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Field-induced single-ion magnet based on a
quasi-octahedral Co(i) complex with mixed
sulfur—oxygen coordination environmentf
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Synthesis and characterization of structure and magnetic properties of the quasi-octahedral complex
(pipH2)[Co(TDA),] 2H,0 (I), (pipH,>" = piperazine dication, TDA?~ = thiodiacetic anion) are described.
X-ray diffraction studies reveal the first coordination sphere of the Co(i) ion, consisting of two chelating
tridentate TDA ligands with a mixed sulfur—oxygen strongly elongated octahedral coordination environ-
ment. SQUID magnetometry, frequency-domain Fourier-transform (FD-FT) THz-EPR spectroscopy, and
high-level ab initio SA-CASSCF/NEVPT2 quantum chemical calculations reveal a strong “easy-plane” type
magnetic anisotropy (D ~ +54 cm™) of complex I. The complex shows field-induced slow relaxation of

rsc.li/dalton

Introduction

For a few decades since the discovery of single molecule
magnets (SMMs),"* researchers have sought to obtain poly-
nuclear SMMs with record magnitudes of the spin-inverse
barrier (Ues) and blocking temperature by increasing the total
spin of the molecule.** However, contrary to the expectations,
the increase of the total molecular spin was unable to give rise
to a significant increase of Uy due to the fact that such
increase of the spin leads to a decrease in the absolute value
of the axial zero field splitting (ZFS) parameter D,> which rep-
resents the main contribution to the global axial anisotropy of
the molecule. It thus has become clear that magnetic an-
isotropy is a key ingredient in the design of SMMs with desired
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magnetization at an applied DC field of 1000 Oe.

properties. An important class of SMMs, which is of current inter-
est in molecular magnetism, is represented by mononuclear com-
plexes exhibiting slow magnetic relaxation, the so-called single
ion magnets (SIMs). Numerous SIMs based on transition metal
ions have been reported (see ref. 6 and 7 and refs. therein).
Quasi-octahedral Co(u) complexes constitute the largest family of
3d-metal-based complexes showing slow relaxation of
magnetization.*® The first such example of a SIM was the
[Co(dmphen),(NCS),] complex,'® this being followed by investi-
gation of many other SIMs based on quasi-octahedral high-spin
Co(u) complexes with coordination spheres dominated by Co-N
or Co-O bonds.®"* Most recently, the first field-induced SIM
based on a quasi-octahedral Co(u) complex with sulfur atoms in
its coordination sphere, trans-[Co{(OPPh,)(SPPh,)N},(DMF),], has
been reported.”” It should be noted that the hexacoordinated
Co(u) ion in a completely sulfuric environment possesses a low-
spin state with S = 1/2, and such complexes do not exhibit SIM
properties.’®® On the contrary, tetrahedral high-spin (S = 3/2)
Co(u) complexes in purely sulfuric or mixed environments are
quite numerous and often exhibit SIM properties.”?*** Although
Co(u) complexes with only one thiodiacetate (TDA) ligand were
previously known,**** until 2010 such mononuclear 3d-metal
complexes were not considered as SIMs.>> >’

In the present work, we report synthesis and characteriz-
ation of a new anionic Co(u) complex with two chelating tri-
dentate TDA ligands, which is shown to exhibit field-induced
slow relaxation of magnetization. This complex represents a
rather rare example of a single ion magnet based on a quasi-

Dalton Trans., 2021, 50, 13815-13822 | 13815


www.rsc.li/dalton
http://orcid.org/0000-0002-0199-1382
http://orcid.org/0000-0001-5258-4042
http://orcid.org/0000-0001-5279-7283
http://orcid.org/0000-0001-6159-439X
http://orcid.org/0000-0001-7903-8949
http://orcid.org/0000-0003-3558-6761
http://orcid.org/0000-0002-1682-2362
http://orcid.org/0000-0003-0373-1506
http://orcid.org/0000-0003-3931-3971
http://orcid.org/0000-0003-3555-7442
http://crossmark.crossref.org/dialog/?doi=10.1039/d1dt02413b&domain=pdf&date_stamp=2021-10-11
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt02413b
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT050039

Open Access Article. Published on 07 September 2021. Downloaded on 3/19/2026 1:00:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

octahedral Co(u) ion with a mixed sulfur-oxygen environment.
The magnetic properties of the complex are determined by a
combination of experimental methods SQUID magnetometry,
frequency-domain Fourier-transform (FD-FT) THz-EPR spec-
troscopy, and are in agreement with the results of high-level
ab initio SA-CASSCF/NEVPT2 quantum chemical calculations.
Our study has shown that the combination of different
mutually supportive experimental techniques and quantum
chemical calculations can provide important complementary
information. All these data show a strong “easy-plane” type
magnetic anisotropy (D ~ +54 cm™ ") of complex L.

Results and discussion
Molecular and crystal structure of I

Compound I crystallizes in the monoclinic space group P24/n.
The asymmetric unit of the crystal structure of I consists of the
anionic complex [Co(TDA),]*”, the double protonated piperazi-
nium cation pipH,>*, and two solvate water molecules. In the
complex anion [Co(TDA),]*”, the cobalt(i) ion is coordinated
by two tridentate thiodiacetate ligands (Fig. 1). The Co(u) ion
has a distorted axially elongated quasi-octahedral coordination
environment [S,0,] with donor S atoms in apical positions
and practically equal Co-S bond lengths (~2.4802(7) A). In the
equatorial plane, the Co-O bond lengths are almost the same
(Table S27), and the average length of the Co-O bond is ~2.054
(2) A. The bond angles S(1)-Co(1)-S(2), O(1)-Co(1)-0(4), O(2)-
Co(1)-0O(3) slightly deviate from the linear ones (180°)
(Table S27). Other bond angles in the coordination polyhedron
X-Co(1)-X deviate significantly from 90° and lie in the range
of 82.32(5) to 98.37(5)°. The octahedral distortion parameters
(2, © and ¢) have been employed to calculate the magnitude of
distortions from a perfect octahedral geometry around the
cobalt(u) ion. Distortion parameters X, @ and ¢ for I are 66.60°,
198.26°, and 1.137 A, respectively; all these values lie in the
expected range observed for distorted quasi-octahedral Co(u)
complexes. In fact, a perfectly octahedral complex would give X
= 0 = 0. The structural distortions of the cobalt(i) coordination

B 0(7)

Fig. 1 Asymmetric unit of crystal structure of 1.
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environment was also examined by CShM using the SHAPE
program (1.414 for octahedral and 16.376 for trigonal pris-
matic), where a zero value of the shape factor signifies an ideal
octahedral geometry. The SHAPE analysis shows a clear differ-
ence from a trigonal prismatic environment. The deprotonated
piperazinium cation is in a stable chair conformation (Fig. 1),
with geometric parameters characteristic for this molecule.

The crystal structure of complex I is stabilized by numerous
hydrogen bonds between the amino groups of the piperazi-
nium dication and the oxygen atoms of the carboxyl groups, as
well as between water molecules and the oxygen atoms of the
carboxyl groups (Fig. S2, Table S3}). The anionic complexes
[Co(TDA),]*"are isolated from each other in the crystal struc-
ture, with the shortest intermolecular Co---Co distance being
equal to 6.44 A. In the crystal structure of I, the anionic layers
of the metal complexes alternate with the cationic ones of the
piperazinium dications (Fig. S27).

Quantum chemical calculations

To correctly describe DC magnetic properties, the electronic
structure and the magnetic anisotropy of complex I, ab initio
multi-reference calculations using the ORCA®® software
package were performed. The ORCA program allows
SA-CASSCF/NEVPT2 results to be obtained, including spin-
orbit contributions from the quasi-degenerate perturbation
theory (QDPT). The energies for the low-lying spin-free (6g)
and spin-orbit (Ag) states, those being the energies of the
terms and Kramers doublets, respectively, are given in Table 1.
The six spin-orbit states (Kramers doublets) lowest in energy
roughly correspond to the Griffith diagram® at a large positive
value of the axial crystal field parameter; also, the first quartet
excited state is well separated from the ground one, thus
showing that the spin-Hamiltonian description used is an ade-
quate one.”® As can be observed, the d-orbitals splitting
(Fig. 2) does not match a Dy, distorted octahedral coordi-
nation; there is a strong destabilization of the d,.-orbital which
is more characteristic for square planar coordination. Thus,
the first excitation should occur within the d,./d,. orbitals,
between which there is a large energy gap (~3000 cm ™).

Table 2 presents the values of the axial and rhombic ZFS
parameters D and E as well as principal values of the g-tensor
extracted by means of the effective Hamiltonian approach.

DC Magnetic properties of complex I

At room temperature yyT is around 2.83 cm® K mol ™" (Fig. 3a),
this being higher than the spin only value (1.875 cm® K mol )

Table 1 Spin-free (5¢) and spin—orbit state (Ag) energies (cm-1) for |

Term Spin-free states (i) Spin-orbit states (4g)
*Aog 0.0 0.0
111.7
By 2428.3 1909.3
2080.3
2945.4 2409.4
2507.5

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Col(i) ion d-orbital splitting in [Co(TDA),]?>~ anion (orbital ener-
gies: d, = 0.0, d,, = 230.2, d,. = 3240.5, d,, = 5745.9, d,._,. = 11407.8,
cm™).

Table 2 ZFS parameters D and E (cm™), and principal values of the
g-tensor calculated within SA-CASSCF/NEVPT2, and obtained from
magnetic data (SQUID) and THz-EPR measurements

Parameter SA-CASSCF/NEVPT2 SQUID FD-FT THz-EPR
A(ZFS), em™ 111.7 109.8 109.6

D,cm™* +54.76 +54.3 +54.17

|E|/D 0.082 0.085 0.085"

gx 2.46 2.59 2.59¢

gy 2.37 2.59 2.59°

2z 1.99 2.00 1.61°

@ Parameter not fitted, fixed to the value from SQUID. ” A rationale for
the deviation of this effective g’, value from theory and SQUID is given
below.

due to the orbital contribution to the magnetic moment. Upon
cooling, ym7T remains almost constant in the temperature
range of 300 to 75 K, with further decrease to the value of
~1.69 cm® K mol™" at 2 K. For I at T = 2 K, the magnetization
as a function of the magnetic field almost saturates at 5 T
reaching a value of around 2.35N,uyp (Fig. 3b), which is signifi-
cantly lower than the value of 3N,ug corresponding to the pure
spin S = 3/2 ground state with g = 2.

To describe the DC magnetic properties, we use the follow-
ing ZFS spin Hamiltonian:

. i 1 £ s
H=D[S;” — 3S(s+ 1))+ E(Sx” — 8y°) "
+ pp(BxgxSx + BygySy + Bzgz5z)

The crystal structure analysis has revealed the presence of
pathways (via H-bonds) for intermolecular exchange inter-
actions. Inclusion of intermolecular exchange in the model
allows the theoretical description to be significantly improved,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Temperature dependence of ymT for | measured at B = 0.1 T (red
open circles). Insert: Magnetization vs. field for | measured at T = 2, 3, 4,
5.5 and 10 K (open circles). Theoretical curves (solid lines) are calculated
with D = 54.3 cm™, E/D = 0.085, zJ = —0.05 cm™, g, = 2.00, gxy = 2.59.

and the slope of the magnetic susceptibility curve in the low
temperature region to be perfectly reproduced. The molar mag-
netic susceptibility is calculated by

w=—"— 2)
1- m)( m
where y,, is the molar magnetic susceptibility of the magneti-
cally isolated complex, N, is the Avogadro constant, and zJ is
the intermolecular exchange interaction parameter.

The set of the best-fit parameters are found to be: D =
+54.3 em™", E/D = 0.0845, zJ = —0.05 cm ™", g, = 2.00 (fixed),
gx = gy = 2.59. The system exhibits a positive axial magnetic an-
isotropy with non-zero rhombicity parameter. These para-
meters allow the observed temperature dependence of yyT
(Fig. 3a) and field dependences of magnetization at different
temperatures (Fig. 3b) to be satisfactorily described, and they
agree well with the ones calculated by SA-CASSCF/NEVPT2
(Table 2).

FD-FT THz-EPR

First we examined I by X-band CW EPR (Fig. S37). The spec-
trum of complex I is broadened by magnetic interactions with
neighboring Co(u) ions, which does not allow it to be reliably
interpreted on its own. However, comparison with a simulated
spectrum based on magnetic parameters from a quantum
chemical calculation does not contradict the experimental one
(Fig. S37t). Usually, Co/Zn dilution is used to increase the spec-
tral resolution (see for example ref. 8, 11), but for I, the Zn
substituted compound has a completely different structure
(compare ref. 30). Therefore, to independently obtain the
magnetic parameters of complex I, a modern, qualitatively
different method of EPR measurements was used.>%*!

Direct, highly accurate experimental characterization of the
transitions between the two lowest lying Kramers doublets can
be achieved by EPR spectroscopy. In case of such large exci-

Dalton Trans., 2021, 50, 13815-13822 | 13817
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tation energies (~3.3 THz), it requires FD-FT THz-EPR, using a
broadband far-infrared radiation source, as conventional EPR
sources with sufficient power in that range do not exist.
Magnetic-field division spectra (MDS), in which field-indepen-
dent, i.e. purely electronic transitions cancel out, of a pellet
sample of I (Fig. 4) disclose a zero-field energy splitting of
109.6 cm™' between the two lowest Kramers doublets

(A(ZFS) = 2D\/1 + 3(E/D)?). This is very close to the theore-

tical number, thus validating the ab initio calculations
(Table 2). With increasing magnetic field, the absorption peak
is split by the Zeeman interaction, thus providing information
on g’z as the signal is dominated by the magnetic interactions
along Z. Spectral simulations on basis of the spin-only
Hamiltonian in eqn (1) reproduce both the ZFS energy and the
overall field dependence employing optimized parameters g’
=1.61 and D = 54.17 cm™" (Fig. 4). (Since the signals are not
very sensitive to the perpendicular g components and the
rhombicity E/D, their values from DC magnetometry were
used.) However, an additional splitting of spectral lines is
observed, most prominently from the downward pointing
peaks between 110 and 113 ecm™" of the ‘0.5 T/0 T’ and ‘1 T/0.5
T’ spectra (for proof of authenticity, see Fig. S4}), which
cannot be rationalized on basis of Zeeman interaction and ZFS
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, | 109.6 cm™y \ -
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Fig. 4 Experimental (black traces) FD-FT THz-EPR MDS of | measured
at 5 K, superimposed by spin-Hamiltonian-based simulations (red traces)
for an isolated single cobalt(i) site without considering intermolecular
interactions. The traces above are MDS obtained by division of a raw
spectrum at By + 0.5 T (0.5-4.5 T) by one measured at By (0.0-4.0 T).
Maxima correspond to stronger absorption at lower Bg, minima to
increased absorption at higher By. The field-dependencies of the calcu-
lated energies of the Ms = |+1/2> — |+3/2> transitions along the three
canonical orientations, centered at 109.6 cm™, are depicted as dashed
lines. The grey shaded area is dominated by noise due to strongly
absorbing electronic transitions of | (Fig. S37).
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only. Moreover, the apparent g, value, accounting for the
widening of the signal with increasing field, is significantly
smaller than that determined by quantum chemical calcu-
lations and SQUID measurements. The splitting and such unu-
sually small g,value (typically it should be around 2) can be
explained by the effect of intermolecular antiferromagnetic
exchange. Indeed, at Z-direction of the external magnetic field
the part of the spin-Hamiltonian (presented in the molecular
field approximation), which includes the Zeeman term and the
term describing the intermolecular exchange can be written as

3)

where (Sz) is defined by the Boltzmann distribution law, J is
the parameter of the intermolecular exchange coupling and z
is the number of the nearest neighboring spins. The value g’
in the right-hand part of eqn (3) is the Z-component of the
effective g’-tensor incorporating the effect of the molecular
field. Note that just this effective g',-value is determined from
the FD-FT THz-EPR spectra, found to be equal to ~1.61. As to
the genuine value g', it follows from eqn (3) that

ZJ(Sz)
(ﬂBHZ )

and so g'; should be decreased compared to g, because both
J < 0 (antiferromagnetic intermolecular interaction) and
(Sz) < 0 (Zeeman components with negative Mg are more
populated than those with positive Mg).

The intermolecular hydrogen bonds between the TDA
ligands along the crystallographic a axis (Fig. S2t) suggest
possible exchange pathways. Thus, the FD-FT THz-EPR spec-
troscopic method makes it possible to independently experi-
mentally determine the A(ZFS) splitting for complex I
(Table 2). This confirms both the SQUID magnetometric
results and the quality of the quantum chemical calculation.

(gzmpHz — 2/ (S2))Sz = g'z1pH2S2

g'7=8z— (4)

AC susceptibility

Like most hexacoordinated Co(u) complexes exhibiting strong
easy-plane type anisotropy,®*® complex I does not exhibit a
slow magnetic relaxation at zero applied field, but at applied
Hpc (1000 Oe), the out-of-phase AC signal frequency depen-
dence with observable y” maxima does appear (Fig. 5b). Such
behavior indicates that complex I is a field-induced SIM. The
experimental AC dependences can be described by a general-
ized Debye model (solid lines on Fig. 5a-c).

The obtained parameters are given in Table S4.7 The temp-
erature dependence of the relaxation time was fitted to the
equation:

7' = A(Hpc)’T + CT",

(5)

where the first term represents contribution of the direct one-
phonon process dominating at low temperatures, while the
second term 1is contribution of the two-phonon Raman
process, which becomes important with increasing the temp-
erature (Fig. 6). The best-fit parameters are: A = 3.4(4) x 10°°
sTTK Y, C=274(4)s7' K" and n = 1.7(4).

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Frequency dependence of the in-phase 4 (a) and out-of-phase
" (b) AC susceptibility yv at different temperatures and Hpc = 1000 Oe
for I. Argand (Cole—Cole) plot (c) of complex | under 1000 Oe DC field
from 1.8 to 5 K. Empty circles — experimental data, solid lines — fit data
within the generalized Debye model with parameters listed in Table S4.f

Noteworthy is the abnormally low value of the Raman expo-
nent 7 ~ 2. In our recent work,** we have already observed the
similar value for this parameter. The standard Raman expo-
nent at low temperatures should be n = 5-9.>” Taking into
account a low value of the Raman exponent, we have tried to
fit the temperature dependence of the relaxation time (Fig. 6)
by other different combinations of the relaxation processes
(Orbach + Direct, Orbach + Raman, Orbach + Raman + Direct),

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Arrhenius plot of relaxation times as In(z) vs. 1/T for | with
applied dc fields of 1000 Oe. The solid line represents the graph of eqn
(5) with best-fit parameters (see the text).

as well as by individual ones, but all of them except Direct +
Raman combination appeared unsuccessful.

Conclusions

The synthesis and characterization of the new quasi-octahedral
complex (pipH,)[Co(TDA),] 2H,0, (pipH,>" = piperazine dica-
tion, TDA®>~ = thiodiacetic anion) have been described. As
follows from X-ray analysis, complex I possesses an axially
elongated octahedral CoO,S, coordination sphere. The data of
DC and AC magnetometry analysis, FD-FT THz-EPR spec-
troscopy, in combination with SA-CASSCF/NEVPT2 calcu-
lations show that the complex exhibits a strong easy-plane
magnetic anisotropy (D &~ +54 cm™') and field-induced slow
relaxation of magnetization. We have shown that the splitting
between the two lowest Kramers doublets (A(ZFS)=
2D\/1+4 3(E/D)*) can be directly measured by a modern,
alternative EPR-based approach, FD-FT THz-EPR spectroscopy.
As distinct from the recently reported first field-induced SIM
with sulfur atoms in the coordination sphere, trans-[Co
{(OPPh,)(SPPh,)N},(DMF),],"> DC magnetic properties of
complex I can be described by the ZFS spin-Hamiltonian form-
alism. This work also extends the dataset of quasi-octahedral
Co(u) complexes with a rare mixed sulfur-oxygen strongly
elongated octahedral coordination environment.

Experimental section
Instrumentation

All chemicals were purchased from commercial sources and
used without further purification. Elemental analysis was per-
formed on a Vario MICRO Cube analyzer. IR spectra were
recorded on a Bruker Alpha FT-IR spectrometer equipped with
a diamond attenuated total reflection accessory in the range of

Dalton Trans., 2021, 50, 13815-13822 | 13819
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4000-400 cm™'. The powder XRD patterns were recorded at
room temperature on an ARL X’TRA X-ray diffractometer.

Synthesis and characterization of I

2.5 ml of CoCl, 6H,0 aqueous solution (0.0783 g, 0.330 mmol)
was added to 4 ml of aqueous solution of thiodiacetic acid
(0.099 g, 0.660 mmol) and piperazine (0.0605 g, 0.703 mmol).
The solution was filtered, and mauve crystals of I suitable for
single crystal X-ray structure analysis were obtained after slow
evaporation of water at ambient temperature for three days.
The obtained crystals were filtered off, washed with cold water
and Et,0, and air-dried (0.125 g, 79%). Piperazine was taken in
a small excess (~7%) in order to increase the pH of the result-
ing solution from 5 to 7, otherwise an amorphous finely dis-
persed pink product was formed, this being [Co(TDA)
(H,0)],.>* Anal. calc. for C;,H,4S,N,040Co: C, 30.04; H, 5.00;
N, 5.84; S, 13.35%; found: C, 30.16; H, 5.25; N, 5.73; S, 13.82%.
IR (ATR, cm™*): 35003200 w (broad), 3006 w, 2955 w, 1656 m,
1631 m, 1556 vs, 1469 m, 1405 s, 1373 s, 1239 m, 1172 w,
1076 m, 1026 m, 991 w, 931 s, 876 m, 798 m, 766 S, 696 Vs,
607 m, 479 m, 444 s. The powder XRD measurements showed
that the sample is a monophase crystalline material (Fig. S17).

X-ray analysis

The single crystal X-ray diffraction measurements of I were per-
formed on a Xcalibur diffractometer with EOS CCD detector
(Agilent Technologies UK Ltd). Recording of reflections, deter-
mination and refinement of unit cell parameters were per-
formed at 150.0(1) K with monochromatic MoK, radiation
(0.71073 A) using the CrysAlis PRO software.*® The structure
was solved by direct methods and refined against all F* data.
All non-hydrogen atoms were refined with anisotropic thermal
parameters; positions of hydrogen atoms were obtained from
difference Fourier syntheses and refined with riding model
constraints. Selected crystallographic parameters and the
refinement statistics are given in Table S1.f All calculations
were performed with the SHELXTL software suite.>® The X-ray
crystal structure data of I have been deposited with the
Cambridge Crystallographic Data Center, with reference code
CCDC 2036667.F

Quantum chemical calculations

Ab initio calculations of ZFS parameters were performed based
on state-averaged complete-active-space self-consistent-field
(SA-CASSCF) wave functions complemented by N-electron
valence second-order perturbation theory (NEVPT2)*° using
ORCA program.”® The active space of the CASSCF calculations
was composed of seven electrons in five d-orbitals of the Co
atom - CAS(7,5). The state-averaged approach was used, in
which all 10 quartet states and 40 doublets states were aver-
aged with equal weights. The polarized triple-(-quality basis
set def2-TZVP was used for cobalt, oxygen, and sulfur atoms,
while the def2-SVP basis set was used for other atoms.**™** The
calculations were started with the geometry of the experi-
mentally determined X-ray structure. The ZFS parameters,
based on dominant spin-orbit coupling contributions from
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excited states, were calculated through quasi-degenerate per-
turbation theory (QDPT),** in which approximation to the
Breit-Pauli form of the spin-orbit coupling operator (SOMF
approximation)* was utilized. Splitting of the d-orbitals was
analyzed within the ab initio ligand field theory (AILFT).*®*

DC and AC magnetic properties

Magnetic data were obtained with a SQUID magnetometer
(MPMS-5XL, Quantum Design). The DC susceptibility data
were scanned in the temperature range 2-300 K at an applied
field of B = 0.1 T. The magnetization has been measured at T'=
2-7 K. Dynamic magnetic behavior of I was studied by alternat-
ing-current (AC) susceptibility measurements at various temp-
eratures in oscillating magnetic field of 4 Oe and frequencies
between 0.2 and 1400 Hz. The in-phase (y') and out-of-phase
(¥") magnetic susceptibilities were measured in the tempera-
ture range of 1.8 to 5 K. The obtained data were fitted for each
temperature using CC-FIT program.*®

CW X-band EPR spectroscopy

Continuous-wave EPR spectra (CW-EPR) spectra were
measured at X-band (9.4 GHz) using a Bruker ELEXSYS E500
spectrometer equipped with 4122SHQE resonator. Powder
samples were placed in a 2 mm diameter quartz tube and
fixed in glassy methylcyclohexane (MCH) to avoid the partial
orientation of microcrystals in a magnetic field. Continuous
flow cryostat Bruker ER4112HV refrigerated with liquid helium
was used for cooling the samples up to 4.2 K. The microwave
power (6.325 mW) and modulation amplitude (10 G at 100
kHz) were low enough to avoid saturation effects and line
broadening.

FD-FT THz-EPR

FD-FT THz-EPR spectra were measured at the THz-EPR end-
station of the electron storage ring BESSY II at Helmholtz-
Zentrum Berlin (HZB), the main components of which are a
high-resolution FTIR spectrometer (Bruker IFS 125), an evacu-
ated optical transmission line, a 10 T superconducting magnet
(Oxford Instruments Spectromag 4000) and a liquid He cooled
bolometer detector (IR labs) and which is described in detail
elsewhere.”>®® It employs coherent synchrotron radiation
(CSR) or, in the present case, broadband, unpolarized THz
radiation (>12 cm™') emitted by a Hg arc lamp for EPR exci-
tation. Samples were prepared as pressed pellets of a powder-
ous mixture of ~9 mg polycrystalline I with polyethylene.
Spectra were recorded in Voigt geometry. The experimental
resolution was 0.5 cm™". To discriminate between frequency-
dependent variations in the excitation spectrum and absorp-
tion bands of the sample, differential spectra were calculated
for referencing as described in ref. 51 and 52.
Spin-Hamiltonian-based simulations of THz-EPR spectra in
the frequency domain were performed using the pepper func-
tion of the EasySpin toolbox.>*”*®> The Hamiltonian, consider-
ing only the angular momentum of one spin, and comprising
the Zeeman interaction and the zero-field splitting (ZFS), was
the same as in eqn (1). All tensors were collinear. The relative
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transmittance 7 in MDS is calculated from the simulated
absorbance spectra A at different fields B as T, = 1042 ~ 421,
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