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Abstract

The detailed single crystal electron spin resonance (ESR) analysis of oxalamide
complexes with halogen-bridged copper dimers, supported by X-ray, magnetic suscep-
tibility and powder ESR studies, is reported. Four complexes with two different ligands
were synthesized: [CuLA(u-X)]s and [CulV (u-X)]2, where LA = N-(L-alanine methyl
ester)- N’-((2-pyridine-2-yl)methyl)oxalamide and LVY=N-(L-valine methyl ester)-N’-
((2-pyridine-2-yl)methyl)oxalamide, while X=Cl or Br. X-ray structural analysis shows
that geometry at each copper(Il) ion is ideal or near ideal square pyramidal while
two pyramids share one base-to-apex edge with parallel basal planes. The complexes
are linked by hydrogen bonds into infinite chains, which are further linked into a
three-dimensional network. Magnetic susceptibility measurements show that coppers
in dimers are weakly antiferromagnetically coupled (|J| =~ 0.6 — 3 K). From powder

ESR experiments, g-values and d,2_,2 orbital as the ground state of unpaired electron

~y
are determined, in agreement with copper square-bipyramide structures. Despite very
similar structures of these complexes compared with the complexes previously reported
and characterized by similar X-ray, magnetization and powder ESR results, single crys-
tal ESR spectra reveal significant differences.[Zili¢ D. et al., Dalton Trans. 2014, 43,
11877-11887] Here presented complexes show unusual anisotropic splitting and merg-
ing of ESR lines when their crystals rotate in magnetic field. The observation of this

partially resolved intradimer dipolar splitting enabled estimation of weak interdimer

exchange interaction parameter |J'| ~ 1 mK.



Introduction

The characterization of exchange-coupled transition metal complexes has become a multidis-
ciplinary research field with application in physics, chemistry and biology. The information
obtained from these studies is important for design of new materials with predictable mag-
netic properties and molecule-based magnets,' ™ as well as to understand electron-transfer
reactions in protein.* ¢ Study of dinuclear copper(IT) complexes, as the simplest coupled mag-
netic systems with S = 1/2 spin pair, has essential role in the field of molecular magnetism”
and a lot of effort has been put into investigation of magnetic properties in the light of their
relation to structural features.® ! Generally, in dinuclear compounds, spin-spin interaction
is determined by isotropic exchange constant, J, and by anisotropic interactions such as
symmetric anisotropic and antisymmetric Dzyaloshinskii-Moriya exchange and dipolar mag-
netic coupling. " Isotropic exchange interaction separates the singlet from the triplet state
by an energy J while anisotropic interactions remove the degeneracy of the triplet state even
in zero magnetic field. In copper complexes, also important is hyperfine interaction, due to
coupling of electron spin S = 1/2 with the spin of copper nucleus I = 3/2. Furthermore, in
undiluted magnetic systems, dimers may interact via weak exchange interaction J’ through
different chemical paths which introduces another complexity into magnetic structure. 12
Recently, magneto-structural correlations in a set of dihalo-bridged oxalamide copper (1)
dimers were reported.'® Here presented four newly synthesized complexes have slightly dif-
ferent ligands compared to those previously reported. Standard crystallographic, magnetic
susceptibility and powder ESR characterization of both type of complexes were performed
and, as it is expected, similar results were obtained. Copper(II) ions, with almost ideal
square pyramidal geometry, are weakly antiferromagnetically coupled (|.J| ~ 1 K) in dimers.
The dimers are further linked by hydrogen bonds into chains and three-dimensional networks.
However, performing single crystal ESR spectroscopy, during crystal rotation in magnetic
field, significantly different spectra were obtained. While for Z = 1 for the previously re-

ported complexes, only single ESR line was always detected, here presented complexes show



unusual partially resolved anisotropic line splitting. Exploiting the phenomena of exchange

7,12,14-25

narrowing and collapse or merging of split lines, we assign this splitting to intradimer

dipolar interaction. Furthermore, applying the model introduced by Hoffmann and cowork-

,15717:22,26.2T we were able to estimate exchange interaction between dimers J’. Therefore,

ers
when studying this type of compounds, single crystal ESR spectroscopy has proven to be
particularly useful experimental technique due to its sensitivity to probe small difference in

weak intra- and interdimer interactions. 1214719

Experimental methods

Synthesis and characterization of compounds

The ligands prepared from L-valine and L-alanine, as well as corresponding Cu complexes,
were synthesized as previously described. !32® Reagents were purchased from Aldrich or Fluka
and were used without further purification. All solvents were purified and dried by using
standard procedures and distilled prior to use. Melting points were determined on a Kofler
hot-stage apparatus and are uncorrected. 'H and *C NMR spectra were recorded on a
Bruker AV 300 spectrometer. Chemical shifts (in ppm) are referenced to TMS as an in-
ternal standard. Optical rotations were measured on an Optical Activity AA-10 Automatic
Polarimeter in a cell (path length: 1 dm) at 589 nm; concentrations are given in g/100
mL. Single-reflection attenuated total reflection (SR-ATR) FT-IR spectra were recorded at
a resolution of 4 cm™! on an ABBBomem MB102 single beam FT-IR spectrometer that was
equipped with Csl optics and a DTGS detector for a total of 30 scans by using a horizontal
single-reflection ATR diamond prism with a 458 angle of incidence. FEach spectrum was
recorded as the ratio of the sample spectrum to the spectrum of the empty ATR plate.
Ligand LA Yield: 64%; m.p.: 98°C; a®: - 37 (c=1 in DMSO); IR (KBr): A =3288,
1754, 1744, 1650, 1523, 1432 cm™!; 'H NMR (DMSO-dg): §/ppm = 9.29 (t, J = 6.0 Hz, 1H,
-CHyNH), 9.10 (d, J = 7.7 Hz, 1H, -CHNHCO), 8.50 (dd, J = 5.1 and 1.8 Hz, 1H, C-Hg,y),



7.76 (t, J = 7.7 Hz, 1H, C-Havyy), 7.27 (m, 2H, CHyyy), 4.42 (m, 3H, -CH,,, CH,NH), 3.65 (s,
3H, -OCH3), 1.37 (d, J = 7.3 Hz, 3H, -CH3); 13C NMR (DMSO-dg): §/ppm =172.4, 160.2,
160.1, 157.8, 149.3, 137.2, 122.7, 121.4, 52.5, 48.3, 44.6, 16.9. Elemental analysis: calcd for
C12H15N30, = C 54.34; H 5.70; N 15.84. Found = C 54.29; H 5.72; N 15.81.

Ligand LV Yield: 68%; m.p.:92°C; a&: - 30 (¢ = 1 in DMSO); IR (KBr): \ =3272,
2057, 1739, 1652, 1516, 1435 cm~'; '"H NMR (DMSO-dg): §/ppm =9.36 (t, J = 6.0 Hz, 11,
-CH,NH), 8.69 (d, J = 8.4 Hz, 1H, -CHNHCO), 8.51 (m, 1H, C-Hgyy), 7.76 (t, J = 7.8
Hz, 1H, C-Hyyy), 7.27 (m, 2H, C-Hyyy), 446 (t, J = 5.4 Hz, 2H, -CH,NH), 4.18 (t, J =
7.8, -CH,), 3.66 (s, 3H, -OCHj), 2.21 (m, 1H, CHg), 0.88 (dd, J = 6.6 and 3.6 Hz, 6H, 2 x
CH3); 3C NMR (DMSO-dg):6 /ppm =171.0, 160.0, 159.6, 157.2, 148.9, 136.7, 122.2, 121.0,
57.9, 51.9, 44.2, 29.5, 18.9, 18.4. Elemental analysis: calcd for CoH5N304 = C 57.33; H
6.53; N 14.32. Found = C 57.40; H 6.52; N 14.35.

[CuLA (u-Cl)], Elemental analysis: caled for CoyHagCloCuaNgOg = C 39.68; H 3.88; N
11.57; Cu 17.49. Found = C 39.72; H 3.90; N 11.54; Cu 17.47. IR (KBr): A =3212, 3190,
2950, 1745, 1612, 1543 cm ™1,

[CuLA (u-Br)], Elemental analysis: caled for CoqHagBroCusNgOg = C 35.35; H 3.46; N
10.30; Cu 15.59. Found = C 35.29; H 3.50; N 10.34; Cu 17.40.IR (KBr): A =3210, 3193,
3071, 1743, 1672, 1610, 1427 cm™".

[CuLV (u-Cl)], Elemental analysis: caled for CogHsgCloCuaNgOg = C 42.98; H 4.64; N
10.74; Cu 16.24. Found = C 42.93; H 4.71; N 10.79; Cu 16.26.IR (KBr): A =3208, 3189,
3075, 1750, 1739, 1658, 1562 cm™!.

[CuLV (u-Br)], Elemental analysis: caled for CogHssBroCusNgOg = C 38.59; H 4.16; N
9.64; Cu 14.58. Found = C 38.663; H 4.01; N 9.70; Cu 14.59.IR (KBr): A =3187, 3071, 1752,
1737, 1661, 1566, 1430 cm—!.



Crystal structure determination

Single crystals suitable for X-ray single crystal structure analysis of all complexes were
obtained at room temperature by partial evaporation from methanol solution. Data for
[CulA(1-C1)]y and [CuLA(u-Br)]y were collected at 295 K on Oxford Diffraction Xcalibur
Nova R diffractometer with Ruby detector using mirror-monochromatized Cuk, radiation
(A = 1.54184 A). Data for [CuL (u-Cl)], and [CuLV (u-Br)], were collected at the same tem-
perature on Oxford Diffraction Xcalibur2 diffractometer with Sapphire 3 CCD detector using
graphite-monochromatized MoK, radiation (A = 0.71073 A). CrysAlis PRO program?® was
used for the data collection and processing. For [CuL*(u-Cl)]y, [Cul® (1-Br)], and [CullY (u-
Cl)],, the intensities were corrected for absorption using the multi-scan absorption correction
method, while for [Cul.V (u-Br)], numerical absorption correction method was applied.?® Al-
though the best absorption model was used, higher absorption in two bromide complexes
[Cul®(u-Br)], and [CuLY(u-Br)]y, as well as thermal motions resulted in checkCIF B level
alert (low bond precision on C-C bonds). The structures were solved using direct methods
with SHELXS-20133° ([CuLA(u-C1)]y, [CuLY(u-Cl)]y and [CullY(u-Br)];) and SIR-200/ 3!
([CuLA(u-Br)]y), and were refined by full-matrix least-squares calculations based on F? using
SHELXL-2014%° integrated in the WinGX 32 program package. Hydrogen atoms attached to
the N3 and N6 atoms in [Cul®(p-Cl)]s, [CulV (u-Cl)]; and [CuLY (u-Br)]y have been found
in Fourier maps, and have been refined with geometric restraint on N-H distance (N-H =
0.86 A). All other hydrogen atoms in these three structures, as well as in [CuL®(u-Br)]s,
were included in calculated positions with SHELXL-20143° defaults. The O3A atom in
[CulA(u-Br)], was disordered over two sites and was refined with fixed occupancy ratio
of 0.52/0.48. Restraint on anisotropic thermal parameters was applied in the refinement of
these two components, as well as on some carboxylate ester atoms (C13B, C25B, O8B), while
geometric restraint was applied in the refinement of C12A-O3A and C12A-0O3A’ bonds.
Restraint on anisotropic displacement parameters was also applied in the refinement of the

carbonyl O3 atom in [CuLl®(u-Cl)],, as well as valine moiety C26 atom in [CuLV (u-Cl)], and



C11 and C13 atoms in [CuLV(u-Br)]y. Structure of [Cul®(u-Cl)], contains solvent accessi-
ble voids with very small amount of methanol molecule used for recrystallization or water
molecule. As it could not be modelled satisfactorily data were treated with the Squeeze
routine in PLATON.?3 Refinement was done in accord with suggested procedure3* (response
to CheckCIF B level Alert). Details of crystal data, data collection, and refinement pa-
rameters are given in Table 1. The PLATON 33 and MERCURY % programs were used for
structure analysis and molecular and crystal structure drawings preparation. The CCDC
1521402-1521405 contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data__request/cif.

Table 1: X-ray crystallographic Data for Complexes Described in This Work

Structure [CuLA (u-Cl)]2 [CuLA (u-Br)]2 [CuLV (u-C1)]2 [CuLV (u-Br)]2
Formula CyuHygCl,CuyNgOg  CyyHogBryCuyNgOg  CogHiggCl,CuyNgOg  CogHiggBryCuy NgOg
Formula weight 726.50 815.42 782.61 871.53

T (K) 295 295 295 295

Radiation, \ (&) CuK,, 1.54184 CuKq, 1.54184 MoK, 0.71073 MoK, 0.71073
Crystal system Monoclinic Triclinic Triclinic Triclinic

Space group P2 P1 P1 P1

Unit cell dimensions

a (A) 8.0681(3) 9.7483(2) 8.2233(4) 8.3218(5)

b (A) 18.0851(10) 12.6740(5) 10.3024(5) 10.2781(6)

c (A) 10.8021(5) 13.7659(6) 11.5787(6) 11.5581(7)

a (°) 90 116.966(4) 114.857(5) 114.297(6)

B (°) 95.281(4) 90.858(3) 101.567(4) 101.275(5)

v (°) 90 94.831(2) 95.286(4) 94.964(5)

V (A3) 1569.47(13) 1507.77(11) 854.65(8) 868.08(10)

Z 2 2 1 1

Deare (gem™3) 1.537 1.796 1.521 1.667
Absorption coef. p (mm~1) 3.704 5.331 1.455 3.581

O range (°) 4.110-69.991 3.609-69.978 4.449-29.996 4.429-29.992
Collected reflections No. 7294 13360 17946 17820
Independent reflections No. /Ry,:, 4801 / 0.0191 6649 / 0.0395 9902 / 0.0261 10070 / 0.0274
Reflections No. I > 20([) 4573 6259 7643 7445

Data® /Restraints/Parameters 4801 /9 / 388 6649 / 35 / 775 9902 / 11 / 430 10070 / 17 / 427
Flack parameter, = 0.00(2) 0.03(5) -0.026(14) 0.029(15)
Goodness-of-fit on F2, S 1.067 0.968 1.001 1.011

R[I > 20(I)]/R [all data]
wR[I > 20(I)]/wR [all data]
Max. and min. el. dens. (e A*‘g)

0.0282 / 0.0299
0.0821 / 0.0852
0.292 / -0.347

0.0509 /0.0537
0.1433 / 0.1485
1.603 / -0.651

0.0382 / 0.0577
0.0912 / 0.1055
0.470 / -0.280

0.0411 / 0.0654
0.0929 / 0.1060
0.510 / -0.434

¢ Equal to independent reflections.

Magnetic measurements

Magnetic susceptibility was measured by Faraday method in fields up to 0.9 T in the tem-

perature range from 2-300 K. At low temperatures susceptibility was measured in fields of



up to 0.2 T.

ESR experiments were performed on the polycrystalline forms as well as on the single crystals
of the investigated compounds. For [Cul®(u-Br)], only polycrystalline measurements were
obtained due to small sizes of the single crystals. ESR experiments were carried out with
a Bruker 580 FT/CW X-band spectrometer equipped with a standard Oxford Instruments
model DTC2 temperature controller. The microwave frequency was ~ 9.6 GHz with the
magnetic field modulation amplitude of 0.5 mT at 100 kHz. Applied microwave power was
0.0002 mW and 0.2 mW for polycrystalline and single crystal measurements, respectively.
The crystals of all compounds were elongated approximately along the crystallographic a-
axis. They were rotated round three mutually orthogonal axes: a crystallographic a-axis
and two chosen b'-axis and ’-axis. ESR spectra were recorded at 5° steps and the rotation
was controlled by a home-made goniometer with the accuracy of 1°. A larger uncertainty
(2-3°) was connected to the optimal deposition of the crystals on the quartz holder. The
ESR spectra were measured from room down to liquid helium temperatures. At low temper-
atures (below ~80 K) spectra were strongly influenced by the passage effect and therefore,
these measurements were obtained carefully, by performing slow scans with small modulation

amplitude at low microwave power and low modulation frequency. 3¢

Results and Discussion

Description of structures

Reaction of ligands LA=N-(L-alanine methyl ester)- N’-((2-pyridine-2-yl)methyl)oxalamide
and LV=N-(L-valine methyl ester)-N’-((2-pyridine-2-yl)methyl)oxalamide with CuCl, and
CuBr, in MeOH results in crystals of the complexes [CuLA(u-Cl)]y, [Cul®(u-Br)]s (which
crystallized with two independent molecules in the asymmetric unit), [CuLV (u-Cl)]y, and
[CuLY (u-Br)]y, that were analyzed by X-ray single crystal diffraction method (Fig. 1). The

structures of these complexes are very similar with the structures of the dihalo-bridged Cu(II)



complexes we described previously.'® Cu(II) ions are penta-coordinated by oxalamidato oxy-
gen and nitrogen atoms, pyridyl nitrogen atom and two halogen ions (chlorides or bromides).
The coordination polyhedron around the Cu(II) ion could be best described in these four
complexes as an ideal or near ideal square pyramid, with 7 = 0.00-0.20 (Table 2), where
7 = 0 implies the ideal square-pyramidal geometry.3” The square base coordination sites
are occupied by a deprotonated ligand, thus acting as NNO tridentate ligand, and by one
of the bridging halo-ions. The other bridging halo-ion occupies the apical position of the
square pyramid (Fig. 1). The two Cu(Il) centers are bridged by two halo-ions in such a
way that two square pyramids share one base-to-apex edge with parallel basal planes. Such
type of pyramidal arrangement in copper complexes containing the Cu—(u—X)s—Cu core is

designated as a type I1.%®



Figure 1: Molecular structures of [CuL*(u-Cl)]y (a), [CuL?®(u-Br)]y (b), [CuLV (u-Cl)]a(c),
and [CuLV(p-Br)]s (d). Displacement ellipsoids for non-hydrogen atoms are drawn at the
30% probability level. Only one independent molecule (with only major component of dis-
ordered O3 atom) is presented for [Cul®(u-Br)]y (b).
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Table 2: Molecular Geometry (A, ° OAfl) of the Complexes Described in This Work
[Cul (1-C)]y

[CuLY (u-Ch)J, [CulA(u-Br)],® [CuLY (u-Br)],
Cu-X" (basal) 2.2395(13) 2.2370(17) 2.3743(14) 2.3678(15) 2.3738(12)
2.2424(12) 2.2373(16) 2.3800(15) 2.3646(15) 2.3787(12)
Cu—X (axial)(R) 2.7025(13) 2.7270(16) 2.8567(16) 2.9086(16) 2.8593(13)
2.6885(12) 2.7280(17) 2.9399(17) 2.9893(16) 2.8779(14)
Cu-O (oxalamide) 2.064(3) 2.069(4) 2.066(6) 2.049(7) 2.037(6)
2.044(3) 2.039(4) 2.042(7) 2.029(7) 2.044(6)
Cu-N (pyridyl) 2.019(4) 2.020(5) 2.032(7) 2.033(8) 2.036(7)
2.027(4) 2.028(5) 2.025(8) 2.031(8) 2.005(7)
Cu-N (oxalamide) 1.908(4) 1.916(5) 1.911(8) 1.911(8) 1.894(7)
1.910(3) 1.896(5) 1.923(8) 1.911(8) 1.914(7)
T¢ 0.07 0.07 0.02 0.14 0.00
0.01 0.04 0.07 0.20 0.04
d(Cu)? 0.2143(6) 0.1924(5) 0.1934(12) 0.1679(14) 0.1942(9)
0.1843(6) 0.1676(5) 0.1796(14) 0.1340(14) 0.1860(9)
Cu---Cu’ 3.4253(8) 3.4574(6) 3.6457(19) 3.717(2) 3.5598(11)
Cu—X-Cu’(«) 87.57(4) 87.69(6) 85.93(5) 87.06(5) 84.77(4)
87.17(4) 87.71(5) 87.75(5) 89.02(5) 85.10(4)
a/R 32.40 32.16 30.08 29.93 29.65
32.42 32.15 29.85 29.78 29.57
¢ Data are given for two independent molecules.
®X = Cl or Br.

¢ Geometric parameter applicable to five-coordinate structures (degree of trigonality)3”
4 Displacement of Cu(II) ions from the mean basal atoms plane.

The complexes are mutually linked by two N-H- - - O hydrogen bonds between oxalamide
moieties, so forming one-dimensional infinite chains of dinuclear units (Fig. 2 and Supporting
Information (SI)). The hydrogen-bonded chains are further linked by other weak interactions

into three-dimensional networks (for more detailed description of the structures see SI).
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Figure 2: Capped stick representation of chain of dimers in [CuL*(u-Cl)]y (a) and [CuLlY (u-
Br)]; (b), showing N-H---O and C-H---O hydrogen bonds that form one-dimensional
chains. Cu(II) ions and halogen ions are presented in ball and stick style. The chains
formed in [Cul®(u-Br)]; and [CuLY(u-Cl)], are presented in Figure S2 in SI.

Magnetic susceptibility

Temperature dependence of magnetic susceptibility of all the complexes is shown in Fig. 3.
At low temperatures all complexes show deviation from Curie law (dashed line in all panels)

signifying existence of weak antiferromagnetic interactions between spins.
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Figure 3: Temperature dependence of magnetic susceptibility of (a) valine complexes:
[CuLV(u-C1)], and [CuLY(u-Br)], and (b) alanine complexes: [CuL*(u-Cl)]y and [CuL?(u-
Br)]s. Solid lines represent fits to dimer model, and dashed line is Curie law for S = 1/2.
Main panels show low-temperature range where susceptibility deviates from Curie law due to

weak antiferromagnetic intradimer interactions. Insets show entire temperature range from
2 — 300 K.

From crystal structures we expect weak magnetic dimers. In order to evaluate intradimer
interaction J between the spins we fit the data to the isolated dimer model modified to include
the influence of finite magnetic field on the singlet-triplet splitting at low temperatures.3’
Diamagnetic contribution for each complex was calculated using Pascal’s constants?® and
appropriately taken into account. Obtained values of J are given in Table 3. All obtained

values are antiferromagnetic and of the order of 1 — 2 K.
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Table 3: Intradimer Coupling J/kpg, g Factors and Pascal’s Constants?® Obtained by Fitting
the Measured Data to the Dimer Model®’

Compound J/kg (K) g  Pascal’s constant (emu/mol Cu)

(
[CuLA(u-Cl)],  -2.37(1)  2.055 —1.4355- 1074
[CuLA(u-Br)],  -2.95(1)  2.090 —1.5475-10~*
[CuLV(u-Cl)], -1.91(2) 2.062 —1.6775-10~*
[CuLV (u-Br)],  -0.63(2) 2.067 —1.7895-10~*

ESR spectroscopy
Powder ESR spectra

The representative powder (polycrystalline) ESR spectra of the investigated compounds at
three selected temperatures are shown in Fig. 4. Half-field ESR line at g ~ 4 connected
with forbidden transition AMg = 42 was not detected for any of the complexes.! The
spectra can be simulated using only g-tensor parameters, while hyperfine A-tensors, due to
interaction between electron and nuclear spin in copper ions, were not observed and therefore
were neglected in further analysis. The spectra were simulated by FasySpin software*!
using Lorentzian lineshapes, allowing only linewidth to change with temperature. Values

of g-tensors, obtained from simulation of the polycrystalline spectra, are shown in Table 4.

Averaged values (g) are calculated as: (g):\/(1/3)(g§ + 92+ g2).
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Figure 4: Experimental (red lines) and simulated (black lines) ESR spectra of polycrystalline
samples of the compounds [CuLY (u-Cl)], [CuLY (u-Br)]y, [Cul” (u-Cl)], and [Cul® (u-Br)]s.
The intensities of the spectra at different temperatures are presented in the real ratios, for
each compound.

Table 4: Principal and Average Values of the Copper g-Tensors of the Investigated Com-
pounds, Obtained From the Simulation of the Polycrystalline Spectra

Compound G Gy g (9)
[CulA(u-Cl)]; 2.055 2.055 2.290 2.136
[CuLA(u-Br)], 2.050 2.050 2.235 2.113
[CuLY (u-Cl)], 2.050 2.050 2.290 2.133
[CuLV (u-Br)], 2.030 2.067 2.254 2.119

15



As can be seen from Fig. 4, the simulations reproduce well the experimentally observed
spectra for all compounds. The obtained axial g-tensor parameters for [CuLY(u-Cl)]s,
[CuLA(u-Cl)]y and [CuL?(p-Br)], with g, > g, = g, reveal that the ground state of un-

paired electron is the d,2_,2 orbital. For [CuLV(u-Br)]y the "rhombic' spectra are obtained

—y
with ¢, > g, > ¢, and a ratio (g, — ¢,)/(9. — g,) = 0.198 < 1 shows that the ground state
is predominantly also d,2_,2.*>** The obtained results are in agreement with the square-
pyramidal coordinations around copper ions and dg2_,» orbital with unpaired electron is
localized in the basal plane of square pyramid.

Lorentzian line shapes and the absence of hyperfine structures point to the presence of

the exchange interaction while the spectral simulations reveal that exchange interactions in

these compounds are weak, in agreement with the susceptibility measurement results.

Single crystal spectra

Due to small sizes of [CuL*(u-Br)], crystals, its single crystal ESR spectra was not recorded
while the spectra of the other three compounds show very complex structures. The complexes
[CulA(u-C1)], and [CuLV(u-Br)], have a single line in one rotation plane while in other
two planes single or double lines occurred depending on the position of the crystals in the
magnetic field. The complex [Cul(u-Cl)]; shows one or two lines in all three rotation
planes. The shape of all lines were Lorentzian-like. The complete angular dependence of the
single crystal spectra of [CulY(u-Cl)]y at room temperatures is presented in Fig. 5, while

the spectra of [Cul.Y (u-Br)]y and [CuL*(u-Cl)], are given in Figures S6 and S8 in SI.
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Figure 5: Angular variation of the single crystal ESR spectra of compound [CuLV(u-Cl)],,
in three mutually perpendicular planes, at room temperature.
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The corresponding angular dependence of the effective g.fs-values and peak-to-peak
linewidths W, for all three rotation planes for [CuLV(u-Cl)]y complex is shown in Fig. 6
while the dependencies for [CuL¥(p-Br)]s and [Cul®(p-Cl)], are given in Figures S7 and
S9 in SI. Here g.rs presents g-value at resonance field, defined as hv = g.¢sppH,es, Where
v is the applied microwave frequency, h is Planck constant and pp Bohr magneton. g.yy
and W,,-values are obtained using Bruker Elexsys Xepr software. The values of g.;¢ and
W, at T' = 80 K were approximately the same as those at room temperature and therefore,
they are omitted. At lower temperatures the angular dependencies were not recorded due

to strong passage effect3® that caused distortion of spectra.
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Figure 6: Angular variation of the g.fp-values (solid squares) and the W, linewidths (open
squares) of ESR lines for the single crystal of [Cul.Y (u-Cl)]y, at room temperature, for three
mutually perpendicular planes. Solid triangles represent the average g,,-values calculated as

Jav = (91 + 92)/2.

The observed number of resonance lines can not be simply correlated to the number of
molecules (dimers), Z, found in the unit cell. Namely, for [Cul.V (u-Cl)] and [CulY (u-Br)],
Z =1, while Z = 2 for [CuL®(u-Cl)]y complex (Table 1). Two bridged coppers in dimers
are crystallographically nonequivalent but these differences are small, as can be seen from
Table 2, and they can not produce observed ESR line splitting. Namely, observed resonance

lines are not described by physical copper g-values but rather with previously mentioned
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effective values that range from ger ~ 1.9 to gess =~ 2.4. Furthermore, following Ref. 12 if
we use the average g,,-values, calculated as g,, = (g1 + g2)/2 (presented as solid triangles in

Fig. 6) and perform fit to well-known expression:

7= (g%g),,sin?0cos? ¢+ (gTg),, sin?0sin 2¢ +
+ (g"g)yy sin® Osin”® ¢ + (gT'g),.. sin 20 cos ¢ +

+ (g7g), . sin20sin ¢ + (gTg),,, cos? 0 (1)

it is possible to obtain the corresponding principal values of molecular g-tensor. Here 6
and ¢ are the polar and azimuthal angles of the magnetic field vector B, respectively and
(a, V', ) is our laboratory coordinate system.%* Results of fitting data to Eq. 1 are shown as
solid lines in Fig. 6. However, these eigenvalues, given in Table S3, are in disagreement with
the values given in Table 4 and can not simulate satisfactorily polycrystalline spectra, for
all three investigated compounds. Therefore, two resonance lines observed in spectra could
not been assigned to g-factors of two nonequivalent copper ions in dimers but rather to two

energy transitions due to coupling between coppers, as will be shown in the next section.

Intradimer interactions

Generally, two copper(II) centers in dimers can be described by the effective spin-Hamiltonian

H=1p(S1-g1+S2-82)-B+S; - (—JI+D)-S,. (2)

In Eq. 2, S and g are the spin operators and g-tensors, respectively, for two nonequiva-
lent copper ions Cul and Cu2 in dimer, B is the magnetic field, J is the isotropic exchange
interaction constant between Cul and Cu2, I is the unit matrix and D is the second rank
symmetric tensor that describes both dipole-dipole and symmetric anisotropic exchange in-
teractions.!? In all complexes inversion center between two copper ions in dimer is missing

which allows for presence of antisymmetric anisotropic Dzyaloshinskii-Moriya interaction
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in Hamiltonian. To simplify our analysis, we omit this contribution and leave the study
of antisymmetric anisotropic exchange in title compounds for the future. Anisotropic ex-
change contribution due to spin-orbit coupling is also usually negligible compared to the
intradimer dipolar contribution.!® Hyperfine interaction was not experimentally observed,
as it is previously mentioned, and therefore its term is omitted in Eq. 2. From the similar
local coordinations around nonequivalent copper ions in dimers, as can be seen from Table 2,
identical g-values for coppers can be used.

In a first-order approximation for two identical spins with isotropic g-values, taking only
the secular term of the dipolar interaction and D parameter sufficiently small compared to
the Zeeman energy, Eq. 2 predicts two ESR lines separated by the value AH, expressed in

the magnetic field units: 124

3 9B 2
AH =a-""—=(1— 3cos”p), 3
5 3 %) (3)
where r is the distance between spins, ¢ is the angle between r and B and a is a factor of
proportionality. In fitting our data to Eq. 3, we took into account the fact that vector r is not
in the plane of crystal rotation in magnetic field and corrected the formula 3 accordingly. For
pure dipolar behavior, parameter a should be equal to 1. In Fig. 7 we compare experimentally

obtained difference of the resonance fields of two observed lines AH,.; = (hv/ug)(1/g1 —
1/g5), with the difference AH predicted by Eq. 3 for the compound [CuLY (u-C1)]s.

21



100

\
[Cul (»-Ch], a=0.483
501
0 EEEEEEEEEEE
-504
Bllb Bllc B Il b’
'100 T T T T T T T
0 30 60 90 120 150 180
100
p 504
S
N
g 0
T
<
-50
1B||C' a=0.754
_100 T T T T T T T
100 0 30 60 90 120 150 180
50 1
0
-50
Blla Bl b Blla
-100 T T

0O 30 60 90 120 150 180
Angle (deg)

Figure 7: Angular variation of the difference of the resonance field of two observed lines AH,..
obtained experimentally (solid symbols) and simulated according to Eq. 3 (solid lines) for
the single crystal of [CuLV (u-Cl)]y, at room temperature, for three mutually perpendicular
planes. The parameter a obtained from the simulation is indicated in the figure.

From Fig. 7 one can conclude that the main cause of the observed line splitting is in-
tradimer dipole-dipole interaction. The corresponding comparison for [CuL"(u-Br)], and
[CulA(1-C1)], complexes is omitted because of experimentally observed mostly collapsed
lines.

If we estimate dipolar contribution as D¥P(cm™!)a 0.433¢%/r3, where r is the Cu—Cu
separation in A 116 the value of 50 mT=~ 0.08 K is obtained, for [CuLV (u-Cl)],. For [CuLY (u-
Br)], and [Cul®(u-Cl)], complexes, the corresponding values are 0.07 and 0.08 K, respec-
tively. These values are quite large, few percents of exchange coupling constant J. For

comparison, hyperfine contribution is usually A ~ 20 mT for copper“®*" and that is why
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this interaction is not observed in experiments. Observed collapsing or merging of split lines,
as well as the obtained value of parameter a < 1 for two rotation planes, point to the presence

of weak interdimer exchange interaction described by parameter .J’.12

Interdimer exchange interaction

Observed split resonance lines, instead of simple crossing at the magic angles where AH,.., =
0, show sudden merging and they stay merged in the broad angular ranges.'® Collapsing of
ESR line is described by a phenomena of exchange narrowing, due to interdimer interac-
tions. 121425 Here, the peak-to-peak linewidth of the observed resonance lines is relatively
constant, except in the merging regions where significant narrowing, accompanied by corre-
sponding high spectral intensity, is present, as can be seen in Fig. 5, as well as in Figures S6
and S8 in SI. For weak exchange interaction J' < D, two split lines are shifted to the center
of the spectra (parameter a < 1) and broadened while for strong exchange J' > D, the
two lines merge into one.”!? Here presented spectra show partially resolved ESR lines and
therefore, one can roughly estimate interdimer exchange interaction as J' ~ D. Using only
dipolar contribution to D, the value of J' &~ 0.07 — 0.08 K can be approximated.

Better estimation is obtained applying Anderson’s stochastic theory, where the transition
from weak to strong exchange regime was analyzed using the so-called random frequency
modulation model?®2! that has been exploited in a number of cases.”1?1819:23 The second
approach is a quantum perturbative model introduced by Kubo and Tomita.'* Here we used
third, simplest model presented by Hoffmann and coworkers.!®17:26:27 A]] three approaches
have been applied to the same system and gave similar results.?® Using generalized Bloch
equations for spins jumping between two paramagnetic centers that are exchange coupled
via parameter J', Hoffmann and coworkers derived an expression for an intensity of single

crystal spectrum composed of two Lorentzian lines with half-widths I'; and I'y at resonance
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fields B; and By: 1727

Y(B) = N(Wi + Wy){[W2 — 2(B — Bo) J'| (W} + W3)
—4[(B — By)Ws — (Lo + 2J)Wi] - [(B — B)W, + (Lo + J)Wa]},
where
Wy =(B—By)(B—Bsy)— (I't + K1)(I's + Ks) + K1 K»,
Wy = (B — By)(I'2+ Ky) + (B — By)(I't + K1),
I'o=(T1+7T9)/2,By= (B + Bs)/2,

Ky = J'By/By, Ky = J'By/By. (4)

Here, N is a normalization factor connected with a number of spins and all parameters are
given in magnetic field units. When J' = 0, Eq. 4 describes the spectrum of two Lorentzian
lines placed at field By and Bj, while when J’ increases, the merging effect appears. The
fitting of Eq. 4 to experimentally observed spectra was performed and few representative

spectra are shown in Fig. 8.
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Figure 8: The representative ESR spectra for the single crystal of [CuLV(u-Cl)], in three
rotation planes at room temperature. Dotted lines represent the best fitting of Eq. 4 to
experimental spectra, with indicated J’ values, obtained from the fitting. Intensities of the
lines are scaled to have same heights.

We see that an agreement between fitted and experimentally obtained spectra is very well.
Generally, the fitting is better when two lines are more separated compared to situation when
one merged line is observed. The values of interdimer exchange parameters obtained from
the fitting are J' ~ 1.5 — 5.8 mK, one order of magnitude smaller compared to previously

roughly estimated values.

Conclusion

Set of four dihalo-bridged copper(II) dimers were synthesized and thoroughly characterized.

Single-crystal X-ray diffraction analysis revealed that, in all cases, the Cu(II) ion is penta-
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coordinated by a tridentate NNO ligand and by two halo-ions (Cl or Br) in an ideal or near
ideal square-pyramidal environment, in such a way that two pyramids share one base-to-apex
edge with parallel basal planes. The main hydrogen-bonded motif in these complexes is one-
dimensional infinite chain primarily formed by N-H-:..O hydrogen bonds. Magnetization
measurements discovered the presence of weak antiferromagnetic interactions between the
copper ions in dimers, (|J| ~ 0.6 —3 K), in agreement with the small values found for similar
dihalo-bridged copper compounds. 3384851 This relatively weak exchange interaction was
confirmed by powder ESR experiments, that showed that unpaired copper electrons are

localized in d,2_,» orbitals, placed in almost parallel basal planes of bipyramids.

~y

However, the central observation in this work is the detection of unusual anisotropic split-
ting and merging of ESR lines when single crystals rotate in magnetic field. This splitting was
assigned to intradimer dipole-dipole interaction while partial merging of lines revealed exis-
tence of weak interdimer exchange interaction, mediated via hydrogen bonded polynuclear

15-17,26,27 \aal

arrangements. Using theoretical model introduced by Hoffmann and coworkers
interdimer exchange interaction parameter was estimated to be of the order of |J'| ~ 1 mK.

Despite very similar structures of complexes described here compared with the com-
plexes previously reported,'® described by similar X-ray, magnetization and powder ESR
results, we probed small but significant difference in magnetic properties using single crystal
ESR spectroscopy. Therefore, single-crystal ESR spectroscopy has proven to be adequate
technique to detect small differences in weak magnetic interactions due to slightly differ-

ent local environment of magnetic centers, usually non-visible by standard characterization

techniques.
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Single crystal ESR experiments reveal unusual anisotropic splitting and merging of lines
when crystals rotate in magnetic field. The observation of this partially resolved intradimer

dipolar splitting enabled estimation of weak interdimer exchange interaction.
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