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Revisiting cobaloxime(i) chemistry and clearing
misconceptions of cobaloxime(i) in diamagnetic
Ni(n) and Pd(i1) matrixes using comprehensive
magnetic measurementsy
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Co(i) was doped into the diamagnetic one-dimensional framework of bis(dimethylglyoximato) Ni(i) and
Pd(1) complexes [Ni/Pd"(Hdmg),] (Hdmg = dimethylglyoximate anion) (hereafter referred to as Co@Ni
and Co@Pd samples) to study magnetic properties as a potential spin qubit. In a previous report of
electron paramagnetic resonance (EPR) spectroscopy of this compound prepared using the same
doping strategy in the Ni matrix, a spectrum assigned to S = 1/2 Co(i) with g, = 2.58, g, = 2.26 g, = 1.98
was observed. The relatively large g, value, compared to those typically observed in [Co(Hdmg),B,l
complexes (B = Lewis base ligand, x = 1 or 2), which fall within the ranges g, = 21-24, g, = 2.0-2.2
and g, ~ 2.01, led to the interpretation of this species to be Co(Hdmg), with an extremely axial interaction.
However, our EPR analysis, combined with SQUID (superconducting quantum interference device) and XANES
(X-ray absorption near-edge structure) analyses, revealed that the previously identified species are p-O bridged
dimers: [Co(Hdmg)(u-Hdmg)l, and [Co(Hdmg)(-Hdmg)l[Ni/Pd(Hdmg)(u-Hdmg)l. Furthermore, our liquid-
helium temperature EPR spectra revealed a Co species with much greater axial g anisotropy (gx = 4.75 g, &
0.75 for Co@Niand g, = 4.2 g,,, ~ 1.33 for Co@Pd). We assign this species to the truly planar Co(Hdmg), with
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Introduction

Molecular magnetism has been an active research area for
decades with potential applications such as data storage devices
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negligibly weak axial interaction, which might have been overlooked in previous EPR studies.

and spintronics technologies. Furthermore, recent advancements
in quantum information science have opened up an emerging
field of molecular spin qubits. Among various types of qubit
platforms, electronic spin-based molecular qubits can be rela-
tively easily modified to tune their magnetic properties with
precise spatial arrangement." Despite these advantages, molecu-
lar spin qubits tend to suffer from short spin-spin relaxation
times (73), with only a handful of systems that show coherence at
room temperature.”® One technique to overcome such short T,
is to use clock transitions.

This approach was first showcased on HoW,, ((Ho(W5015),)° ")
complexes’ and a clear explanation of the role of hyperfine
interactions was given.® In brief, this method exploits the weak
field dependence of the transition frequency near avoided cross-
ings between two states, which can arise due to crystal field
splitting or the hyperfine coupling of electronic and nuclear
spins. For this reason, transition metals like *'V and *°Co with
large nuclear spin (I = 7/2) and strong hyperfine coupling are
good candidates for molecular S = 1/2 qubits.® Freedman et al.
previously reported a qubit exhibiting a clock transition based
on a square planar Co(u) porphyrin in a Zr-based MOF.’ In this
system, the MOF provided protection against additional axial
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ligand interactions with Co(u), which could otherwise weaken
the hyperfine coupling required for achieving clock transition
that can be accessed using a commercial EPR spectrometer.

Achieving longer coherence is crucial for qubit applications
such as quantum computing'® and quantum sensing."' Toward
this goal, we decided to revisit the magnetic properties of a
seemingly well-known low-spin Co(u) system, Co(Hdmg),
(Hdmg = dimethylglyoximate anion), also known as cobal-
oxime(r).

Cobaloxime derivatives have been well studied specifically
for their catalytic properties and as a model of the coenzyme
vitamin By,."”""* Despite the extensive investigation of those
cobalt complexes, knowledge of unmodified Co(Hdmg), is very
limited."® Its first synthesis was reported by Schrauzer, describ-
ing it as a ‘“long-sought compound” due to challenging
preparation.”® The difficulties in preparing Co(Hdmg), arise
from a high propensity to form axial coordination, which
makes it impossible to crystallize cobaloxime(n) from polar
solvents without the presence of axially ligating solvent mole-
cules. The strong tendency for axial interactions is also evi-
denced by a library of more than 600 entries in the Cambridge
Structural Database (CSD) found for cobaloxime(u) derivatives
and other axially ligated cobaloxime(ir) compounds like dimers/
polymers.'*16719

Schrauzer’s synthesis was later adopted by other researchers
to investigate the electronic structure of ‘“square planar”
Co(Hdmg), using EPR spectroscopy.”’®>> In order to do this,
the Co(u) ions were typically doped in square planar diamag-
netic Ni(Hdmg), crystals (Fig. 1) by simply starting the prepara-
tion procedure with a mixture of Co and Ni acetates instead of
Co alone. In these studies, Co@Ni was often used as a model
for the square planar cobaloxime(i) complex with negligibly
weak axial interactions.?®?*"2* Indeed, EPR data for all Co@Ni
samples consistently showed relatively strong axiality with g, =
2.58, g, =2.26, g, = 1.98 as compared to the range of g, =2.1-2.4,
g = 2.0-2.2, and g; =~ 2.01 for axially coordinated
cobaloximes(i)."®

In this study, however, we made two main observations that
challenge the previous understanding. First, EPR peaks that
were not observed in previous studies**">* were detected below
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Fig. 1 (a) The schematic structure of Ni(Hdmg),. (b) The crystal structure
of Ni(Hdmg), (lbam space group) forms a one-dimensional chain. Color
code Ni — green, N — blue, O — red, C - grey, H — omitted for clarity.
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80 K for Co@Ni and below 120 K for Co(u) in diamagnetic
Pd(Hdmg), (Co@Pd). These species, in both the Ni(u) and Pd(u)
matrices, exhibit extremely high axiality, with their EPR peaks
splitting into approximately 150-250 mT and 800-1000 mT sets
for Co@Ni, and 150-250 mT and 400-600 mT for Co@Pd. We
attribute this low-temperature component of the EPR spectra to
a pseudo-square planar Co(Hdmg), that retains the original
planar geometry of Ni(Hdmg), or Pd(Hdmg), (1) (Fig. 2). Here-
after, we will refer to them as “species (1)”. As discussed in
detail later, this “pseudo-square planar Co(Hdmg),” shows
different EPR parameters depending on whether it is in the
Ni or Pd matrix. Therefore, strictly speaking, these species in
Ni(u) and Pd(u) have slightly different axial interactions of Co(u)
with Pd(u) or Ni(u). However, due to the similar coordination
environments around Co(u) and magnetic behaviors, we use the
same designation for them. For clarity, when discussing species
(1), we indicate the host metal after the number as species
(L@Ni) and species (1@Pd). The clear differences in g factors
between species (1@Ni) and species (1@Pd) (Table 1) are
consistent with the assigned pseudo-square planar structure,
where Co(u) ions are situated in an environment where axial
positions are easily accessible within the host matrices. As a
result, the EPR parameters of these species (1@Ni/Pd) are
readily perturbed by the different metal ions in the axial
direction in the host matrices.

Second, there is virtually no difference between the EPR
parameters of Co@Ni and Co@Pd at RT (Table 1). This lack of
matrix influence on the magnetic properties suggests that axial
interactions of Co(u) remain barely changed in different host
materials. Consequently, the corresponding Co(u) species is
not, as opposed to the previous interpretation, a planar
complex that would have different Co-M (M = Ni or Pd)
interactions inside the Ni(Hdmg), or Pd(Hdmg), crystals, but
a p-O bridged heterometallic dimer [Co(Hdmg)(n-Hdmg)][Ni/
Pd(Hdmg)(n-Hdmg)] (2) (Fig. 2). Additionally, an EPR silent
component was suggested by SQUID (superconducting quan-
tum interference device) magnetic measurements. This species
is tentatively assigned as a p-O bridged [Co(Hdmg)(u-Hdmg)],

(1@Ni/Pd) )

Fig. 2 The three Co(i) species found in the Ni(Hdmg), and Pd(Hdmag),
matrices in this study: Co(Hdmag), dispersed in Ni(Hdmg), or Pd(Hdmg),
matrix (L@Ni/Pd), heterometallic dimer [Co(Hdmg)(u-Hdmg)lIM(HdmQg)(u-
Hdmg)l (M = Ni or Pd) (2), and its homometallic variations [Co(Hdmg)(u-
Hdmag)l, (M = Ni or Pd) dimer (3).
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Table 1 The EPR parameters obtained from fitting for Co@Ni and Co@Pd. The hyperfine coupling parameter A is shown in MHz. The exact g and A for
species (L@Ni/Pd) tabulated under Col,, could not be determined, therefore the possible range of the g factor is shown. The values in the parenthesis for

Col,, are those used for the simulations in Fig. 4

Planar CoL,, (low-temperature species)

Dimeric [CoL,][ML,] (M = Ni, Pd, Zn) (RT species)

gx gy gz Ax Ay Az gx gy gz Ax Ay Az
Co@Ni 4.75 0.65-0.85 (0.76) 0.65-0.85 (0.75) 1700 —(100) —(100) 2.58 2.26 1.98 349 148 373
Co@Pd 422 1.2-1.7 (1.55)  1.2-1.7 (1.34) 1630 —(145) —(140) 2.57 2.23 1.98 363 163 373
Co(Hdmg), by NEVPT2 4.40  1.96 1.57 - - —
Co(salen)*® 3.805 1.660 1.740 872 155 90 2.63 2.31 2.01 340 138 357
Co(ayphen)@Ni*” 5.147 0.7 0.7 - - —
Co(a,phen)@Pd>’ 4.546 1.33 1.33 R — —

dimer (3) due to remarkable similarities with analogous
[Co(p-salen)], dimers.

Experimental
Synthesis

Detailed descriptions of the synthesis and discussions of the
associated issues are presented in the ESI.{ Other experimental
methods are also described in the ESI.{ Essentially, we followed
Schrauzer’s original procedure’® and its variations modified for
cobalt doping.>*>* We mixed Co(n) acetate with Ni(i) acetate
in MeOH or EtOH under an inert atmosphere and then added
dimethylglyoxime to obtain quickly precipitating solid solutions.
This product was then washed thoroughly with MeOH to remove
unwanted byproducts like [Co,Ni; ,(Hdmg),B,] (B = MeOH or
EtOH), which are more soluble than [Co,Ni; ,(Hdmg),]. The
resulting precipitate was then dried under a vacuum. Using this
method, we have prepared 5% Co@Ni and 5% Co@Pd samples.
To increase the Co(u) concentration, we modified this procedure
by adding triethylamine, which is expected to deprotonate
dimethylglyoxime and facilitate its coordination. This resulted
in 11% Co@Pd samples. Elemental analysis confirmed the com-
position, and powder X-ray diffraction showed no crystalline
impurities (Fig. S1-S4, ESIt). Inductively coupled plasma optical
emission spectroscopy (ICP-OES) and X-ray fluorescence (XRF)
were used to determine Co concentrations (Table S1, ESIt).
Compared to the previous EPR studies,*>**>* where the
initial Co(n) to Ni(u) acetate ratios changed from 1:100 to
1:1000, our samples were prepared with a relatively high 1:1

~| 3

3 Sim

L

>

= Exp

<

()

IS
' 1 1
200 300 400
Magnetic field (mT)

ratio. This was necessary to achieve sufficiently high Co
concentrations (at least above 1%) to further characterize
the magnetic properties by SQUID measurements (ESIt) by
outweighing the diamagnetic contribution.

Results
ESR spectroscopy

To investigate the spin state of cobalt doped in the diamagnetic
Ni(Hdmg), and Pd(Hdmg), matrices, EPR spectra were mea-
sured at different temperatures from 3.8 K up to room tem-
perature (RT) for 5% Co@Ni and 11% Co@Pd. The spectra at
RT and a selected low temperature are shown in Fig. 3 and 4,
respectively. The collective temperature dependency down to
3.8 K is shown in Fig. S5 and S8 (ESIt).

Experimental spectra were fit to simulations based on a
following spin Hamiltonian (eqn (1)) using the Easyspin
program,”® where g and Ac, are g and hyperfine tensors,
respectively (assuming that both tensors are coaxial), B mag-
netic field, yug Bohr magnetons, S and I electron and nuclear
spins of Co(u). In the following analysis, we use the same
custom cartesian coordinate system as established by Hitch-
man and von Zelewsky,>>*” in which the x and y axes lie in the
plane of the molecule while the z axis lies perpendicular to it.

1)

The spectra of Co@Ni and Co@Pd at room temperature can be
simulated well with very similar parameters: g, = 2.58, g, = 2.26,
g, = 1.98 and hyperfine splitting parameters Ac,x = 349 MHz,

H = gS-g:B + IAco'S
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Fig. 3 The EPR spectrum of (a) 5% Co@Ni (b) 11% Co@Pd at room temperature (blue) along with a simulated spectrum (red).
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(a) The EPR spectra of 5% Co@Ni at 40 K (blue) and the simulated spectrum (red). The components in green and yellow originate from different

species (1@Ni/Pd) and species (2), respectively. (b) The EPR spectra of 11% Co@Pd at 3.9 K (blue) and the simulated spectrum (red).

Acoy = 148 MHz, Ac,, = 373 MHz for Co@Ni and g, = 2.57, g, =
2.23, g, = 1.98 and Acox = 363 MHz, Aco, = 163 MHz, Ag,, =
373 MHz for Co@Pd (Table 1). The orientation of g and A is given
based on the previous EPR studies®®*® and these g factors are
essentially the same as those of the previous EPR studies of §=1/2
“square planar” Co(Hdmg),.>**>>* However, the negligibly small
changes of EPR parameters between Co@Ni and Co@Pd are
inconsistent with the previous structural assignment, where
Co(u) can easily be accessed by the axial metal ions (Ni** and
Pd>*) and the EPR parameters can be readily perturbed by the
difference between the metal ion (Ni or Pd) and the metal-metal
distance (3.168A for Ni(Hdmg), and 3.195 for Pd(Hdmg), at
123 K*°). Based on the negligibly small difference between EPR
parameters of Co@Ni and Co@Pd at RT (Table 1), here, we
tentatively assign it to the p-O bridged dimers [Co(Hdmg)-
(-Hdmg)|M(Hdmg)(n-Hdmg)] (M = Ni(u) or Pd(u)) (2) (Fig. 2).
The structural assignment will be further elaborated on in the
Discussion section.

Low-temperature X-band CW-EPR spectra of 11% Co@Pd and
5% Co@Ni (Fig. 4 and Fig. S5-S8, ESIT) revealed the presence of
additional fast-relaxing species that might have been overlooked
by previous EPR measurements at 103 K.*° As the temperature
decreases, new peaks of g > 4 appear in the range of 50-200 mT
at ~70 K for Co@Ni and at ~120 K for Co@Pd (Fig. 4 and Fig.
S5, S8, ESIt). These low-temperature peaks show 8 hyperfine
splitting lines of electron spin localized on Co(u) with nuclear
spins I = 7/2, confirming that the signals originate from doped
Co(n). In addition, complex broad peaks were observed in the
high field around 800-1000 mT (g ~ 0.65-0.85) for Co@Ni and
400-600 mT (g ~ 1.2-1.7) for Co@Pd. These low field peaks
g > 4 disappeared along with the high field peaks g < 2,
suggesting that both sets of peaks originate from the same species.

The fitting results of the spectra at a selected low tempera-
ture are plotted in Fig. 4. The obtained g and A parameters are
compiled in Table 1. Unfortunately, we were unable to find an
unambiguous set of all parameters. Only g, and A, values for
peaks at the low field could be well-fitted and established
unequivocally due to a good separation from other peaks in
the spectra (Table 1). For the y and z components (the high field
peaks), the complex structure with small peaks on the broad
feature expanding over 200 mT makes the optimization difficult

10324 | Phys. Chem. Chem. Phys., 2025, 27, 10321-10330

as they are convoluted and mostly hidden under the broad
feature. Therefore, only the possible ranges of g factors are
shown in Table 1 based on the magnetic field of the peaks
(Fig. 4 and Fig. S9, ESIY). In the simulation spectra in Fig. 4, a
set of selected simulation parameters (Table 1) that rather well
reflect the main features of the experimental spectra were used.
Reproducing the small peaks in the y and z components of
Co@Pd will probably require additional parameters due to
superhyperfine coupling with '°°Pd (I = 5/2 22.33% natural
abundance) nuclear spins (Fig. S10, ESIT).

Due to the fast relaxation of these low-temperature species
and a relatively large g factor as high as 4.75, we suspected a
high spin S = 3/2 Co(u) impurity at first. However, it is unlikely
because such high spin Co(u) complexes are rarely observable
above the liquid nitrogen temperature.**"** Moreover, obtained
average g factors are much closer to the free electron value (g, =
2.0-2.2 for Co@Ni and g,, = 2.2-2.5 for Co@Pd) (Table 1),
compared to the typical average effective g value of high spin
Co(in) (~4.3).2%031343% Therefore, we assign the spin of these
low-temperature species to S = 1/2. As further discussed in
detail in Discussion, we attribute these species to planar
Co(Hdmg), dispersed in Ni(Hdmg), or Pd(Hdmg), (1) (Fig. 2).
This assignment was further supported by the theoretical calcula-
tions of g factors by CASSCF (complete active space self-consistent
field) with the active space of seven electrons on the five 3d-orbitals
(CAS(7,5) space). The theoretically calculated g factors for S = 1/2
square planar Co(Hdmg), (Fig. S13, ESIt) gave a qualitatively
consistent result with the experimentally obtained g factors for
the low-temperature species (Exp.: g =4.75, 0.65-0.85, 0.65-0.85 for
Co@Ni and g = 4.22, 1.2-1.7, 1.2-1.7 for Co@Pd, Theory: g, = 4.40,
& = 1.96, g, = 1.57). The theoretical prediction of g factors for 3d
metals is known to be notoriously difficult and including only
metal-based orbitals in the active space tends to overestimate the g
values even after dynamic electron correlation is included using
the NEVPT2 method.*® Our results largely overestimated g, and g,
but may be improved in the future by the extension of the active
space with the second d orbital shell.

SQUID magnetic measurements

DC magnetic measurements. Impurities with high spin
concentrations may be overlooked in EPR spectroscopy due to

This journal is © the Owner Societies 2025
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Fig. 5 DC magnetic properties of 5% Co@Ni. (a) The magnetization at 1.8 K. The red circles are measured points, and the solid line is a visual guide. (b)
Temperature dependence of the DC susceptibility (y,7) at 2000 Oe. (c) Temperature dependence of the DC susceptibility (ym) at 1000 Oe.

signal broadening and rapid spin-spin relaxation caused by
magnetic exchange or dipole-dipole interactions. To avoid such
an oversight, field-dependent magnetization and temperature-
dependent susceptibility for the 5% Co@Ni were measured, as
shown in Fig. 5. Similar results were obtained for 5% and 11%
Co@Pd (Fig. S16 and S17, ESIt); therefore, only the results of
Co@Ni will be discussed here.

The magnetization of 5% Co@Ni measured at 1.8 K
approaches saturation at 7 T, reaching ~0.7ug per Co atom
(Fig. 5a), as calculated by using the Co concentration estimated
by XRF and ICP-OES (Table S1, ESIt). This value is significantly
smaller than the expected value of 1.05-1.15 for S = 1/2 with
Zav = 2.1-2.3 (the range expected for species (1@Ni) and dimer
(2) based on EPR). We attribute the reduced magnetization to
the presence of antiferromagnetic interaction, which we identify
as originating from antiferromagnetically coupled [Co(Hdmg)-
(u-Hdmg)], dimers (3). This conclusion is based on the magnetic
studies on the pristine Co(Hdmg), (Fig. S18-S22, ESIY). Pristine
Co(Hdmg), shows a very similar antiferromagnetic exchange
coupling interaction (J = —21.8 cm™ ") with analogous Co(n) salen
dimer [Co(salen)], (salen = N,N'-bis(salicylaldehyde)ethylene-
diimine) (J = —21 em™").*”*® The similarity of this complex to
the Co(Hdmg), was also noted by the previous EPR study of
Co@Ni.”® Though the precise geometry of the dimerized
Co(Hdmg), could not be conclusively determined due to the
lack of crystallinity, the similarity in their magnetic properties
suggests that the pristine Co(Hdmg), forms a dimeric species
[Co(Hdmg)(n-Hdmg)], similar to [Co(salen)],. Furthermore, the
presence of the heterometallic dimer (2), as revealed by EPR,
reinforces the presence of analogous [Co(Hdmg)(u-Hdmg)],.
The possibility of diamagnetic oxidized Co(IIl) impurities is
ruled out by control measurements under an Ar atmosphere in
a sealed NMR tube (Fig. S23, ESIY).

Using the magnetization value at 1.8 K (~0.7ug) and the
average g factors of the dimer (2) (g.y = 2.27), the amount of the
antiferromagnetically coupled dimer (3) can be estimated to be
roughly 38%. Although the g factors of species (1@Ni) are not
precisely determined based on EPR data, g,, values of species
(1@Ni) are similar to species (2), making it difficult to deter-
mine the composition of species (1@Ni) and dimer (2) based
on this approach. Similar magnetization values were obtained
for 5% Co@Pd and 11% CoPd (Fig. S16 and S17, ESIT) as well,

This journal is © the Owner Societies 2025

indicating that the relative amount of homometallic dimer (2)
remains the same regardless of the Co(u) doping concentration.

The temperature dependence of the magnetic susceptibility
for 5% Co@Ni is presented in Fig. 5b and c. The temperature is
limited only up to 80 K due to a large diamagnetic contribution
from the host material and sample holder. The y.,,T value
decreases as the temperature drops down to 6 K, and then
shortly rises, reaching a small maximum at 4 K (Fig. 5b).
Below 4 K, ymT decreases again, reaching the y,,T value of
~0.3 cm® mol " K at 1.8 K. The decrease of the y,,,T signal is in
line with antiferromagnetic interactions. Similar behavior
could be also explained by zero-field splitting; however, S >
1/2 is required and we did not find any indication of high spin
(HS) Co(u) impurities by using any other method. HS Co(u)
complexes are also chemically very unlikely for cobaloximes(u)
prepared in alcohol solutions. Cobaloximes(u) axially coordi-
nated by solvent show small g factors and low spin states,'*?*
also supported by the pure Co(Hdmg), experiment (ESIt).

The presence of antiferromagnetic exchange interactions in
a material can, in general, be inferred from the existence of
maximum in yy,(7) vs. T curves. The absence of such a feature
in yu(7) in our materials (Fig. 5¢) can be explained by the
presence of other magnetic species like (1@Ni) and (2) which
effectively mask the maximum. Indeed, the simulated y.,(7) vs.
T with a mixture of S = 1/2 Co(u) and antiferromagnetically
coupled Co(u) shows no maximum when the dimer composi-
tion is less than 60% (Fig. S25, ESIT). As discussed, the dimer
(3) consists of roughly 40% based on the magnetization value at
7 T at 1.8 K. Therefore, the absence of maximum in y,, does not
contradict the presence of antiferromagnetic interaction.

The small maximum of y,,,T at 4 K suggests another inter-
molecular magnetic interaction. The more concentrated 11%
Co(u)@Pd shows a significantly larger peak than 5% Co(u)@Ni/
Pd (Fig. S16, ESIt). This observation is reasonable because a
more concentrated sample has a higher probability of having
intermolecular interactions with neighboring Co(u). Though
the exact origin of this interaction remains elusive, it indicates
an inhomogeneous distribution of Co(u) in the Ni and Pd
matrices, likely with structural disorders inferred from the
absence of crystalline impurities in PXRD. The inhomogeneous
nature of our samples is further supported by the presence of
homometallic Co(u) dimer (3) and AC susceptibility (vide infra).
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In such a highly defected amorphous phase with high Co
concentration, various types of exchange coupling between
different species (1@Ni/Pd) - (3) in different environments
and distances from each other are possible.

AC susceptibility

The field-dependent AC susceptibility of 5% Co@Ni, 5%
Co@Pd, and 11% Co@Pd at 1.8 K is shown in Fig. 6. The field
dependence of the relaxation times was obtained by fitting the
experimental data to the generalized Debye model by using the
Relacs program.®® The Cole-Cole plots are found in the ESIt
(Fig. S26-S30, ESIt). The two species with essentially the same
Co concentration, 5% Co@Ni and 5%@Pd, show a very similar
field dependence of relaxation times (Fig. S31, ESI{). A maxi-
mum at around 10000 Hz at 0 T was observed in the out-
of-phase (y,,) component. Upon field increase, the maximum
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shifts to lower frequencies and it becomes mostly field-
independent above 3000 Oe at around 400 Hz. Similar behavior
was observed for 5% Co@Pd. This indicates that the metal of
the diamagnetic matrix (Ni(u) or Pd(n)) has a minimum impact
on the behavior of this relaxation pathway of Co(i).

For 11% Co@Pd, the maximum of y occurs at frequencies
generally smaller than those of 5% Co@Ni or Co@Pd at around
10-1000 Hz across different fields, indicating that a more
concentrated sample has longer relaxation times. This is coun-
terintuitive as the spin-spin interaction typically shortens the
relaxation time of paramagnetic ions. One possible explanation
for this behavior is the spin-glass state and a similar concen-
tration dependence was observed previously.*® Furthermore,
evaluation of the so-called Mydosh parameter and additional
results of magnetic experiments discussed in ESIt (Fig. S32-S38,
ESIt) suggest that slow spin relaxation originates from the spin
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Fig. 6 AC susceptibility of 5%Co@Ni (a) and (b), 11% Co@Pd (c) and (d), 5% Co@Pd (e) and (f) at 2 K. The circles mark the experimental data points.

The solid lines are the fits to the generalized Debye model.
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glass phase. While our sample exhibits properties like a spin-glass
state, its manifestation occurs only at a very low temperature
(~4 K) under a small magnetic field (<1000 Oe). Therefore, our
DC magnetic measurements under a high field can mainly be
interpreted only by the S = 1/2 model. Additionally, the spin-glass
phase has a negligible effect on the EPR spectra, as the measure-
ment temperature is high enough to overcome its magnetic
interactions.

XANES (X-ray absorption near edge structure) spectroscopy

In addition to the insights into the electronic structure and the
coordination geometry obtained from EPR spectroscopy and
SQUID, XANES (X-ray absorption near edge structure) spectro-
scopy can further elucidate the local environment of Co(u)
in the Ni/Pd(Hdmg), matrix, providing complementary con-
firmation of the conclusions drawn from the EPR analysis.
The XANES spectra of Co(u) in Ni/Pd(Hdmg), are shown in
Fig. $39 (ESIY).

Square planar Co(i) complexes typically exhibit a strong
peak around 7716 eV, which is attributed to either 1s-4p +
shakedown'”*' or a direct 1s-4p transition.*’ Notably, the
intensity of this feature significantly decreases as the Co(u)
geometry shifts from square planar to square pyramidal or
octahedral. This characteristic feature for square planar com-
plexes is well-documented in cobalt(i) phthalocyanine with/
without pyridine,*! and the absence of this peak is also observed
in the pentacoordinate dimeric [Co(salen)], complex,** a com-
pound analogous to our (2) and (3).

The weak intensity of this peak in spectra of Co@Ni and
Co@Pd samples indicates that the majority of Co(Hdmg), in
our sample adopts a non-planar geometry, consistent with a
square pyramidal geometry of Co(u) in species (2) and (3) as
inferred using EPR analysis and magnetic measurements. This
does not exclude the presence of Co(Hdmg), (1@Ni/Pd) in a
planar geometry suggested by EPR. Rather, the small intensity
indicates that this planar Co(Hdmg), (1@Ni/Pd) is minor
compared to the species (2) and (3). This conclusion is also
consistent with the magnetic data that show that roughly 40%
of the sample is species (3).

Discussion
EPR spectroscopy - RT components

As already mentioned, the species observed by CW-EPR at RT
was previously considered as Co(Hdmg),. However, the strik-
ing similarity of EPR parameters between Co(u) doped in
Pd(Hdmg), and Ni(Hdmg), matrices is at first puzzling; the
metal-metal interactions along vertical stacks of M(Hdmg),
complexes (M = Ni, Pd or Co) should certainly be different
due to changes in metal-metal distances between Ni(Hdmg),
and Pd(Hdmg),, and much more diffuse character of the
heavier Pd metal orbitals. Raynor et al. encountered the same
issue in their study of Co(n) doped in Ni(Hdmg),.>® The simi-
larity of hyperfine A and g parameters of Co(u) in Ni(Hdmg),
with those of [Co(p-salen)], spectra (Table 1) led them to

This journal is © the Owner Societies 2025

View Article Online

Paper

conclude that Co(Hdmg), is strongly influenced by metal-metal
interactions with Ni(i). However, as both Co@Ni and Co@Pd
exhibit nearly identical EPR spectra, (Fig. 3, Fig. S9, ESIt), the
Co-M interaction is unlikely. Other possibilities of axial inter-
action are nitrogen or oxygen on the glyoxime ligand. Since the
interaction with N atom (I = 3/2) will result in the superhypefine
splittings, as observed in the pyridine adduct of Co(salen),’® the
lack of superhyperfine splittings in the EPR spectra suggests
the interaction with O. Such metal interaction with the glyox-
ime oxygen is reported in the dimeric form of Cu(Hdmg), and
Ni(Hdmg),.** In addition to the possible dimers formation
suggested by Cu(Hdmg), and Ni(Hdmg),,** the similarity of
EPR parameters of this RT species to those of pu-O bridged
[Co(p-salen)], dimers further suggests a dimeric form of
[Co(Hdmg)(p-Hdmg)|[M(Hdmg)(u-Hdmg)] (M = Ni** or Pd*")
(3) for the RT species, where Co(u) ions are axially coordinated
by bridging oxygen atoms.

In Co(Hdmg),B (B = monodentate ligand) complexes, the
donor atom pulls the Co(u) ion above the molecular plane,
simultaneously tilting both glyoxime ligands in the opposite
direction of the donor ligand.?® The coordination of the oxygen
atom to the glyoxime ligand in the dimers (2) and (3) is likely to
induce a structural distortion similarly. This geometry of the
glyoxime ligands outward from the complex introduces addi-
tional steric hindrance, further hampering interactions along
the axis of cobaloxime(u).

In addition to the minimal interaction with the metal ions in
the diamagnetic matrix (Ni(u) or Pd(u)), the invariance of EPR
parameters of the dimer between Co@Ni and Co@Pd compared
to the low-temperature species is also likely to be a result of its
electronic structure. The theoretical analysis by Zelewsky and
Hitchman®”** provides diagrams of calculated g and hyperfine
parameter values in relation to the separation between *A, (d,.)
and *A; (d,.) states. In these diagrams, one can easily see that the
EPR parameter change with respect to the energy separation
change is much smaller around the g factors (g, ~2.6) found
for this dimer than the g factors (g, > 4).

EPR spectroscopy — low-temperature component

The negligibly small change of the g factor of the RT species (3)
in the Ni and Pd matrices sharply contrasts with the behavior of
the low-temperature species (1@Ni/Pd), which shows very high
sensitivity of the EPR parameters to metal ions in the host
matrix. A similar high sensitivity of EPR parameters to the
diluting host matrix is known for some planar Schiff base Co(u)
complexes, which are structurally very similar to Co(Hdmg),
systems.”” A good illustration of that is Co(u)(ayphen) ((E,E)-
diethyl 2,2’{1,2-phenylenebis-(iminomethylidyne)]bis[3-oxobuta-
noatol(2-)-N,N’,0%,0* |cobalt(n)) in the Ni(u) based matrix g; =
5.147, g, = 0.7, g5 = 0.7 and g, = 4.546, g, = 1.33, g5 = 1.33 in the
Pd(i) based matrix.>” The large g factors of 4.75 and 4.22 for
the low-temperature species of Co@Ni and Co@Pd as S = 1/2
Co(u) are justified by the theoretical analysis by Zelewsky and
Hitchman,?”** which we introduced above, and are useful for
intuitive understanding of the range of possible parameters
and the high sensitivity to perturbations in those complexes.
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They predict the maximum possible g, to be 5.46 when g, g,
approach zero. Moreover, our EPR parameters align well with
their predicated plot of EPR parameters. Therefore, based on
the g factors and the EPR parameter change observed in the
different matrixes, we assign the low-temperature species to a
planar Co(Hdmg), (1@Ni/Pd).

The high sensitivity of EPR parameters originates from the
electronic structure of Co(u) in the square planar ligand field.
The electronic structure of Schiff base Co(u) complexes in a
tetradentate planar ligand field, such as Co(salen) (C,, symme-
try), is well documented®” and their analysis also applies to
cobaloximes(u) (approximate D,;, point group), as both C,, and
D,;, point groups are described by the same rhombic crystal
field parameters.”® To briefly summarize their findings, those
complexes are characterized by a set of four 3d molecular
orbitals lying close to each other in energy because the fifth
orbital (3d,,) lies much higher in energy because it points
directly toward the equatorial donor atoms. This orbital split-
ting gives rise to a large energy separation and consequently
weak coupling between ground and excited states of 3d® and
3d° complexes (Cu(u) and Ni(u)). For 3d” complexes like Co(m);
however, the electronic structure results in one unpaired elec-
tron in one of the four closely spaced orbitals. This leads to
multiple low-lying doublet and quartet states that are strongly
coupled via spin-orbit interaction, producing g values that
deviate significantly from the free-electron value (g. = 2.0023)
and making them highly sensitive to structural perturbations.

This high sensitivity to structural changes may be respon-
sible for strongly broadened peaks of species (1@Ni/Pd) (Fig. 4).
Our samples were precipitated very quickly, and one can expect
high structural defects and disorder. We believe that
Co(Hdmg), in our Co@Ni and Co@Pd samples exist in at least
a few environments that differ slightly, making it difficult to
reproduce the EPR spectra well via simulation.

It is well known that the electronic spectra of M(Hdmg), (M =
Ni, Pd, Pt) crystals are highly sensitive to external pressure, owing
to the modulation of metal-metal interactions. For example, the
absorption of Pd(Hdmg), at 6.2 GPa is at ~ 460 nm (yellow) while
under 0.1 GPa ~ it is 700 nm (green).*® Here, by the comparison
of species (1@Ni) and (1@Pd), we have shown that magnetic
parameters are also prone to changes in metal-metal interactions.
In this context, our finding paves a way to controlling the
magnetic properties of Co(Hdmg), through g factor changes by
external pressure. This can be utilized in sensing applications and
warrants further investigation. Furthermore, the sensitivity of EPR
parameters to external factors, such as the diamagnetic matrix
and pressure combined with the versatility of glyoxime-based
ligands, could enable systematic investigations into the depen-
dence of T, on EPR parameters at clock transitions.

Magnetic data

Our magnetic measurements showed the presence of homo-
metallic dimeric [Co(Hdmg)(u-Hdmg)], (3) and various inter-
molecular interactions in our sample. For example, we have
shown that slow spin relaxation at low temperatures in 5%
Co@Ni, as well as 5% and 11% Co@Pd samples comes from
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the spin glass phase. This behavior is most likely due to the
non-uniform dispersion of Co within the sample, as evidenced
by a large amount (ca. 38%) of dimers (3).

The formation of species (2) and (3) in the Ni/Pd matrix can
be rationalized by the strong tendency to form axial coordina-
tion of Co(Hdmg), and the presence of a dimeric phase of
Ni(Hdmg),. The crystal structure of Ni(Hdmg),, though is
predominantly reported as a pseudo-1D chain structure as in
Fig. 1 (space group: Ibam), a dimeric phase characterized by p-O
bridges through the oxime oxygen has also been observed
(space group: P2,/c).*> This P2,/c crystal was prepared by
refluxing Ni(Hdmg), in DMF and then slowly cooling the
filtrate solution. Since the formation of this phase requires
slow crystallization at elevated temperatures, it likely represents
the thermodynamically favored structure, in contrast to the
bulk Ibam phase, which forms via rapid precipitation.

Given that Co(Hdmg), exhibits a strong tendency to dimerize,
supported by both pristine experiments and previous reports,">"*"”
the presence of Co(n) in the reaction mixture during the synthesis
of Co@Ni/Pd may induce partial conversion of Ni(Hdmg), into the
dimer form. The absence of PXRD diffraction peaks for this phase
suggests that species (2) and (3) are likely occluded in a highly
defective manner. The inhomogeneous distribution of Co(u), driven
by its strong preference for axial coordination and the structural
disorder supported by the absence of a crystalline phase other than
the Ibam phase in PXRD, also provides an explanation for the
observed spin glass behavior, which often appear in doped systems
of moderate concentration of magnetic species due to competing
exchange interactions, spin frustration or structural disorder.

Conclusions

Motivated by quantum technology development, we have pre-
pared and studied Co(u) doped into Pd(Hdmg), and Ni(Hdmg),.
A comprehensive study of the magnetic properties of Co@Ni/Pd
revealed a mixture of at least three different Co(u) species:
Co(Hdmg), dispersed in Ni/Pd(Hdmg), (1@Ni/Pd), [Co(Hdmg)-
(p-Hdmg)|[M(Hdmg)(u-Hdmg)] (M = Ni or Pd) species (2) and
its bimetallic variations of antiferromagnetically coupled
[Co(Hdmg)(n-Hdmg)], species (3).

Our findings challenge the previous studies on Co@Ni,
which identified only species (2) and often misattributed it to
monomeric planar cobaloxime(n) (1@Ni).”**>** The unexpected
mixture of three different Co(u) complexes with more dominance
of axially coordinated complexes species (2) and (3) in the planar
Ni/Pd(Hdmg), matrix is due to the strong propensity of Co(u) to
form axial coordination. This is evidenced by the lack of a crystal
structure of pristine Co(Hdmg), despite over 600 structures with
some axial coordination in the CSD database and the reported
ease of forming dimers'*"” or trimers."®
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