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Transition from isolated to interacting copper(i)
pairs in extended lattices evaluated by single
crystal EPR spectroscopy+

Nicolas I. Neuman,® Emerson Burna,® Ricardo Baggio,” Mario C. G. Passeqgi,?
Alberto C. Rizzi® and Carlos D. Brondino*®

We report the synthesis and X-ray structure of the dimeric zinc(i) compound [Zn(tda)(phen)],-Hxtda, (tda
= thiodiacetic acid, phen = 1,10-phenanthroline) hereafter Zn(tda)(phen), and a single crystal EPR study of
Zn(tda)(phen) doped with Cu(i) ions. Zn(tda)(phen) is isomorphous to its Cu(i) analogue. The EPR spectra
show a central signal composed of one to four resonances assigned to Cu-Zn heterodimers, flanked by
less intense satellite signals assigned to Cu—Cu homodimers. Analysis of single crystal EPR data allowed
us to determine the g- and A-matrices of the Cu(i) ion and the anisotropic ZFS parameters of the homo-
dimer. Within the experimental error, the Cu(i) g-matrix obtained for the diluted compound was identical
to that previously determined by us in pure Cu(tda)(phen). The ZFS is shown to be dominated by magnetic
dipolar coupling between the unpaired electrons mainly centered around the Cu(i) ions, although partially
delocalized over the equatorial copper ligands. DFT calculations yielded spin population values compati-
ble with those determined from the analysis of the anisotropic ZFS assuming a distributed dipole model.
The information obtained from the diluted compound was used to evaluate the interdimeric exchange
interaction between dimeric units in pure Cu(tda)(phen). The comparison between both point and distrib-
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Introduction

The study of exchange-coupled transition metal ion complexes
has played an important role in the development of the field
of molecular magnetism."”™ The information gained with
these studies has been essential to establish the underlying
molecular bases to design not only paramagnetic materials
with predictable magnetic properties®® but also to design
materials such as molecular-based and single-molecule
magnets.” "' These studies have also been relevant in biology
because exchange-coupled transition metal ion systems occur
in proteins in which the superexchange pathways are involved
in electron-transfer reactions.'>*® Thus, the characterization
of exchange coupled systems is nowadays a multidisciplinary
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uted dipole approximations is discussed with reference to the analysis of the EPR data.

research field owing to their applications in chemistry,
biology, and physics.

Among the vast number of studies on paramagnetic tran-
sition metal ion complexes, the study of dinuclear Cu(u)
compounds (S = 1/2 spin pair) has been essential in the
development of molecular magnetism.”"”™*° The electronic
properties of these metal systems are determined by the iso-
tropic exchange interaction, which couples the two individual
electron spins (S = 1/2) to yield singlet (S = 0) and triplet (S =
1) states, and other interactions such as anisotropic and anti-
symmetric exchange and dipolar magnetic coupling.?’ The iso-
tropic exchange interaction (He, = —JS;-S,) splits the singlet
from the triplet state of the dimer by an energy amount J,
whereas the remaining interactions can remove the three-fold
degeneration of the triplet state even in zero magnetic field
(ZFS). Additional splitting of the energy levels can be produced
by hyperfine interactions with the copper nucleus (I = 3/2). Fur-
thermore, in weakly exchange-coupled dimers the anisotropic
interactions can appreciably mix the singlet and triplet states,
in which case these states cannot be considered pure. However,
the singlet-triplet nomenclature will be used throughout the
text for simplicity.

In undiluted magnetic systems, the dimeric units of the
crystal lattice may interact with their neighbors through
different kinds of chemical paths that may transmit weak
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exchange interactions, hereafter designated as J'. This inter-
action modulates the magnetic behavior of the dimer leading
to situations called weak (J’ < ZFS), intermediate (J' ~ ZFS), or
strong (J' > ZFS) exchange, which can be visualized by single
crystal EPR spectroscopy due to the dependence of ZFS with
the magnetic field orientation.”®*" For weak exchange, some
features of the dimeric behavior can be detected, as EPR may
show, besides the forbidden half field transition corres-
ponding to AM; = 2, two resonance lines of the triplet state, as
expected for a dinuclear unit, but shifted to the center of the
spectra and broadened; the larger J, the larger the shift and
broadening. Particularly, for J' > A, where A is the hyperfine
constant with the copper nuclei (I = 3/2), no hyperfine struc-
ture is observed although it can be partially solved for situ-
ations with J' < A.>*** In contrast, for strong exchange, the two
triplet lines coming from each dimeric unit merge into one
absorption line.

The compound [Cu(tda)( phen)],-H,tda (tda = thiodiacetate,
phen = 1,10-phenanthroline), hereafter Cu(tda)(phen), is a
ferromagnetically exchange coupled dimer (J = +3.2 cm™), in
which we determined that very weak interdimeric exchange
interactions mediated by hydrophobic chemical paths modu-
late the dimer EPR resonances giving rise to situations of
strong, intermediate, and weak exchange.>** Single crystal
EPR spectroscopy of Cu(tda)(phen), analyzed on the basis of
Anderson’s exchange narrowing model®®?” together with stat-
istical arguments, showed that the transition from a weak
exchange to a strong exchange situation provoked by the inter-
dimer interaction J' depends also on the number of neigh-
boring dimers in triplet states surrounding each dimeric
unit.>® However, the lack of a suitable diluted Cu(n) system iso-
morphous to pure Cu(tda)(phen) precluded us to determine
the hyperfine interaction parameters associated with the
copper nuclei and the ZFS. These inconveniences were over-
come by proposing a simplified model that neglected the
hyperfine interaction and assumed the ZFS as entirely
determined by a dipole-dipole interaction under the point
dipole approximation. Although these assumptions repro-
duced fairly well the experimental data, some discrepancies
between the experimental and simulated EPR spectra still
remain, likely due to the distinct approximations used in our
model.

We report here the synthesis and X-ray characterization of
the dimeric zinc(u) compound [Zn(tda)(phen)],-H,tda, here-
after Zn(tda)( phen), isomorphous to Cu(tda)(phen), and single
crystal EPR spectroscopy of Zn(tda)(phen) doped with Cuf(u)
ions, hereafter Cu:Zn(tda)(phen). The doping of Zn(tda)-
(phen) was performed at high Cu:Zn ratios (1:5) so as to
enable the observation of EPR spectra associated with mono-
nuclear and dinuclear Cu(u) species. This allowed us to com-
pletely determine the magnitudes associated with all the
interactions contributing to the energy of the system as well as
the subtle effects caused by covalency on the ZFS of the dinuc-
lear units. The new data are used to propose a theoretical
model that includes now the hyperfine interaction and
covalency effects that explain the transition occurring when a
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copper pair is sensitive to interdimeric exchange interactions
in an extended lattice.

Experimental section
Materials

All chemicals, of commercially available reagent grade, were
used as received. Water was purified by a Millipore Milli-Q
system.

Preparation of Zn(tda)( phen)

Single crystals of Zn(tda)(phen) were prepared as reported pre-
viously for the isomorphous Cu(tda)(phen) but using half the
reported concentrations in order to slow down crystallization,
which otherwise occurred within one to two hours.>* This pro-
cedure yielded suitable single crystals for X-ray diffraction.

Preparation of Cu : Zn(tda)(phen)

Single crystals of Zn(tda)(phen) doped with copper(u) impuri-
ties were prepared by mixing solutions of Cu(tda)(phen) and
Zn(tda)(phen), both prepared as described above for Zn(tda)-
(phen), in a Cu: Zn ratio of 1: 5. This procedure yielded single
crystals of ~0.2 x 0.2 x 0.5 mm, which were suitable for the
single crystal EPR experiment.

Crystallography

Single crystal XRD data were collected using a Bruker Smart
CCD area detector using Mo Ka radiation (1 = 0.71073 A)
(Diffractometer control: SMART; Data reduction: SAINT;
Absorption correction: SADABS).>®

The structure was solved by direct methods (SHELXS-97)*°
and refined by full-matrix least-squares on F
(SHELXL-2015).>° Graphic material was produced using
SHELXTL.?® The acidic hydrogen bonded to oxygen in the thio-
diacetic acid molecule was found using a Fourier-difference
map and refined isotropically with the restrained O-H distance
(0.85(1) A); those attached to carbon were positioned theoreti-
cally and allowed to ride during refinement, with Uj,(H) =
1.2 X Ugq(Host). The H,tda molecule presents the C, symmetry,
being bisected by a twofold axis through its central sulfur
atom, thus rendering only one-half of the molecule
independent.

A complete set of the results of the XRD crystallographic
structural data has been deposited at the Cambridge Structural
Database, CSD, in CIF format (deposition number CCDC
1055076). Details on the data collection procedures, structural
determination methods, and structure refinement are given in
the ESI, Table S1.}

The morphology of the single crystals, required to orient
the sample for the single crystal EPR experiment, was deter-
mined by measuring the angles between the crystal faces using
a Carl Zeiss Axiolab goniometric microscope. The monoclinic
crystals are elongated prisms that grow along the c-axis and
have lateral faces (110) and (1—-10), with the angle between the
ca* plane (a* = b x ¢) and the (110) plane being 36.9°.
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EPR measurements

X-band CW-EPR spectra of oriented single crystals of Cu:Zn-
(tda)(phen) were recorded at room temperature on a Bruker
EMX-Plus spectrometer equipped with a rectangular cavity
with 100 kHz field modulation. Spectra were recorded in the
a*b (a* = b x ¢), ca* and ¢b crystal planes by gluing the (110)
face of a single crystal to a specially designed triangular-
prismatic Rexolite sample holder (see Fig. S11) with an angle
of 36.9° (see above). The sample holder was glued to the tip of
a 4 mm quartz EPR tube which was previously flattened by
careful sanding, and the tube was introduced into the resonant
cavity of the spectrometer attached to a goniometer which
allowed rotating the crystal in 5° intervals in the three crystal
planes.?" EPR spectra were analyzed with the EasySpin toolbox
and home-made programs based on MATLAB®.*?

Electronic structure calculations

Density functional theory calculations were performed based
on the structure of a single complete [Cu(tda)(phen)], dimer.>*
Calculations were performed with the ORCA program®® using
the B3LYP (20% exact Hartree-Fock exchange, HFX),>*°
TPSSh (10% exact HFX),*”*® TPSSO (25% exact HFX), ®B97x
(range-separated functional with 15.77% HFX at a short range
and 100% at a longrange)®® and B2PLYP (a perturbatively
corrected double-hybrid with 53% HFX)** functionals. The
relativistic effects were included within the ZORA approxi-
mation®"** for which specially recontracted basis sets were
used (SV_ZORA, TZV_ZORA or QZV_ZORA, as implemented in
ORCA)* with polarization functions taken from the TZVP
basis set.**

Results and discussion
Crystal and molecular structures

Crystals of Zn(tda)(phen) consist of dimeric units of [Zn(u)-
(tda)(phen)],, connected by H,tda molecules into chains paral-
lel to [103]. The structure is isomorphous to its Cu(u) ana-
logue,®* sharing most of the general structural aspects, with
the obvious metric differences in the cation environment.
Fig. 1 shows the structure of the dinuclear unit and Table S2
gives some selected coordination bond lengths. The dinuclear
unit displays a crystallographic center of symmetry linking the
two constituent moieties with each zinc atom residing in a dis-
torted N,O3S octahedral environment. The equatorial posi-
tions are occupied by the phen nitrogen atoms (N1 and N2),
and by two oxygen atoms of the tda ligand (O2A and O4A)
defining some kind of a flat tetrahedron (£N1-Zn1-O2A:
173.4(2)°, £N2-Zn1-04A: 164.2(2)°), with a maximum devi-
ation from the mean plane of 0.09(1) A for N2, and 0.16(1) A
for the Zn1 cation. The axial positions are occupied by the
thioether sulfur atom (S1A) and a bridging carboxylate oxygen
(02A) of the neighboring ligand bonded to Zn1 [0.5 — x, 0.5
-y, —2], both atoms being fairly away from the normal plane
(£S1A-Zn1-02A": 155.5(2)°). The dimeric structure shows two
Zn(u) centers bridged by two O-atoms of carboxylate groups in

This journal is © the Partner Organisations 2015
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Fig. 1 Asymmetric units in Zn(tda)(phen). Displacement ellipsoids
drawn at a 40%. Symmetry codes: : —x + 1/2, -y + 1/2, —=z; ": —x, y, -z +
1/2.

a bi-bridging mode, with C1A-O2A [1.284(2) A] significantly
longer than C1A-O1A [1.216(2) A] as expected for this type of
bonding. The dimer exhibits a (p,-oxo) Zn1-0,-Zn1[0.5 — X,
0.5 — y, —z] ring which includes the center of symmetry
at [0.25, 0.25, 0] with a Zn---Zn separation of 3.235(1) A and a
Zn-0O-Zn bridging angle of 101.3(1)°. The two five-membered
chelate rings with a common Zn-S bond in each tda are
roughly planar, in a “butterfly” conformation with a dihedral
angle between the least-squares planes of 93.3(1)°.

To understand the single crystal EPR experiment of the
doped compound, it is important to note that Cu(tda)(phen)
and Zn(tda)(phen) show four chemically identical dimers in
the unit cell related to the symmetry operation of the space
group C2/c labeled as A, A’,B and B'. The copper dimers that
are related to a translation (A-A’, or B-B') are magnetically
equivalent. In contrast, dimers A and B related to a 180°
rotation around the b crystal axis plus a translation (0, 0, 1/2)
are magnetically inequivalent. However, as described below,
the phen planes of A- and B-type dimers, and therefore the
equatorial ligand planes on each Zn and Cu atoms, are nearly
parallel, making the g- and A-matrices of the copper dimers A
and B indistinguishable within spectral resolution in the EPR
experiment.

The phenanthroline planes between molecules of the same
dimer type (A or B) are 3.389 A apart in Zn(tda)(phen) (3.431 A
for Cu(tda)(phen)), whereas the phenanthroline planes of
different dimer types (A-B) deviate by 3.70° (4.32° for Cu(tda)-
(phen)), with the shortest distance between them being
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Fig. 2 Perspective of the crystal unit cell showing a Zn(tda)(phen)
dimer with its four nearest neighbors interacting through hydrophobic
interactions.

3.226 A (3.482 A for Cu(tda)(phen)). These distances strongly
suggest delocalized n-m interactions between the aromatic
planes. Thus, the dimer A(B) may interact with two type A(B)
dimers and two type B(A) dimers (Fig. 2), with distances
between dimers (measured from their inversion centers) being
9.932 and 10.200 A for A-A(B-B) and A-B dimers, respectively
(10.291 and 12.040 A for Cu(tda)(phen)). Similarly to Cu(tda)-
(phen), nonadjacent A and B dimers in Zn(tda)(phen) are also
bridged by a long mixed chemical path involving two hydrogen
bonds (O-H---O distance = 2.58(6) A, O-H---O angle = 177(6)°)
and a thiodiacetic acid molecule (Fig. S27), forming chains
along the [103] direction, which interact with each other via a
number of short contacts of the C-H---O type (see Table S37
for details). This chemical path of 15 diamagnetic atoms was
discarded as the superexchange path in Cu(tda)(phen).>®

An extremely similar [Zn(phen)(tda)], dimeric unit has
been reported by Grirrane et al. (Fig. S31)," a structure where
the dimers are linked by 5 disordered water molecules filling
the interdimeric voids and providing multiple H-bonds to end
up in a 3D H-bonded structure.

Single crystal EPR measurements

The representative single crystal EPR spectra of Cu:Zn(tda)-
(phen) recorded in the ca* plane are shown in Fig. 3, left
panel. The spectra show a central signal composed of one to
four resonances with equal intensities, as expected for isolated
mononuclear Cu(u) ions (S = 1/2, I = 3/2), flanked by less
intense satellite signals. The latter are composed of one to
seven resonances — although not all are observed due to over-
lapping with the central quartet - with a 1:2:3:4:3:2:1
intensity pattern, typical of a S = 1 electron spin coupled with
two equivalent Cu(i) nuclei.?® The central quartets and the sat-
ellite lines correspond to Cu-Zn heterodimers and to Cu-Cu
homodimers, respectively.
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Fig. 3 Representative single crystal EPR spectra taken in the ca* crystal
plane where all the copper sites are magnetically equivalent (left panel)
together with simulation of the satellite lines (right panel). The angles
indicate the magnetic field orientation relative to the c crystal axis.

The EPR spectra in the c¢b and a*b crystal planes
(not shown), where the copper centers are magnetically inequi-
valent, showed only one central quartet for every magnetic
field orientation as in the ca* crystal plane, indicating that the
EPR experiment cannot resolve the resonance lines corres-
ponding to magnetically inequivalent copper ions. The
reasons for this are explained in the Crystal and molecular
structure section.

The central quartets corresponding to Cu-Zn heterodimers
were analyzed assuming a Hamiltonian including Zeeman
term and hyperfine interaction with the copper nucleus

H = ppS1-g1'B+S:1-A11y (1)

where the subscript 1 stands for those Cu(u) ions that substitu-
tionally occupy the position corresponding to Zn1 in Fig. 1,
and the other symbols have their usual meaning in EPR. The
fact that each dimeric unit may present a Cu(u) ion substitut-
ing the positions corresponding to Zn1’ (Fig. 1) is omitted in
eqn (1), as Zn1 and Zn1' are related to an inversion center and
hence indistinguishable in the EPR experiment. Also, the sum
of all the unit cells of the crystal lattice, as well as the sum of
all the symmetry related dinuclear units have been omitted for
simplicity.

The least-squares fitting of four equidistant Gaussian-
shaped resonance lines to the central quartet spectra indicated
that the experimental resonance positions are well simulated
assuming eqn (1) up to the first order approximation, in which
case the positions of the quartet resonance lines are given by
By + aM;, (M; = +3/2, +1/2), where B, and a are the gravity
center and the hyperfine spacing of the quartet, respectively.
The angular variations of the g*>-factor (g = hv/ugB,) and the
g°K>-factor (K = agug/h) obtained by this procedure are shown
in Fig. 4 and S4,t respectively.

This journal is © the Partner Organisations 2015
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Fig. 4 Angular variation of the g2-factor in the three crystal planes of
Cu: Zn(tda)(phen).

The components of the g*-matrix were obtained by least-
squares fitting a second-rank tensor to the data in Fig. 4

g’ (6.9) =h"-g-g"h =g, sin® @ cos® ¢

+g,” sin’dsin’p + g, cos’ 0

+ ngyz sin’ @ cos ¢ sing + 2g,,*sin@cos ¢ cos 0
+2g,,%sin@sing cos 0

(2)

in which h = B/|B| is the magnetic field orientation, and the
superscript T stands for transpose. A similar procedure was
employed to obtain the components of the A-matrix by the
least-squares fitting equation g°’k*> = h".g:A"A-¢"™h to the
data (Fig. S4t). Eigenvalues and eigenvectors for the g- and
A-matrices were obtained by usual matrix algebra (Table 1),
and are the same, within the experimental error, for the
copper ions present in A- and B-type dimers. As explained
above, this is due to the fact that the normal to the
square ligand planes of the symmetry related metal centers in

Table 1 Eigenvalues and eigenvectors (bold) of the molecular g- and
A-matrices of the Cu(n) ion in the Cu-Zn heterodimer and the D-matrix
of the Cu—Cu homodimer. The parameters are given in the experimental
a*bc coordinate system. The D and E parameters correspond to D =
3/2Ds, and E = 1/2(D; — D,)

g1 =2.055(4) g, =[0.912, 0.02, —0.408]

2> =2.073(4) 2, =[0.01, —0.999, —0.00]

g5 =2.307(5) 25 =[0.408, 0.012, 0.912]

A, =19(10) MHz a; =[-0.932, —0.009, 0.3625]

A, =15(10) MHz a, = [—0.008, 1.00, 0.005]

Az = 442(5) MHz a; =[0.3625, —0.001, 0.932]

D; = 562(50) MHz d, =[-0.8760, —0.2204, 0.4290]
D, = 753(60) MHz d, = [-0.0629, —0.8297, —0.5546]
D; = —1315(60) MHz d; =[0.4782, —0.5128, 0.7129]

=—1973 MHz (—0.0658 cm™")
E =-96 MHz (—0.0032 cm™")
E/D = 0.048

This journal is © the Partner Organisations 2015
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Cu(tda)(phen) and Zn(tda)(phen) are nearly coincident (the
angle between normals ~5°). Both g- and A-matrices show
roughly an axial symmetry with the g|; and A eigenvectors
nearly coincident with the normal to the equatorial copper
ligand planes, indicating a d(x* — y*) ground state, as expected
for a Cu(n) ion in a nearly square planar coordination.

The satellite signals corresponding to the Cu-Cu homo-
dimer present in Cu:Zn(tda)(phen) were analyzed assuming
the spin Hamiltonian

H = ypS-g-B+S-A/2:1; +S-A/2:1; + S:D-S (3)

where g =g; =g, S=5; +S1, A= A; = Ay, and D is a matrix
representing the dipole-dipole interaction. Anisotropic and
antisymmetric exchange interactions are excluded in eqn (3)
because of the small value of the intradimer exchange inter-
action (J = +3.2 cm™")** and the inversion center between Cul
and Cul’, respectively.”® The g- and A-matrices in eqn (3) were
assumed to be those determined for the heterodimer species,
as the homodimer spectra resolution precluded us to follow
the experimental procedure used for the heterodimer
species. When possible, the ZFS was evaluated from the separ-
ation ¢ between the gravity centers corresponding to the two
groups of satellite resonance lines. For these cases where only
one resonance group was clearly resolved, 6 was calculated as
2(B; — B,) where B; corresponded to either the low- or high-
field resonance group and B, to the gravity center of the
heterodimer signals. The experimental angular variation of
D was analyzed by assuming eqn (3) up to first order, § =
3h"-g-D-g"h/g?>, following similar procedures to those
explained for g- and A-matrices (Fig. S5,F Table 1). Simulations
of the representative spectra shown in Fig. 3, left panel, using
the parameters given in Table 1, are shown in the right panel
of the same figure and show a good agreement with the experi-
mental satellite lines. It is concluded that the doping pro-
cedure does not alter significantly the structure of the
copper sites as EPR simulations were performed assuming
identical g- and A-matrices for the copper sites in the hetero-
and homodimers.

ZFS: point dipole approximation and distributed dipole model

As previously analyzed,” the ZFS of [Cu(tda)(phen)], was
assumed to be determined by dipole-dipole interaction under
the point dipole approximation. Fig. 5 shows the angular vari-
ation of the D-matrix expected for [Cu(tda)(phen)], under the
point dipole approximation (blue line) together with that
obtained from the experimental data (black line). As shown,
the point dipole approximation predicts an order of magnitude
of the ZFS along with a reasonable angular variation, but
clearly other factors should be taken into consideration for a
full interpretation of the experimental data. We considered
that these discrepancies were due to spin delocalization onto
the copper ligands; g- and A-matrices results indicate that the
unpaired spin is in a d(x* — y*) type orbital, and therefore only
delocalization onto copper equatorial ligands was considered.
With this in mind, we simulated the angular variation of the

Inorg. Chem. Front., 2015, 2, 837-845 | 841
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Fig. 5 Experimental angular variations (black lines) of D (D(¢,¢)) in the
ca* cb and a*b crystal planes, and simulations performed using the

point-dipole approximation (blue) or a distributed dipole approximation
(red) with best-fit spin populations shown in Table 2.

Experimental
Point-Dipole
— Distributed-Dipole

cb plane

D(6,0) (MHz)

a*b plane

experimental D-matrix (Fig. 5, black line) assuming the so-
called distributed dipole model*®™*°

- R N\T
gl g —3(gty) (gj'rij>

Ho
D; = E”BZ )
v (4)
D= ZPinDz'j
7

where p; is the unpaired spin population on one of the Cu
atoms of the dimer and its equatorial ligands, p; is the same
but for the other Cu atom, and Dy is the dipole-dipole inter-
action matrix under the point dipole approximation between
two unpaired electron spins of atoms 7 and j. The least squares
fitting of eqn (4) to the data in Fig. 5 (red lines) yielded the
spin populations p; shown in Table 2. As shown in Fig. 5, the
distributed dipole model gives a better description of the
angular variation of D than that of the point dipole approxi-

Table 2 Spin populations obtained from the distributed dipole model
along with populations calculated by DFT. Calculations were performed
using the [Cu(tda)(phen)l, structural data®*

TPSSh ®BI97x Fit to experimental D-matrix
Atom Ps Ps Ps
Cu 0.686 0.691 0.657
N1 0.069 0.070 0.066
N2 0.064 0.065 0.066
02 0.068 0.067 0.100
04 0.085 0.084 0.110
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mation, provided that the spin populations on the copper
atom and its equatorial ligands are meaningful. Therefore, we
performed electronic structure calculations to compare the
spin populations predicted theoretically with those obtained
from fitting eqn (4) to the data. The results obtained with
different functionals and basis sets show that the spin popu-
lations obtained from the distributed dipole model are in
good agreement with those calculated by DFT. The selected
results obtained with the TPSSh and wB97x functionals are
shown in Table 2, while the complete set of calculated spin
populations is shown in Table S4.1 The calculated g- and A-
matrices, as well as the D and E/D ZFS parameters, are shown
in Table S57 together with the experimental values.

Calculations given in Table S51 show that all the func-
tionals underestimate the D parameter, likely because the
ORCA program calculates the dipolar matrix using the free
electron g, value,” instead of the anisotropic g-matrix associ-
ated with each spin (see eqn (4)). In our case we obtained a
good agreement between the experiment and theory using
anisotropic g-matrices, as proposed by other authors.>**° In
any case, the spin populations calculated using the functionals
listed in Tables 2 and S41 are in good agreement with the
values obtained from fitting eqn (4) to the data shown in
Fig. 5. Our results suggest that in cases where the experimental
data allow such details, it is more accurate to calculate the
dipolar interaction using the distributed dipole approximation
with accurate spin populations predicted by DFT than to rely
on the DFT calculated dipolar interaction. Other authors have
also used the distributed dipole model, but for the analysis of
powder EPR spectra, in which certain subtle effects may not be
noticeable, or single crystal EPR spectra in highly symmetrical
crystal environments, relying on analytical formulae possibly
only due to the high symmetry.*®™*® Furthermore in the work
of Smith et al. and Harris, only the ZFS parameter D was evalu-
ated. In this work we show a complete analysis of the full
angular variation of the dipolar interaction using the distribu-
ted dipole model, which allowed us to obtain the contribution
to the D-matrix from spin populations on several atoms.
Note that this information cannot be obtained only from the
D-parameter.

Interdimeric exchange interaction

Fig. 6 shows representative single crystal EPR spectra obtained
in the ca* crystal plane of Cu:Zn(tda)(phen) (left) and
[Cu(tda)(phen)], (middle) for nearly the same magnetic field
orientation. The changes in the EPR behavior that occur while
moving from the magnetically diluted Cu:Zn(tda)(phen)
(Fig. 6, left panel) to pure [Cu(tda)(phen)], (Fig. 6, middle
panel) are the results of the different spin concentrations of
both systems. The spin states are well defined for Cu-Zn
heterodimer (S = 1/2, central spectra in Fig. 6, left panel) and
for Cu-Cu homodimer but with negligible interdimeric
exchange interactions (S = 1, satellite lines in Fig. 6, left
panel). The transition from S = 1/2 to S = 1 is caused solely
by the intradimer exchange interaction (J = +3.2 cm™"). The
Cu-Cu homodimers with the non-negligible interdimeric
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Fig. 6 Selected single crystal EPR spectra obtained in the ca* crystal
plane of Cu: Zn(tda)(phen) (left) and [Cu(tda)(phen)], (middle) for nearly
the same magnetic field orientations together with simulation of
[Cu(tda)(phen)]; (right).

exchange interaction J' (Fig. 6, middle panel) can show two-
line spectra for those situations with J' < ZFS (spectrum a),
a single line for J' > ZFS (spectrum b) typical of an exchange-
collapsed extended system,’">' or a mixture of the two pre-
vious situations (spectrum c).>*

The changes experienced by the dimer EPR spectra
when the dinuclear units are coupled by the interdimeric
exchange interaction J' can be rationalized by computing the
EPR spectrum within the linear response theory on the basis
of the exchange narrowing model proposed by Anderson.>®*’
In this theory, the absorption spectrum in the frequency
domain for an extended lattice of paramagnetic centers
coupled by an unique exchange interaction is given by*>

I{(w,we) = Re{W-[i(® — wE +il') + 7] "1} (5)

where o is the microwave frequency, w. is the exchange fre-
quency (w. = J'/h), W is a vector whose components are the
line intensities w;, ® and I' are diagonal matrices whose
elements are the absorption frequencies w; and linewidths I;
in the absence of exchange, respectively, E is the unit matrix,
and = is a matrix whose elements give the transition probabil-
ities between the resonance lines, and 1 is a vector with all
components equal to one. It is important to note that except
for the exchange frequencyw,., which can only be coarsely esti-
mated from the angular variation of the spectra, all the para-
meters involved in eqn (5) can be either evaluated (w;, I3j)
or estimated (w;) from the single crystal data of Cu:Zn(tda)-
(phen).

Eqn (5) has an analytical solution for the case of spectra
showing two resonances which may arise from two interacting
dissimilar S = 1/2 spins® or from interacting S = 1 dimers,
both without an explicit hyperfine structure.”® This simplest
case can alternatively be obtained from generalized Bloch
equations.>® However, as the number of resonances increases,
as is the case we are dealing with, an analytical solution first
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becomes impractical and soon impossible, and a numerical
solution of eqn (5) is needed.

As said above, spectral simulation with eqn (5) accounts for
the exchange narrowing phenomenon in the case of a dimer
interacting with its neighbors through an unique exchange
interaction.”®* However, in the case of [Cu(tda)(phen)],, eqn
(5) fails to explain the angular variation of spectra such as the
one shown in Fig. 6¢, middle panel. This discrepancy between
the experiment and simulation is due to the fact that the
exchange interaction coupling of each dinuclear unit is not
unique, which occurs when the S = 0 state is thermally accessi-
ble. Assuming no interdimeric exchange interactions, [Cu(tda)-
(phen)], is a spin system in which the dimers can be either in
singlet (S = 0) or in triplet (S = 1) states, with probabilities
given by a Boltzmann distribution. As the singlet-triplet separ-
ation J in [Cu(tda)(phen)], is 3.2 cm™,>* the Boltzmann distri-
bution at room temperature gives approximately the same
population for all the levels, and hence the probability of a
dimer being in one of the triplet states is p = 0.75. Taking this
into account, a central dimer in the triplet state (only in this
state it will have an EPR signal), which is surrounded by four
structural first neighbors connected by the superexchange
paths (Fig. 2), will have a different number n of neighbors in
the triplet state (0 < n < 4) with the probability p,, given by

po=(3)ma - (©)

This equation yields p, = 0.39%, p; = 4.69%, p, = 21.09%, p; =
42.19% and p, = 31.64% for p = 0.75. This means that most
of the centers in a triplet state are surrounded by 3 dinuclear
centers in a triplet state, but there are also triplet centers
surrounded by 1, 2 and 4 dimers in the triplet state, and
the exchange interaction between them is different, i.e., wen =
nJ'/h. In summary, eqn (5) describes the shape of the spectrum
of an extended system in the presence of an unique exchange
frequency w,, but if the system is composed of subsystems
with different values of w. (i.e. wen), given by populations of
dimers with different number of triplet neighbors, then the
spectrum becomes a sum of the spectra of each subsystem.

I(w) = anln (wa we,n) (7)

Simulations of the spectra of [Cu(tda)(phen)], using eqn (7)
are presented in Fig. 6, right panel. This simulation yielded
J' =0.010(1) cm™, slightly larger than the one reported in our
previous work (/' = 0.0070(3)) cm™*,?® with the difference being
due to the previous use of the point dipole approximation. Our
present data show that the point dipole approximation
may fail not only in the estimation of distances®” but also in
the determination of exchange coupling constants by single
crystal EPR spectroscopy using the exchange narrowing
phenomenon. Exchange narrowing in EPR is the usual way
to estimate very weak intercenter exchange interactions
(<0.1 em™) in undiluted magnetic systems. As shown in pre-
vious studies,?***>* n—r interactions transmit weak exchange
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interactions which modulate the magnetic properties of
individual paramagnetic centers in extended lattices, and also,
as evidenced for [Cu(tda)(phen)],, can transmit information
about the spin-states of dimers, as the magnetic properties of
a central dinuclear unit depend on the average number of
neighbors in a triplet state. n—n interactions have been shown
to play an important role in molecular spintronics, as reported
for different magnetic molecules positioned on graphene or
carbon nanotubes, and can also be used to design new mag-
netic materials with unprecedented physical properties.®>®™>°

Conclusion

The single crystal EPR study of Cu : Zn(tda)(phen) has revealed
the formation of Cu-Zn heterodimers and Cu-Cu homodimers
in the diamagnetic zinc(u) host. The experiment allowed us to
determine the anisotropic magnitudes g, A, and D. The in-
formation obtained from the diluted compound was used to
evaluate the interdimeric exchange interaction J' between the
dimeric units in [Cu(tda)(phen)],. This analysis yielded J' =
0.010(1) cm™', slightly larger than that reported previously
by us, J' = 0.0070(3) em™', which is ascribed undoubtedly
to the use of the point dipole approximation in our previous
calculations. Best simulation results were obtained using
the distributed dipole model, which takes into account spin
delocalization on the copper ligands due to covalency,
showing clearly that the point dipole approximation can be
used only to estimate an order of magnitude of exchange coup-
ling constants by single crystal EPR spectroscopy. These results
are relevant as they allow one to understand the influence of
intercluster exchange interactions in the magnetic behavior of
metal clusters synthesized as potential molecular magnets and
in spintronics.
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