)s]** cations are positioned between the hydrogen bonding layers made of
[NbO(C,04)s]> and CI™ anions and of the majority of crystal water molecules. Main features
of the hydrogen bonds for the orthorhombic (2) and the monoclinic (8) forms are shown in
Figs. 6a and 6b, respectively (hydrogen bond parameters are deposited in the supplementary
CIF file). Several hydrogen bonds have an important role in connecting two-dimensional
layers into a final three-dimensional skeletons, like those involving one water molecule
[O(25)] in the orthorhombic form (Fig. 6a) and those involving two water molecules [O(23)
and O(24)] in the monoclinic form (Fig. 6b). Hydrogen bonds in the orthorhombic structures
are realized without any kind of structural disorder. In the structures of the monoclinic form,
some crystal water molecules are located in the vicinities of the crystallographic centres of
inversion inducing positional disorder of some of hydrogen atoms attached to them.
Nevertheless, each hydrogen atom from any crystal water molecule still participates in some
kind of hydrogen bond as in the case of the orthorhombic form.

Stability of the orthorhombic and monoclinic forms

During the preparation of the samples, it was observed that the single crystals of the
monoclinic form transform themselves into the crystals of orthorhombic form, if left long
enough in mother liquor (see “Experimental” section). This observation leads to the
conclusion that the orthorhombic form is energetically the more stable structural type.
Structural analysis shows at least three arguments in support of this conclusion: (i) in the
packing of the [M(bpy)s]** cations it was shown that the most distorted QAE contacts and
also the most twisted bpy ligands were observed in the monoclinic structures; (ii) the analysis
of hydrogen bonding networks in the monoclinic structures shows disorder of several
hydrogen atoms. On the contrary, in the orthorhombic structures all hydrogen atoms from the
crystal water molecules are arranged in a hydrogen bonding skeleton without disorder; (iii)
some of the distances between the anions in the hydrogen bonding layers of the monoclinic
crystal forms are shorter than analogous distances in orthorhombic structures. For example,
the shortest CI---Nb distance (the distance between the CI~ and [NbO(C,04):]* anions) in the
monoclinic form is 6.6085(15) A; the shortest CI---Nb distance in the orthorhombic form is
7.4003(11) A. The distances between two nearest neighbouring CI~ anions in the monoclinic
form are 7.0858(19) and 7.6380(19) A, whereas in the orthorhombic form there is no distance
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between neighbouring CI~ anions shorter than 10 A. Therefore, ionic repulsions between
anions in hydrogen bonding layers in the monoclinic form should be greater than analogous

repulsions in the orthorhombic form.

Infrared spectra

The spectra of complexes 1-9 show the absorption bands that can, in general, be attributed to
the presence of bipyridine ligand, didentate oxalate groups, oxo-oxygen atom (Nb=0O) and
crystal water molecules. The positions of the absorption maxima for one pair of
solvatomorphs (i.e. for a monoclinic and an orthorhombic compound of the same metal ion)
are almost identical, and only small differences could be noticed between the spectra of
different pairs of solvatomorphs. Two strong, relatively close, absorption bands with maxima
at 1711 and 1684 cm* [va(CO)], a strong absorption band at 1393 cm ™ and a medium one at
1264 cm ™ [vs(CO)], together with a band of medium intensity at 801 cm ™ [6(OCO)] (quoted
for complex 2) support the presence of didentate (chelating) oxalate groups — as confirmed by
the X-ray diffraction analysis. In the spectra of all complexes a medium intensity absorption
at ~ 930 cm* indicates the presence of the Nb=0 bond. The other absorption bands in the

spectra originate from the vibrations of coordinated bpy ligand and crystal water molecules.

Magnetic properties

The measurements for compounds 1 and 2 that contain [Fe(bpy)s]** cation, showed a very low
signal on SQUID magnetometer, supporting the diamagnetic low-spin state of Fe?* ions in
these species. Compounds 8 and 9, with [Zn(bpy)s]** cation, should be diamagnetic and
therefore, their magnetic properties were not examined at all. The data obtained for
compounds 3-7 are given in Fig. 7, as the yT vs. T plot. It is evident that the compounds
containing Ni** ions, i.e. 5 and 6, show very similar and paramagnetic Curie behaviour almost
to the lowest temperatures (the x7 values are parallel to the T axis down to ~ 8 K), whereas
compound 7, with Cu®, retains this paramagnetic behaviour in the whole range of
temperatures (i.e. down to 1.8 K). The 7 values of ~ 0.42 and ~ 1.17 cm®mol K (Fig. 7) for

the Cu?* and Ni** compounds, respectively, are consistent with the Curie expression:
242
ZT:'\'A:;LKBQS(S 1) (1)

where S=1and g = 2.16 for 5 and 6, and S = 1/2 and g = 2.11 for 7. A decrease of the yT
product at temperatures below ~ 8 K, observed for compounds 5 and 6 is probably the
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consequence of the zero-field splitting. Namely, the trigonal distortion of the ligand field and
spin-orbit coupling (two perturbations of the second order) split the three spin components of

the *A; ground state of the octahedral Ni** ion.> The spin components |~1)and [1) have
different ground state energy (D) from that of the spin component |0> (zero). The magnetic

susceptibility in the direction of the trigonal distortion (y,) is different from that in the

direction perpendicular to this distortion ( y, )3

B 2NA92,32 e—D/kT
TN La2e 0 @)

B 2NA9 2,32 1_e—D/kT

i D 1+2e0/kT ®)
The susceptibility of the pulverized samples (used in the measurements) is:
X:(Xz+2)(x)/3 (4)

The nonlinear fit procedure of the »7 quantity [where y is obtained from the equations
(2)-(4)] on the experimental data leads to the following best fit parameters: g = 2.1656(3),
D=1.313(9) cm* and g =2.1540(2), D =-1.449(9) cm* for 5 and 6, respectively [with

the discrepancy factors R=>"[(#T )ops = (AT ewic) /D (T )aps €qual to 3.30-10° and

1.62-10° for 5 and 6, respectively]. The best fit curves are also shown in Fig. 7 as full lines —
they match the measured data very well and correctly reproduce the decrease of the 7T
values at the lowest temperatures. The strait line passing through the measured data for the
Cu?* compound (7) is the best fit curve of the Curie model (1) with the best fit parameter
g =2.1106(2) and with the R factor of 4.57-10 °. Due to the Kramers theorem, the zero-field
splitting is not possible for the Cu®* ions (not even in distorted ligand field environments),?
corroborating the observation evident from Fig. 7, i.e. the paramagnetic Curie behaviour
within the whole temperature range of measurements.

The experimental data for the Co?* compounds (3 and 4) show an increase of the yT'
values from ~ 1.65 cm®mol™K at low temperatures to ~ 2.8 cm®mol K at room temperature.
Such a behaviour is typical for the high-spin octahedral Co?* complexes. The existence of the
high-spin Co®" ions is in accord with the Co—N bond lengths found in the crystal structures
(see “Molecular structures and distortions of [M(bpy)s]** cations™). The obtained xT values
above 30 K are greater than 1.88 cm®mol™K, which is the value expected from the spin-only
contribution of the high-spin Co®* ion (S = 3/2) in the Curie law (1). This is an evidence of the

orbital momentum contribution in the ground state of the octahedral Co* ion (4Tlg). It is well
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known that magnetic susceptibilities of the ions possessing first-order orbital momentum
contribution significantly deviate from the Curie law, producing variations in the x7 vs. T
curve similar to that observed for compounds 3 and 437 In the present work, the

susceptibility has been calculated according to the recent approach of Sakiyama,** wherein the

six lowest E energy states [and their first and second Zeeman E() , and E{%

nz(x n,z(x)
coefficients] are obtained from the Hamiltonian describing the high-spin Co?* ion in the
axially distorted ligand field environment:®

H =A% —2/3)- (3/2)xAl - §+ gl 3/ 2)xd + 9,8 H )
In the above expression g, is a g-value for the free electron (2.0023), A is the spin-orbit
coupling constant and A is the axial splitting parameter. The orbital reduction factor x takes
into account the covalency of the Co—N bonds and the admixture of the *T:4(*P) excited state
into the *T14 ground state,® whereas A is taken to be positive when the *A, state is lower than
the “E state (the states arising from the splitting of the octahedral 4T1g state under an axial
ligand field distortion). Magnetic susceptibilities for the two specific directions in space (z,
parallel with the axis of the ligand-field distortion and X, perpendicular to this axis) are

obtained from the VVan-Vleck equation:
EQ 2 E©
—Hon_2e) | [Exp| -
Z{ kT won |2 T
E(O)
E _ n
zeel-Sr

whereas the susceptibility of pulverized samples is obtained from the averaging equation (4).

(6)

Zz(x) = NA

Within this model, the nonlinear fit procedure of the y7' quantity on the measured data leads
to the following best fit parameters: A =474(8) cm™*, x=0.800(2), A=-150.5(9) and
A=638(12) cm™, x =0.826(3), 4 =-166(1) cm*, with the R factors equal to 1.24-10" and
1.45-10° for 3 and 4, respectively. The best fit curves shown in Fig. 7 correspond very well
to the experimental data for compounds 3 and 4.

In the above theoretical models of magnetic susceptibilities (adjusted according to the
appropriate ions) the ligand-field distortions were taken into account. The crystal structure
analysis revealed the existence of these distortions (see “Molecular structures and distortions
of [M(bpy)s]** cations”), which justifies their application in the given magnetochemical
analysis. A very good correspondence of the applied models with the measured data shows
that further refinements, like inclusion of the magnetic exchange interactions, are not

necessary.
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Conclusions

From the presented research of structural and magnetic properties of the novel complex salts
[M(bpy)s]o[NbO(C,04)s]Cl-nH,O [M = Fe**, Co®*, Ni**, Cu** and Zn®*; bpy = 2,2-
bipyridine; n = 11 (monoclinic form), 12 (orthorhombic form)] the following conclusions can
be stressed: (i) in both types of structural forms [M(bpy)s]** cations are arranged in the
honeycomb pseudo-hexagonal lattices formed by the QAE contacts, which can not be
described in the terms of C—H---z or stacking interactions. The QAE contacts tend to
preserve parallel orientation of molecular three-fold rotation axes and chiralities of the
aggregated [M(bpy)s]** cations; (ii) the monoclinic and orthorhombic structural forms have
different structures of hydrogen bonding layers emerging in both forms as the layers dividing
honeycomb lattices of [M(bpy)s]** cations; (iii) the magnetic susceptibility measurements
confirm that the new compounds are magnetically well diluted systems.* The reliable
explanation of the magnetic measurements includes the axial distortions of the ligand fields.
The observation that all molecular three-fold rotation axes of [M(bpy)s]** cations tend to be
oriented in the c* direction for both crystallographic forms (as a consequence of the QAE
contacts) could make these compounds interesting in the research of magnetic anisotropies

around the individual magnetic centres.
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

ORTEP-3% drawings of: (a) the A and B cations of the orthorhombic compound 2,
(b) the A and B cations of the monoclinic compound 8, (c) [NbO(C,04)s]*" anion

(compound 2), with the atomic numbering schemes.

(a) Nitrogen atoms around metal (M) atom defining the intertriangle distance h and
the triangle side s for the calculation of the compression ratio s/h.>
(b) View of the octahedron of nitrogen atoms along the Cs axis illustrating the

twisting angle ¢.3

Stereoviews of crystal packing in the orthorhombic (a) and monoclinic (b)
structures. Hydrogen atoms are omitted for the reason of clarity.

Crystal packing of [M(bpy)s]** cations in the orthorhombic compounds (2, 4, 6 and
7) realized by three symmetry independent types of the QAE contacts. The
symmetry codes and bpy ligands involved in the contacts are labelled according to
Table 3 and Fig. 1a.

Crystal packing of [M(bpy)s]** cations in the monoclinic compounds (3, 5 and 8)
realized by three symmetry independent types of the QAE contacts. The symmetry
codes and bpy ligands involved in the contacts are labelled according to Table 3 and
Fig. 1b.

Two-dimensional hydrogen bonding layers in the structures are connected by one

[(a), orthorhombic form] or two [(b), monoclinic form] crystal water molecules.

Temperature dependence of y7' for compounds 3-7. The solid lines represent the

curves of the best fit in the model of axially distorted ligand field.
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Graphical and textual abstract for the contents pages

Two isostructural sets of solvatomorphs, [M(bpy)s].[NbO(C,0,)3]Cl-nH,0, crystallizing in
the P2;/c (n = 11) or P2,2,2; (n = 12) space groups have been characterized by spectroscopic,
X-ray structural and magnetic-susceptibility measurements. A specific supramolecular
contact, comprising four bipyridine ligands from two neighbouring [M(bpy)s]** cations has
been identified and described.
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