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To investigate the magnetic properties and the spin entanglement of dinuclear arrays, we prepared com-
pounds [{Cu(pAB)(phen)H,0},-NOz-pABH-2H,0O], 1, and [Cu,(pAB),(phen),pzl,, 2 (pABH = p-aminoben-
zoic acid, phen = 1,10-phenanthroline and pz = pyrazine). The structure of 1 is known and we report here
that of 2. They contain similar dinuclear units of Cu' ions with 1/2-spins S; and S, bridged by pairs of pAB
molecules, with similar intradinuclear exchange Hex = JoS1 - S2 and fine interactions Hp = S; - (2D) - S»,
but different 3D crystal arrays with weak interdinuclear exchange J', stronger in 2 than in 1. To investigate
the magnetic properties and the spin entanglement produced by J', we collected the powder spectra of 1
and 2 at 9.4 GHz and T between 5 and 298 K, and at 34.4 GHz and T = 298 K and single-crystal spectra at
room T and 34.4 GHz as a function of magnetic field (Bp) orientation in three crystal planes, calculating
intradinuclear magnetic parameters Jél) =(-75+ 1) cm™, JE)Z) = (=78 + 2) cm™, |DW| = (0.142 + 0.006)
cm™ |D?| = (0.141 + 0.006) cm™ and EY ~ £@ ~ 0. Single crystal data indicate a quantum entangled
phase in 2 around the crossing between two fine structure EPR absorption peaks within the spin triplet.
This phase also shows up in powder samples of 2 as a U-peak collecting the signals of the entangled
microcrystals, a feature that allows estimating |J'|. Transitions between the two quantum phases are
observed in single crystals of 2 changing the orientation of By. We estimate interdinuclear exchange
couplings [J'¥] < 0.003 cm™ and |J®| = (0.013 + 0.005) cm™, in 1 and 2, respectively. Our analysis indi-
cates that the standard approximation of a spin Hamiltonian with S = 1 for the dinuclear spectra is valid
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only when the interdinuclear coupling is large enough, as for compound 2 (|7®/J%| ~ 1.7 x 10~%). When
J'is negligible as in 1, the real spin Hamiltonian with two spins 1/2 has to be used. Broken-symmetry DFT
predicts correctly the nature and magnitude of the antiferromagnetic exchange coupling in 1 and 2 and

rsc.li/dalton ferromagnetic interdinuclear coupling for compound 2.

1 Introduction

Great advances in dinuclear units (DUs) have been achieved
since the pioneering electron paramagnetic resonance (EPR)
study of Bleaney and Bowers' on dinuclear copper acetate
hydrate. A large number of dinuclear compounds having
unpaired spins S; and S, coupled by an exchange coupling
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Hex = —JoS1 - 82 (1)
with J, < 0 for antiferromagnetic (AFM) interactions, have been
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reported, and their properties characterized by X-ray crystallo-
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graphic, magnetic, EPR, and other techniques.> AFM DUs with
S; = S, = 1/2 for which eqn (1) predicts a ground singlet state
and an excited triplet state with a gap AE = |J,| are the simplest
non-trivial quantum and magnetic spin systems. They gave
rise to important research lines in molecular magnetism,>*”
inorganic, organic and biological chemistry (copper proteins®®
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and photosynthetic reaction centres'®'"), which helped to
understand the relationships between the exchange inter-
actions with the structure, chemical bonding, and eventually
protein functions in many important situations. A large frac-
tion of the studies of DUs were done for units with carboxylate
bridges.">"**8

Attention has also been paid to the effect of weak exchange
interactions J' interconnecting finite®>'*?° and infinite*'">*
arrays of DUs in a molecule or a periodic structure. The peri-
odic structures give rise to travelling spin excitation
(triplons)**™’ transforming the finite quantum dinuclear
units into infinite collective systems with quantum many-body
effects modifying the magnetic properties and showing the fas-
cinating properties of molecular magnets, including quantum
phase transitions,”®*®  Bose-Einstein  condensation,>”*°
quantum spin ladders®*® and more.*"**

EPR played the most relevant role in the studies of individ-
ual DUs and, as well, in the studies of weak interdinuclear
exchange interactions J° in  compounds  having
infinite*’ >***> arrays of DUs. Detailed single-crystal
measurements show that the spin entanglement and the spin
dynamics arising from J' merge the peaks of the fine structure
for the magnetic field B, = yoH (4, is the vacuum permeability)
around the directions where the EPR absorptions
intersect®?**> and collapse the hyperfine structure. Changes
in the spectra of weakly coupled monomeric spins as a func-
tion of J' were initially explained using the exchange narrowing
theory®®?” and rigorously proved by classical Anderson-Kubo’s
general theories of magnetic resonance.*®*° In later years,
experimental and theoretical investigations were done on infi-
nite coupled-spin systems and the understanding of the
exchange narrowing process evolved for monomeric spins®
and for AFM DUs,>***?*%! where the process is thermally acti-
vated. The purpose of this work is to study weak
interdinuclear couplings through their effects on the EPR
spectra. We investigate two weakly interacting arrays of DUs in
compounds [{Cu(pAB)(phen)H,0},-NO;-pABH-2H,0], 1, and
[Cu,(pAB),(phen),pz],, 2, where pABH = p-aminobenzoic acid,
phen = 1,10-phenanthroline, pz = pyrazine, synthesizing, crys-
tallizing, solving their crystal structures and performing EPR
studies on powder and single crystal samples. Compounds 1
and 2 contain similar DUs, and thus similar intradinuclear
coupling Jo,. However, different paths connect them, leading to
different interdinuclear coupling J' between the neighbouring
DUs. Therefore, comparing the EPR results of these com-
pounds based on their structures allows a deeper understand-
ing of the effects of interdinuclear interactions.

We collected the EPR spectra of single crystal samples of 1
and 2 at the Q-band and room T as a function of the orien-
tation of By, also for powder samples at the X-band as a func-
tion of temperature T between 5 and 293 K and at the Q-band
and 293 K, and used these spectra to determine the intradi-
nuclear magnetic parameters. For orientations of B, around
the fields at which the fine structure peaks +1 < 0 cross and
the energy distance between them become smaller than ||,
the spectra change abruptly into a collapsed line reflecting the
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spin entanglement and allowing the estimation of interdinuc-
lear coupling. In single-crystals, quantum phases differing in
the spin entanglement can be tuned with B,; in the powder
spectra, the couplings J’ give rise to an extra peak, which was
reported as arising from the interdinuclear exchange by
Gavrilov et al.,>® who associated this behavior with travelling
triplet excitons in the crystalline lattice. Others also observed
this peak in the powder spectra of polynuclear Cu"™ com-
pounds, suggesting the interdinuclear exchange as a potential
explanation for it.*»** Single crystal EPR measurements on
chains of copper dinuclear paddlewheel units reported by
Perec et al. demonstrated that this so-called “U” peak® in
powder spectra collects the signal arising from microcrystals
oriented in the angular range of the collapsed line and its
intensity allows estimating both |/'| and the temperature
dependence of the entanglement due to the population of
excited triplet states.>®

The behaviors of the spectra of 1 and 2 are discussed in
terms of the interdinuclear exchange couplings and the conse-
quent spin entanglement. The magnitudes of the intra- and
inter dinuclear exchange couplings J, and J' are related to the
structures of the corresponding paths connecting the metal
ions. Their experimental values for 1 and 2 are compared with
the results of theoretically calculated separation between the
singlet and triplet states using broken-symmetry density func-
tional theory (BS-DFT).

2 Experimental details
2.1 Materials and preparation

All chemicals, of analytical or reagent-grade purity, were com-
mercially available and used as received. Water was purified
with a Millipore Milli-Q system, yielding a resistivity of 18 MQ
em™*

Compound 1: we added slowly 0.75 mmol of Cu
(NO;),-5H,0 to an aqueous solution (30 cm®) of pABH
(0.75 mmol) and phen (0.75 mmol) while the pH was adjusted
to 4 with HNO; and NaOH. Keeping this solution at 35° for
slow evaporation, green square crystals were obtained after ~4
days.

Compound 2: pABH (1 mmol), phen (1 mmol) and pyrazine
(0.5 mmol) were added to 40 ml of methanolic-acetonitrile
solution (1:1 v/v) and kept under continuous agitation at
room T until full dilution, and then 1 mmol of Cu(NO3),-5H,0
was added. This solution was gravity-filtered and the filtrate
kept for slow evaporation at 20°. Dark green crystals were
obtained after ~5 days.

2.2 Crystallographic methods

Diffraction intensities were measured with an Oxford
Diffraction Gemini CCD S Ultra diffractometer. Crysalis®®> was
used for data collection, data reduction, and empirical absorp-
tion correction. Calculations to solve the structures, refine the
models, and obtain derived results were carried out with the
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computer programs SHELXS-97,*® SHELXL,"”” and PLATON.*®
For structure graphics we used SHELXTL* and Mercury.>

2.3 Electron paramagnetic resonance methods

We used a Varian EPR spectrometer working at ~9.476 GHz
(X-band) and at ~34.28 GHz (Q-band), with a fixed amplitude
of ~0.1 mT at 100 kHz field modulation and 1 mW microwave
power, values precluding overmodulation and saturation of the
signal at any 7. The spectrometer gain was kept constant in
order to obtain comparable signal amplitudes. EPR spectra in
powder samples were obtained from finely ground single crys-
tals of 1 and 2, stored in thin glass capillary tubes. They were
gathered as a function of T between 5 and 298 K at the X-band
and 293 K at the Q-band. The position and amplitude of the
narrow EPR signal of a Cr'™:MgO spin marker (g = 1.9797)
were used to calibrate B, and to control the experimental
factors affecting the signal amplitude. The Cr'™ impurities in
MgO occupy cubic positions in the lattice. It has S = 3/2, the
fine structure D-term is zero, and the fourth-order fine struc-
ture terms are very small.’® So, it is paramagnetic and its sus-
ceptibility is proportional to 1/7, at T > 1 K. Therefore, it was
satisfactorily used to detect changes with temperature in the
frequency and Q-factor of the microwave cavity.

The crystal habit of the samples was identified with a
goniometric optical microscope; the angles between crystal
edges were used to orient the samples by comparing the
results with crystallographic information. Cubic sample
holders made by cleaving pieces of KCI single crystals were
used to define laboratory orthogonal reference frames xyz to
mount the samples. Specimens of 1 and 2 were glued with the
bc plane parallel to the xy faces of the holders, with the b axis
parallel to a holder edge. This allows obtaining the relation-
ship between the sample holder and crystal axes mounting the
holders on top of a pedestal inside the cavity with each face
(xy, zx or zy) on the horizontal plane. The orientation of B,
was varied by rotating the magnet and the EPR spectra dy”/dB,
of single crystal samples of 1 and 2 were collected with B, at 5°
intervals (or smaller in some ranges) along 180° in the planes
a*b, ca* and bc at 298 K and 34.4 GHz (a* = b x ¢). Single
crystal and powder spectra were analyzed using EasySpin (v.
5.2.24),°* a package of programs working under Matlab>® that
simulates and fits a given Hamiltonian to spectral line shapes
dy"ldB, vs. By and to the angular variation of the centers of the
resonances in a single crystal. Gaussian and Lorentzian line-
shapes defined following Weil and Bolton> were used to fit
different situations (see discussion). In all fittings the mean
square deviations between experimental and calculated values
were minimized.

2.4 DFT methods

The calculations were performed using the software ORCA
version 4.2.0.>> The geometries used in the calculations were
extracted from X-ray diffraction data for compounds 1 and 2
and optimized using the method PBEh-3c.>® Broken-symmetry
DFT (BS-DFT)*” was used to calculate the exchange coupling
between metal centers. This approach has been previously
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applied to copper compounds and other exchange-coupled
electron spin systems with reasonable agreement between
theoretical and experimental parameters.'®**°° The inter-DU
exchange was calculated by substituting Cu with Zn inside a
molecule and adding a symmetry-related neighboring mole-
cule with a Cu/Zn substituted site as well. Isosurfaces of mole-
cular orbitals and spin density were prepared using the soft-
ware Chemcraft.®!

3 Crystal structures and
interdinuclear chemical paths

X-ray diffraction data obtained for compound 1 allowed us to
assign it to that reported by Battaglia et al. in 1991,** for which
no further crystallographic efforts were made. Compound 2,
instead, has not been reported previously and the corres-
ponding cif file has been deposited in the CCDC (deposition
number 19429437%). Table 1 provides some crystallographic
data for both compounds, while Tables S1 and S2 in the ESI}
provide some comparative bond distances and angles.

The asymmetric unit in 1 contains half a DU [Cu(pAB)
(phen)(H,0)],>", one free pABH, one phen molecule, a nitrate
ion and a water of crystallization (Fig. 1a). In turn, compound
2 (Fig. 1b) contains half a DU [Cu(pAB)(phen)pz],>*. The unco-
ordinated part of the structure of 2 (the counterion/solvate
content) was impossible to identify with some certainty, due to
extreme disorder. The structural model was refined employing
the SQUEEZE procedure implemented in PLATON,*® an
alternative taking into account the lacking electron content in
the data set under consideration. In the refinement of the data
set, the program estimated this to be about 700 electrons for
the whole unit cell. It is to be noted that the whole electron
count for the counterion/solvates in 1 affords 616 electrons,

Table 1 Crystal data for compounds 1 (data from Battaglia et al.,
1991)** and 2 (this work)

Compound 1 Compound 2

C42H;3,Cu,NgO,4 " +
unknown?

C33H3,Cu,NO6>" + 2
(NO37)-(C;H,NO,)-2
(H20)

795.77 +434.32

Chemical formula
(as dimeric unit +
solvates)

M, (as dimeric unit
+ solvates)

Crystal system,
space group

839.83 + unknown”

Monoclinic, C2/c Monoclinic, C2/c

Temperature [K] 295 295
a, b, c(A) 26.000(8), 10.253(3), 24.5552(17), 9.9210
21.004(5) (6), 19.9673(12)
Q) 106.90(2) 102.042(2)
Volume (A?%) 5357.39 4757.2(5)
z 4 4
Radiation type Mo Ka, 1 = 0.71071 A Mo Ka, 1 =
0.71071 A

Computer programs: SHELXS,*® SHELXL2018/1.*“The chemical
formula and M, are not accurately reported because solvates/counter-
ions could not be resolved/refined and their effect was discounted with
the SQUEEZE procedure implemented in PLATON.*®

This journal is © The Royal Society of Chemistry 2020
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Compound 2

Fig. 1 Schematic representation of the molecules of 1 and 2, showing the used labeling scheme. In full (hollow) bonds, the independent (symmetry
related) parts. The structure of compound 1 is taken from Battaglia et al.,** but the labeling of the atoms was changed in order to help the compari-

son of the two structures.

which suggests that the unaccounted-for part of the structure
in 2 may be similar to the one in 1. Both DUs are almost iden-
tical and result from the bridging of two copper ions by the
carboxylate groups of two symmetry-related pAB molecules.
The Cu ions are in square pyramidal coordination, bonded
equatorially to two carboxylic oxygens of two pAB molecules
and two N from phen molecules, with the apical position occu-
pied by a water molecule in 1 and a pz nitrogen in 2 (Fig. 1a
and b). The intra-dinuclear exchange coupling J, is mainly sup-
ported by two symmetry-related O-C-O bridges with C-O
average distances 1.268(12) A and angle 124.6(2)° for com-
pound 1 and 1.266(3) A and 124.57(17)° for compound 2. The
n-n interactions arising from the stacking of the phen rings,
with an average distance of ~3.42 A and angle of ~0.9° for 1
and ~3.38 A and ~2.8° for 2, should be less relevant for the
magnitude of .

Similarities in the DU geometry in both structures are no
longer valid when the crystal organization is analyzed, for
which we shall discuss each structure in turn, looking for the
interaction paths, whenever possible. The isolated nitrate and
pPABH molecules in 1 are roughly coplanar and arranged in
layers parallel to the (—1,0,1) plane. Since the interlayer dis-
tance is one half d_, ), these layers should, in fact, be
described as parallel to the (-2, 0, 2) family. The planar arrays
also include the coordinated water molecule O1W, and all
three molecules (nitrate, pABH and water) determine a tightly
bound H-bonded structure shown in Fig. 2a (the “#n” codes
used for easy reference to each interaction are defined in
Table 2, which presents information about these H-bonds).
The DUs expand between adjacent planes, as shown in Fig. 2b,
acting as linkers between the planar H-bonded arrays. The
latter, in turn, act as weak coupling agents between neighbour-
ing DUs. It is interesting to point out that the DUs are related

This journal is © The Royal Society of Chemistry 2020

compound 1

Fig. 2 Packing schemes in 1. (a) The H-bonded planar array made up of
the nitrate anions, the pABH molecules, and the coordinated water units
(highlighted circles). (b) A view at 90° from (a) (around the horizontal
axis) showing the planes in projection, and the dinuclear units linking
them, with the same highlight as in (a) for the coordinated water mole-
cules. Highlighted in cyan are the chains of DUs along the c-axis.

Dalton Trans., 2020, 49, 5228-5240 | 5231
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Table 2 Hydrogen bonds in compound 1

D-H H-A DA

Code D-H---A H-bond @A @ (A4) (D-H---A)°
# O1D-H10D--O1Wi ~ 0.86 1.88  2.7348(8) 173
#2 O1W-H1WA--02D  0.86 1.91  2.7301(8) 158
#3 O1W-H1WB--03Cii  0.86 1.88  2.7324(8) 173
#4 N1D-H1ND---02C 0.86 2.36  3.1442(10) 151
#5 N1D-H1ND---03C 0.86 2.53  3.3375(10) 157
#6 N1D-H2ND--O1CGiii ~ 0.86 2.45  3.2366(10) 152
#7 N1D-H2ND---O2Ciii  0.86 2.44  3.2427(10) 156
#8 C4D-H4DA---03C 0.96 2.54  3.3952(10) 148
#9 N1B-HINB---O2Wiv  0.86 2.22  3.0154(9) 154

Symmetry codes: (i) —x, 2 — y, —z; (ii) x, 1 +y, z; (iii) 1/2 — x, 1/2 +y, 1/2
-z (iv)1/2-x,32-y,1 -2

along the c-axis by inversion centers, while along a they are
related by C-centering ([0.5,0.5,0]) translations. Thus, even if
the symmetry-related copper centres are magnetically
different, the EPR spectra of all dimeric units should be identi-
cal for all orientations of B,. In the case of compound 2, the re-
placement of the apical water molecule in 1 by a pz bidentate
linker in 2 has the effect of generating ---pz-DU-pz-DU-pz---
chains running along ¢ (Fig. 3a and b). These chains, in turn,

\ r\,_,,f*\,/f!’li:r\,m./ d
A Jﬁ

]

compound 2
Fig. 3 Packing schemes in compound 2. (a) The [001] covalent chains
linked by pz units (one of them highlighted). (b) View at 90° from (a)

(around the vertical axis), with the chains seen in projection. In both
views, large voids are apparent.
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Fig. 4 Schematic representation of the linkages between neighbouring
DUs in compounds 1 and 2. In each case we optimize the display of the
bridges and show two views rotated 20° around the c-chain axis for
compound 1 and 90° for compound 2.

are presumably connected through the disordered solvates/
counteranions. As displayed in Fig. 4, in both compounds, the
DUs form chains along the c-axes; in 1 the neighbouring DUs
are connected by H-bonds from the coordinated water mole-
cules and the free pABH, which acts as a linker between the
DUs.

4 Modeling EPR results

We describe the EPR spectra of a system made of weakly
coupled DUs with 1/2 spins §; and S, and with a spin
Hamiltonian H(1/271/2) as:>™

= Z{/‘B(Sl 81+8:-8,) Bo
—](]Sl 'Sz +S1 . (ZD) 'S2 +thp} +H’

Hayzap) 2)

where g; and g, are the g-matrices corresponding to S; and S,,
which are related by a 180° rotation around the b axis, the
term J, is defined in eqn (1), and 2D is the traceless symmetric
matrix considering dipole-dipole and anisotropic exchange
couplings (the factor 2 will become clear below). Hyy, is the
hyperfine coupling of §; and S, and the nuclear spins I, and I,
of copper whose isotopes 63 and 65 have both spins I = 3/2
and natural abundances 69 and 31%, respectively. The dinuc-
lear character of the spin system indicates that the number of
hyperfine components (2I; + 1) depends on the total nuclear
spin Iy = I, + I, having values I = 3, 2, 1 or 0, resulting in seven
observed peaks with relative intensities 1:2:3:4:3:2:1 and
half the hyperfine splitting A observed for each isotope of
monomeric copper ions.”* The sum over the curly brackets in
eqn (2) is over all DUs in the lattice and H' is a spatially

This journal is © The Royal Society of Chemistry 2020
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random function considering weak isotropic exchange coup-
lings between the neighbouring DUs. Dipole-dipole couplings
between copper spins in the neighboring DUs are considered
smaller than the exchange coupling and are accordingly dis-
regarded. In terms of the total spin of a DU, § = §; + S, and
their difference s = $; — S, and defining g = (g, + £»)/2 and G =
(g1 — g2)/2 one obtains:**

Hay = Z{[uBS'gBo ~JoS(S+1)/2]+S8-D-S
+ Hhyp + [ups-G-Bo —s-D-s|} +H'

The term J,S(S + 1)/2 breaks the degeneracy of the two spins 1/
2 in a ground singlet (S = 0) and a triplet state with S = 1 at |J,|
and the anisotropic D-term splits the triplet state (D is a trace-
less symmetric matrix with principal values D + E, D — E and
—2D). The terms contained in the first set of square brackets
commute with the isotropic interdinuclear terms H’ and are
not modified. However, since [H',s] # 0, s is randomly time
modulated and the terms s-G-B, and s-D-s are averaged out by
H'.*%3 Thus,

Hay~ Y {[usS-g - Bo—JoS(S+1)/2]

(4)
+8:D -8+ Huyp

In a similar way, the hyperfine splitting vanishes when H' >
Huyp because [H', Hpyp) # 0. For H' > Hyy, but [S-D -S| > H'
we may approximate the predicted EPR spectrum as that of an
effective spin triplet S = 1, with two allowed EPR transitions S,
=+1 « 0 at a distance |S-D-S|, and in certain cases® a forbid-
den EPR transition S, = +1 < F1. Since Hpyp is strongly aniso-
tropic for Cu'" ions in ~C,, symmetry,>* the hyperfine structure
is merged only in the field orientation ranges where
H' > Hyyp. The splitting J, between singlet and triplet states
does not affect the shape or structure of the resonances but
acts as an activation energy introducing a variation with 7 of
the spectral intensities proportional to the population of the
spin triplet. For antiferromagnetic DUs the EPR signal dis-
appears at kgT < |Jo|, when the excited triplet state depopu-
lates. The splitting of the allowed resonances introduced by
the D-term in a single crystal is responsible for the EPR spec-
tral shape of a powder sample. The eigenvalues and principal
directions of the matrices g and D can be evaluated from the
angular variation of the positions of these peaks and the effect
of H' on the terms yps-G-B,, and s-D-s can be observed experi-
mentally. Finally, possible merging of the two strongly aniso-
tropic fine structure peaks arising from the excited triplet state
may occur for a few orientations when |H'| >|S-D-S|. An
experimental study of these processes allows gathering infor-
mation about H'.

5 EPR results

5.1 Single crystal spectra

The spectra observed for 1 and 2 display two anisotropic main
peaks corresponding to the fine structure peaks M = +1 < 0 of
the S = 1 spin Hamiltonian of eqn (4) that cross at the magic
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angles®® in the ca* and cb planes as a result of the D term of
eqn (4). We also observe the forbidden M = +1 < F1 EPR tran-
sition at the half field (not included in Fig. 5 and 6). Gaussian
and Lorentzian lineshapes®® were used to fit the observed
spectra. Partially collapsed hyperfine structures observed for
certain field orientations complicate the fittings and, when
appropriate, are discussed with some details. The positions B,
and the widths T" of these peaks were calculated from least-
squares fittings to the observed spectra proposing one or two
field derivative Gaussian line shapes® in compound 1 and one
or two derivative Lorentzian line shapes®® in compound 2 that
fit best the observed peaks in each case. The angular variations
of the observed line positions are shown in Fig. 5a-c and 6a-c.
The angular dependence of the line widths I" is shown in
Fig. Sla-c in the ESI} only for compound 2. The sudden
changes in the line width at the magic angles in Fig. S17 could
be related to “exchange narrowing in one dimensional
systems”,®* a characteristic of 1D spin dynamics. However,
these abrupt changes in the line width are interpreted in this
work as a consequence of very small J’ regardless of the dimen-
sion of the problem, as has been shown before with EPR
spectra in 3D arrays.>>*> The 1D characteristics of 1 and 2 are
solely helpful in reducing the number of exchange paths con-
tributing to J'. The broadening due to the unresolved hyperfine

1300 H@) a*b plarie : 4
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1100 W
7=298 K '
I . compound 1
10001 v =344 GHz
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1200
1100
1000
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:

1200
1100 F

1000 |

0 30 60 90
0 or¢[°]

0'120' 150 180

Fig. 5 Angular variation of the position of the +1 < 0 EPR absorptions
observed at the Q-band in compound 1 in the three studied planes.
Solid lines are obtained from a global fit of eqn (2) to the data. The posi-
tions of the axes within each plane are indicated. The green circle in (c)
indicates the range of the collapse. Crystal axes are shown in blue.
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Fig. 6 Angular variation of the position of the +1 « 0 EPR absorptions
observed at the Q-band for compound 2 in the studied planes. Symbols
are experimental values; solid lines are obtained from a global fit of eqn
(2) to the data. Similar fitted curves are obtained with eqn (4). The para-
meters obtained in this fit are given in Table 3. The green circle in (c)
indicates the range of the collapse. Crystal axes are shown in blue.

structure hinders a meaningful analysis of the angular vari-
ation of I"in 1.

Positions and widths display small changes and no cross-
ings in the plane a*b, indicating that this plane is perpendicu-
lar to the axis of symmetry of the DUs as expected from the
structural results. The splitting between the allowed EPR tran-
sitions is maximum when B, is approximately parallel to the ¢
axis of the chains of DUs. The crossings are sharp in com-
pound 1, while they merge within an angular range around the
expected crossing points in compound 2. We obtained the
principal values and directions of the g- and D-matrices by
fitting eqn (2) (spin-Hamiltonian with two spins 1/2) and the
approximate eqn (4) (one spin 1) to the data in Fig. 5a—c (for
compound 1) and in Fig. 6a—c (for compound 2), excluding the
merged peaks in angular ranges around the magic angles in
compound 2. In the case of compound 1, eqn (4) gives poorer
agreement than eqn (2) with the observed result, indicating
that the spin S = 1 approximation does not strictly apply.
Meanwhile, both equations provide similar quality fittings to
the data for compound 2. Since one obtains eqn (4) from eqn
(2) cancelling out the contribution [ggs-G-B, — s-D-s] this result
indicates the presence of interdinuclear interactions in com-
pound 2 (finite |J'|) and that in compound 1 this coupling is
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negligible (|J'| ~ 0). Quantitatively, for compound 1 the mean
square dispersion of the fitting of eqn (2) to the angular vari-
ation in Fig. 6 is o = 0.0010 (attributed to small misalignments
of By), while that of eqn (4) to the same data is ¢ = 0.0020.
Meanwhile, for compound 2, fittings with eqn (2) and (4) give
both ¢ ~ 0.0010, meaning that the approximations made to
obtain eqn (4) are appropriate. Fig. 7 further emphasizes this
result, plotting the difference between the experimental and
calculated distances between the two fine structure peaks,
obtained through the fittings to each model. This is experi-
mental proof that the approximation of a spin Hamiltonian
with S = 1 used by most authors to fit the angular variation is
valid only when sizeable interdinuclear interactions exist and
the whole contribution [ups-G-B, — s-D-s] is cancelled out by
‘H'. The resulting principal components of the g- and D-
matrices® are included in Table 3. The values of D obtained
for 1 and 2 are similar and the rhombic contribution |E| is
much smaller than the axial parameter |D| and may be neg-
lected in the analysis. Also, the equatorial components g; and
g, of the g-matrices differ within the experimental uncertain-
ties, indicating an approximate axial symmetry with g; ~ g, =
g1 and gz = g|;. It is observed for compound 1 and orientations
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Fig. 7 Difference between the experimental and calculated distances
between the positions of the fine structure EPR peaks obtained using
the parameters obtained with the best fits to eqn (2) (two spins 1/2, red
symbols and lines) and eqgn (4) (one spin 1, blue symbols and lines). Left
side for compound 1 and right side for compound 2.
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Table 3 Principal components of the g- and D-matrices obtained from
EPR spectra collected at 298 K from single crystal and powder samples,
at X- and Q-bands for compounds 1 and 2

Compound 1
D

&1 82 2 [em™]  E[em™]
Single crystal, 2.050(2) 2.066(2) 2.275(2) 0.142(2)  0.003(3)
Q-band
Powder X-band  2.063(5) 2.064(5) 2.261(5) 0.142(2) 0.003 (2)
Powder Q-band  2.068(5) 2.068(5) 2.271(5) 0.143(6) 0.003(2)
Compound 2
Single crystal, 2.058(2) 2.072(2) 2.275(2) 0.141(2)  0.002(2)
Q-band
Powder, X-band ~ 2.064(4) 2.064(4) 2.261(4) 0.140(6)  0.003(2)
Powder, Q-band  2.064(4) 2.064(4) 2.261(4) 0.140(6) 0.003(2)

of By around 160° of the c-axes in the ca* plane where the dis-
tance between the resonances S, = +1 < 0 is largest (Fig. 8a)
that each resonance splits into seven peaks due to the hyper-
fine coupling with the nuclear spins (see above). For other
orientations of By, only some peaks of the hyperfine structure
are observed for sample 1. Fitting the hyperfine coupling to
the data in Fig. 8a, we obtained the parallel components of
the A-matrix, 4| = (63 + 2) x 10™* cm ™" and estimated A, ~ 0
for compound 1. Hyperfine structure is not observed for com-
pound 2. To emphasize the different behavior of compounds
1 and 2 around the magic angles, Fig. 8c and d display
spectra observed at the Q-band. In compound 1 (Fig. 8c) the
resonances (and their structures) cross; meanwhile, in com-
pound 2, the two peaks merge into one within angular ranges

‘E ct* "plane marker " cbh plane marker
= experimental experimental
o
E simulation 0=0° simulation
[0 = 160° Icompound 1 . = . compound 2
:5 1000 1200 1000 1200
L Magnetic Field B, [mT]
(c) cb plane compound 1 (d) cb plane compound 2
[ _T=298K marker-,  48° T=298K marker-o, . 50°
g e . 51° i54°
g
E s — 35
2 i 53° 56°
g o\ T sae /\ﬁ 57°
3 i 55° :58°
s A/f 560 N5
) N 38 60°
L 63° 65°
T100 1200 100 1200

Magnetic Field B [mT]

Fig. 8 Spectra collected at the Q-band for (a) By at 160° of the c-axes
in the ca* plane in compound 1 and (b) along the c-axis (¢ = 0°) in the
cb plane for compound 2 (see red arrows in Fig. 5b and 6c). Selected
EPR spectra of single crystals of compounds 1 (c) and 2 (d) observed at
the Q-band and 298 K as a function of the orientation of By around
magic angles (green circles in Fig. 5c and 6c). In (c) a crossing of the
resonances occurs for compound 1 while in (d) a merging of the reso-
nances of compound 2 is observed at the magic angles. Note that the
signals of compound 1 display some hyperfine structure, which is fully
merged for compound 2.
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Fig. 9 Plot of K = ABZP/ABS for the single crystal of compound 2
versus the inverse of the absolute difference in calculated resonance
fields, collected to determine the angular variation of the EPR spectra at
Q-bands in the (a) ca* and (b) cb planes where the two lines collapse.

around this angle (Fig. 8d). Fig. 9a and b displays the ratio K
= AB,P/ABS between the observed splitting of the collapsing
resonances and those calculated in the absence of inter-
action, as a function of the reciprocal of the calculated split-
ting, for the magnetic field oriented near the magic angles in
the planes ca* and ¢b in compound 2 (Fig. S21 shows the
experimental data and the global fit around the collapse for
2). When (AB&)™" is large, close to the magic angles, the
signals are collapsed, and K = 0. When (AB$)™" is small, far
from the magic angles, K ~ +1.°>°* The collapse is abrupt
and occurs when gﬂB[ABgal]muapse = hwex = |J'|, a condition
allowing the exchange frequency we, to be obtained. From the
fittings of the equation

ABS® [/ 2
K= (Zal =34/1- (g wexcal) (5)
AB; HpAB;
to the data in Fig. 9a and b we obtain values of wex with an
average |J'| = (0.013 + 0.005) cm ™.

5.2 Powder spectra

Fig. 10a and b show the EPR spectra dy"/dB, of powder
samples of 1 and 2 at 7' = 298 K and Q- and X-bands. They
display the characteristic dinuclear EPR peaks B,4, B;, and
B, labeled according to the standard notation.>* The narrow
peak at 165 mT at the X-band (Fig. 10a) arises from Fe™
impurities in the glass tube and that at 1240 mT at the
Q-band (Fig. 10b) from the Cr™: MgO marker. Weaker forbid-
den EPR transitions S, = +1 < F1 are observed at 145 mT at
the X-band and ~550 mT at the Q-band (see Fig. 10a and b).
Most importantly, the spectra of compound 2 show the so
called “U-peak” at ~1150 mT and ~320 mT at Q- and
X-bands, respectively,>***3° fields at which the EPR peaks M
=11 « 0 intersect in a single crystal sample. We attribute this
peak to the accumulation of signal merged for field orien-
tations near the magic angles and consider the powder
spectra of compound 2 as the sum of two contributions:
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Fig. 10 Powder EPR spectra of compounds 1 and 2 collected at 298 K
at (a) X- and (b) Q-bands. The source of the U-peaks emphasized with
red backgrounds at ~300 and ~1125 mT in (a) and (b) is described in the
text.

dinuclear units (spin Hamiltonian of eqn (4)) and single
Lorentzian peaks reproducing the shape of the U-peak.
Compound 1 does not show a U-peak, and the dinuclear com-
ponent fits well the experimental result. The U-peak could be
confused with a double-quantum transition (DQT)** often
observed for the dinuclear units. However, DQT does not
display a strong temperature dependence as the U-peak.?’
Besides, preliminary measurements of the EPR signal as a
function of microwave power performed at selected tempera-
tures did not display a behaviour like that corresponding to
DQT in the whole tested range for the spectra of 1 and 2.
Using EasySpin, we simulated the data at each microwave fre-
quency, to obtain the components of the g- and D-matrices
from the powder samples given in Table 3, which are similar
to those obtained from single crystal data. New information
provided by the powder spectra about ' is contained in the
U-peak of compound 2, which is absent in the single crystal
spectra. Powder spectra at selected 7 in the interval 4 < T <
298 K at the X-band in compounds 1 and 2 are displayed in
Fig. 11a and b. Their intensities I(T) evaluated as the area of
x"(Bo) obtained by integrating dy"/dB, (B,) follow the results
obtained by Bleaney and Bowers' with maximum at 7' = 80 K
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Fig. 11 Temperature dependence of the powder EPR spectra collected
at the X-band at selected T. (a) compound 1 and (b) compound 2. The
field ranges of the U-peaks are emphasized with red backgrounds.

and vanishing at 7' < 10 K as a consequence of the depopula-
tion of the S = 1 triplet state,

4

T[3 + exp(—Jo/ksT)) (®)

I(T) oc

which is normalized to a maximum unit value. At 7 = 35 K the
powder spectra (Fig. 11a and b) of compounds 1 and 2 display
the forbidden EPR transitions (AM = 2) and the peaks B,; and
B, of compound 1 display hyperfine structure. The intensity
of the U-peak in compound 2 decreases with decreasing T
faster than the dinuclear peaks, and it disappears at 30 K
when the dinuclear EPR transitions are still observed. In both
compounds, a weak peak increasing its intensity with decreas-
ing T observed at 320 mT and T < 80 K displays a four-peak
hyperfine structure at 7 < 20 K, a fingerprint of monomeric
cu" in the sample. Monomeric spins in dinuclear compounds
have been observed before in thermodynamic®> and EPR®’
measurements and are discussed later. The total intensities of
the powder spectra at the X-band for compounds 1 and 2 dis-
played in Fig. 11a and b calculated by double integration as a
function of T are displayed in Fig. 12a and b. Fitting eqn (6) to
the experimental values of I(T) in these figures we obtain ]f)l) =
(=75 +1) em™" and ](()2) = (~78 = 2) em ™" for compounds 1 and
2, respectively, given in Table 3.
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Fig. 12 (a) and (b) display the normalized dependence /(T)/I(0) vs. T,
where /(0) is the maximum value of the signal intensity /(T) for com-
pounds 1 and 2 at the X-band. (c) and (d) display /(T) x T/I(0) vs. T. Black
symbols are experimental results, red curves are fittings of egn (6) to the

data allowing us to obtain the values of Jy. (€) The Curie behavior of the

area of the EPR signal S of the marker Cr'': MgO confirms that there is

no quantitative experimental error in Jo due to changes in the para-
meters of the microwave cavity within the temperature range of the
experiments, allowing us to evaluate the error indicated for the
exchange couplings.

6 Analysis and discussion

Comparison of our structural results for the dinuclear com-
pound 2 with those reported by Battaglia et al.** for compound
1 shows that the structures of the DUs are very similar, a result
reflected by the equal intradinuclear magnetic parameters
obtained from powder and single-crystal EPR spectra (Table 3).
These values are also similar to J, = (~74 + 3) cm ™" obtained
by Calvo et al®*® for the Cu,Ac,phen, compound, where the
main path for exchange coupling J, is similar to those in 1 and
2.>* The BS-DFT results predict correctly an antiferromagnetic
coupling, with an excited triplet and a ground singlet allowing
the calculation of /"™ = —69 em™ and J2™ = —66 cm™,
according to eqn (1), which are in good agreement with the
experimental results. Rodriguez-Fortea et al.'® extensively
studied the factors influencing the exchange coupling in car-
boxylate bridged compounds using BS-DFT, with the formiate
compound [Cu,(m-CH;COO),-(phen),(H,0),](NO3),-4H,0 as
an example. In a square pyramidal symmetry, the strength of
the axial ligand determines the mixing of the d,._,. orbital,
which lies in the equatorial plane and contributes to the Cu-
Cu superexchange path through the carboxylate bridge. The
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substitution of the axial ligand O1W in compound 1 by N1C in
compound 2 modulates only slightly the equatorial angles,
and consequently, the bridging angles without affecting the
value of the exchange coupling. The DFT-calculated exchange
coupling is almost the same for both compounds, and the
SOMO orbitals and the spin densities for both are very similar
(Fig. S3 and S4 in the ESIY).

On the other hand, the interdinuclear paths for superex-
change between DUs arranged in chains shown in Fig. 4a and
b are very different. In 1, two symmetry-related paths, each
containing a carboxylate ion O1D-C1D-02D, are connected
through two H-bonds O-H-O to the water oxygens O1W of the
apical ligands of the copper ions in the neighbouring DUs
along the chains (Fig. 4a). Meanwhile, in 2, these apical O1W
are connected by two symmetry-related covalent paths pro-
vided by pyrazole rings (Fig. 4b). Even if paths connecting
apical ligands are expected to support weak interactions, it is
clear that this weakness is extreme when the covalent path in 2
is replaced by a pair of consecutive H-bonds in 1. The
minimum straight distances between the Cu ions in the neigh-
bouring DUs are 7.678 A in 1 and 7.304 A in 2, while the dis-
tances measured along the paths are 12.572 A in 1 and 8.857 A
in 2, providing the picture searched for when programming
this investigation. These results are a consequence of the struc-
tures of 1 and 2 wherein each Cu ion in the DU is equatorially
coordinated by two O from acidic groups and two N from a
phenanthroline molecule. The experimental values of g|| > g,
indicate that the Cu™ unpaired electron resides in the orbital
dy2_y2, as expected from its square-pyramidal environment.**®°

The magnetic behavior of compounds 1 and 2 (Fig. 4) could
also be explained as alternate magnetic chains with x = |[J'/Jy| <
1.7 x 107" using the theory reported by Duffy and Barr,®” fol-
lowing that of Bonner and Fisher®® for uniform chains, which
allows the calculation of the eigenstates and the thermo-
dynamic properties (magnetic susceptibility and specific heat)
of these chains as a function of x (see, for example, Calvo
et al.®®). However, the EPR spectra of magnetic compounds
depend on the spin dynamics which is not considered in these
theories. As explained before, the EPR spectra of a coupled
infinity spin system can be studied using the statistical the-
ories of Anderson, and Kubo and Tomita.*®**° On the other
hand, when the coupling between DUs is very small, as for 1
and 2, the magnetic susceptibility of the coupled system is
accurately explained by the Bleaney and Bowers equation (eqn
(6), which neglects the coupling J'.

It has been proposed that the U-peak arises from the dis-
cussed interdimeric coupling |J’|, which can be evaluated from
its relative intensity R.>** Fig. 13 displays the ratio R between
the integrated intensities of the U-peak and the total signal of
the DUs of compound 2 as a function of 7. Following the
method described by Calvo et al®® and using the data in
Fig. 6b and ¢, we determine that |/(T)| [em™"] = 0.48R(T), and
using this relationship and the data in Fig. 13 we obtain |J?|
=(0.013 + 0.005) cm™" at 298 K. This value agrees with the one
obtained using eqn (5) in Fig. 9 within the experimental error.
Since the U-peak is absent within the experimental uncertainty
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spectrum of compound 2 using the data in Fig. 6b and c. We calcu-
lated®® that |J'(T)| [cm™] = 0.48R(T), and using this relationship and the
data in Fig. 13 we obtain |J"®| = (0.013 + 0.005) cm™ at 298 K.

Table 4 BS-DFT calculated intra-DU and inter-DU exchange coupling
constants Jo and J' [cm™] for compounds 1 and 2. The value calculated
for J' does not converge for compound 1

Jo 7l

exp BS-DFT* exp BS-DFT¢
Compound 1 -75 —69 <0.003 —
Compound 2 -78 —66 0.013 0.08

“The definition of J, in the BS-DFT method in the literature is not
uniquelzl established, and the table shows values defined according to

eqn (1).

in the spectra of 1, and that the hyperfine coupling can be
observed in a wide range of field orientations, we conclude
that || < 4))/2 = (0.003) cm™". The order of magnitude of J'
lies outside of the reasonable precision of the BS-DFT method.
Nevertheless, we performed the calculation for the prediction
of the sign of the exchange and the calculated intermolecular
exchange coupling for compound 2 is presented in Table 4.
The results point to a ferromagnetic /' for compound 2. For
compound 1 the calculation did not converge.

7 Conclusions

Spin entanglement is generated when the quantum state of
each particle cannot be described independent of the state of
the others. In a lattice containing magnetic atoms or mole-
cules with an unpaired spin, it may be produced by exchange
interactions connecting these spins. When these interactions
are weak, the spin entanglement can be detected under
certain situations that escalate their effects and make them
detectable and even produce phase transitions observable as
changes in the observed properties. We study here antiferro-
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magnetic dinuclear compounds, where two atoms with
unpaired spin 1/2 are coupled by isotropic (exchange J,) and
anisotropic (matrix D) spin-spin interactions, plus Zeeman
coupling with B, (eqn (2)). Each DU displays a ground spin
singlet state and an excited triplet state. A small but important
additional component to the system is the coupling between
these DUs contained within ' in eqn (2). This system should
be compared with that considered by Tachiki and Yamada in
1970.”%7* They studied the effect of the magnetic response of a
“spin pair” or dinuclear compound of the crossing of one level
of the triplet state with the singlet state, produced as a func-
tion of the magnitude of the applied magnetic field. This
crossing generates spin ordering and gives rise to spin waves,
which are detected as peaks in the magnetization of the
material. Years later, and starting with Oosawa et al’>”?
similar phenomena were studied and interpreted in terms of
Bose-Einstein condensation and quantum phase transitions.
Zapf et al. summarized much of these results.”” In previous
works®>?*** we showed that the crossings of the EPR tran-
sitions within the triplet state as a function of field orientation
also play a fundamental role in the spin entanglement of
dinuclear compounds that can be observed in EPR experi-
ments. This work was intended to study comparatively the
magnetic properties and the spin entanglement of two com-
pounds chosen from careful analysis of the crystal structures
containing similar dinuclear units (shown by nearly identical
isotropic exchange (J,) and anisotropic (D) intradinuclear
spin-spin interactions) connected by different three-dimen-
sional arrays of chemical paths with clearly different interdi-
nuclear couplings H', using EPR from different perspectives.
Compound 1 and its structure were reported previously.*
Compound 2 is new, and its structure was solved and is
reported here. Fig. 1 and 4 show, respectively, the similarity
between the DUs of 1 and 2, and the deep differences between
the weak chemical paths connecting the DUs. Our EPR
measurements on single crystal and powder samples were
designed to highlight and evaluate the effects of the interdi-
nuclear coupling on the collective properties. Our EPR results
reflect the characteristics of the magnetic properties and the
spin entanglement indicated by the structures of 1 and 2 and
provide a procedure that can be applied in the future investi-
gation of spin entanglement in dinuclear compounds. As
closing remarks, we summarize our results as follows:

1. We observed spin entanglement produced when the
absorption peaks within the spin triplet cross as a function of
the orientation of the applied magnetic field. This occurs
within the angular range wherein the distance between the
EPR transitions is smaller than the magnitude of the interdi-
nuclear spin exchange coupling J', giving rise to two, entangled
and unentangled, spin phases. This is clearly observed in the
single crystal study of compound 2 and allows the evaluation
of J'. This effect is absent in compound 1, indicating negligible
interdinuclear coupling J'.

2. The spin entanglement described above is also shown in
the spectra of powder samples of compound 2, wherein an
additional U-peak collects the EPR response of the spins in the

This journal is © The Royal Society of Chemistry 2020
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entangled phase. This peak is not shown by the powder
spectra of compound 1.

3. The coupling J modulates and average outs the hyperfine
structure allowing another method to detect and estimate
interdinuclear interactions. This is observed by comparing the
spectra of compounds 1 and 2. In 2, the larger couplings J'
completely destroy the hyperfine coupling, although in 1 it can
be detected for orientations of B, where A is large. Since
copper has two natural isotopes, dinuclear units with different
hyperfine couplings coexist in the samples, complicating any
quantitative evaluation of the spin entanglement and |J'| from
the hyperfine structure in 1, and only provide a higher limit.
Nevertheless, our data for the hyperfine coupling reproduce
qualitatively the expected behaviour. This source of uncer-
tainty in the fitting of the line shapes and the evaluation of
the line widths in the spectra of compound 1 could be avoided
only with Cu isotopically enriched samples.

4. The line shapes and line widths of the peaks of the
single crystal spectra also offer a procedure to evaluate interdi-
nuclear couplings. In principle and in agreement with
Anderson’s theory of exchange narrowing, we observe
Lorentzian line shapes in the field orientation ranges wherein
the spins are entangled in compound 2. For other field orien-
tations and for compound 1, the results were not easily
described and were of little use. The residual hyperfine struc-
ture of 1 further complicates this analysis.

As a closing remark, some of the achievements of our work
were possible only through careful combined experiments on
powder and single crystal samples.
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