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AB(ST)RACT: The magnetic properties of pseud(otetra)hedral PhS SPh ZFS
Co(Il) complexes spawned intense interest after (PPh,),[Co- + 1
(SPh),] was shown to be the first mononuclear transition-metal \ / 2Ph4P 110 cm
complex displaying slow relaxation of the magnetization in the Co(ll) +

4 ®»sph  2EGNT— 22 ¢m??

absence of a direct current magnetic field. However, there are
differing reports on its fundamental magnetic spin Hamiltonian PhS

(SH) parameters, which arise from inherent experimental Fh— k’/ //“ i
challenges in detecting large zero-field splittings. There are also < '*"’/ —— T e / P 7

remarkable changes in the SH parameters of [Co(SPh),]*” upon s '
structural variations, depending on the counterion and crystal- MCD - FD-FT THZ-EPR - SQUID

lization conditions. In this work, four complementary experimental HE-EPR - Q-b and - X-band - AG initio

techniques are utilized to unambiguously determine the SH

parameters for two different salts of [Co(SPh),]*": (PPh,),[Co-

(SPh),] (1) and (NEt,),[Co(SPh),] (2). The characterization methods employed include multifield SQUID magnetometry,
high-field/high-frequency electron paramagnetic resonance (HF-EPR), variable-field variable-temperature magnetic circular
dichroism (VIVH-MCD), and frequency domain Fourier transform THz-EPR (FD-FT THz-EPR). Notably, the paramagnetic
Co(II) complex [Co(SPh),]*” shows strong axial magnetic anisotropy in 1, with D = —55(1) ecm™ and E/D = 0.00(3), but
rhombic anisotropy is seen for 2, with D = +11(1) cm™' and E/D = 0.18(3). Multireference ab initio CASSCF/NEVPT2
calculations enable interpretation of the remarkable variation of D and its dependence on the electronic structure and geometry.

1. INTRODUCTION information about the active sites of metalloprotelns In this
context the tetrathiophenolate high-spin Co(Il) complex

In the field of modern inorganic chemistry magneto-structural b
(PPh,),[Co(SPh),] (1) was synthesized first”” to mimic

correlations in transition-metal complexes have been used (1)

to rationally design molecules with desirable magnetic proper- isostructural [Fe'/(S-cysteine),]*” sites in the iron—sulfur
ties, for example, to maximize the anisotropy of the magnetic protein rubredoxin, which binds Fe(II) by four cysteine ligands.
moment for single-molecule magnets,l’z and (2) to relate the The Co(II) ion in 1 represents a valuable EPR probe.6 Due to
magnetic properties to the electronic and geometric structures

governed by the open d shell of the transition metal. In turn, Received: January 12, 2017

such studies provide powerful tools to extract structural
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its half-integer spin of S = 3/2 and the high sensitivity of its
magnetic and optical properties with respect to the
coordination number and local symmetry, Co(Il) has also
been used to probe the coordination environment of integer-
spin Fe(Il) and spectroscopically silent Zn(1I) sites of enzymes
and proteins directly by substitution with the EPR-active
ion.””” Magneto-structural correlations of Co(II) ions have
been employed for interpretation of the data, as established
from well-characterized synthetic compounds. In the past the
correlations have been rationalized by means of the angular
overlap model (AOM),'"”"" whereas ab initio quantum
chemical methods are the state of the art."*~"*

High-spin Co(Il) complexes are also interesting candidates
for single-molecule magnet studies’® because, due to strong
spin—orbit coupling expected in pseudotetrahedral symmetry,
even mononuclear complexes can possess large magnetic
anisotropy and show slow relaxation of the
magnetization.'”>" Such slow relaxation hinges mostly on
the easy-axis anisotropy of the magnetic moment enhanced by
the large zero-field splitting (ZFS) of the electronic ground
state. Slow relaxation of the magnetization has also been
observed in four-coordinated Co(II) complexes with easy-plane
and even nonaxial magnetic anisotropy but only with applied
static magnetic field.”>”” In attempts to enlarge the ZFS of
pseudotetrahedral Co(II) compounds, softer ligand environ-
ments have been introduced for a series of four-coordinate
complexes with heavy coordinating atoms, in particular
sulfur.'”>* The design of deliberately elongated tetrahedral
environments to ensure that magnetic anisotropy is of the easy-
axis type has also proven a successful strategy in this
respect.zz_25 Recently, we employed multireference ab initio
methods to explore how the anisotropy in # interactions of
thiolate modulates the magnetism of such pseudotetrahedral
Co(II) complexes by modification of the second coordination
sphere.' "

Once a pronounced easy-axis anisotropy is achieved, a
plethora of experimental issues impede the accurate determi-
nation of ZFS and other SH parameters.”® Conventional EPR
frequencies, such as X-band (10 GHz, hv = 0.33 cm™") and Q-
band (34 GHz, hv = 1.13 cm™), often yield no spectra because
of the large magnitude of the ZFS (ranging from 10 to 100
cm™). The difficulties in the determination of ZFS by low-
frequency EPR, stemming from the fact that the microwave
quanta are orders of magnitude smaller than the energy
splitting of the ground state,”" can be partially circumvented by
operating at high field (up to 35 T) and/or high frequency (up
to the THz range, so-called HF—EPR).‘?’2 In addition, field-
sweep measurements at multiple frequencies, which yield a
variety of resonance fields, can make profitable use of the
competition of zero-field and Zeeman interactions for probing
the systems. Recently, several inorganic compounds with a large
ZFS, 7% including tetrahedral Co(II) c:ompl<e)(es,36_39 have
been studied by field-sweep HF-EPR. However, the ZFS of spin
manifolds can also be directly observed by microwave
spectroscopy without or with constant external magnetic fields.
Due to recent experimental improvements, frequency domain
Fourier transform EPR (FD-FT THz-EPR) spectroscopy can
now be employed in the determination of ZFS for such
inorganic compounds.**~* Indeed, we use this technique here
for an unambiguous and accurate direct measurement of the
ZFS in the range from 10 to 125 cm™.

The experimental challenges in applying EPR spectroscopy
to systems with large ZFS values often necessitate alternative

characterization techniques, such as SQUID magnetometry and
magnetic circular dichroism (MCD) spectroscopy. The latter
occupies a unique role within the family of electronic
spectroscopies, because it provides information on the
electronic and magnetic properties of the orbital ground state
(e.g, spin states and SH parameters) as well as the excited
orbital states. Hence, the method represents a link between
ground state techniques, such as EPR/magnetometry, and
excited states techniques, such as UV/vis/NIR electronic
absorption spectroscopy. MCD spectra, recording the differ-
ence in the absorption of left and right circular polarized light,
measure magnetically induced chirality, caused by longitudinal
fields applied along the light path. MCD intensity arises from
three different mechanisms, of which essentially only the so-
called C-term contributions™™* are interesting for Co(II)
compounds, since they are dominant, and arise from the
unequal Boltzmann populations of the ground state magnetic
sublevels. Therefore, SH parameters can be deduced from field-
and temperature-dependent MCD intensity data (even without
knowing the nature of the underlying optical transitions).”" >
In addition to this information, which is complementary to
SQUID magnetization data, the MCD intensities reveal so-
called effective transition dipole moment products identifying
the optical transitions. MCD bands have transition probabilities
quite different from absorption bands and can be positive or
negative, which sometimes helps to resolve overlapping
absorption bands.

A multireference theoretical approach for ab initio
calculations of spin Hamiltonian (SH) parameters is well
established and widely used.”*® It is based on an effective
Hamiltonian formalism that maps the SOC-CASSCF/NEVPT2
computed energy and wave function of the ground multiplet
onto the phenomenological SH.>” In contrast, the simulation
and interpretation of MCD spectra with quantum chemical
calculations are by no means straightforward. Only recently
multireference approaches such as SOC-CASSCF/NEVPT2
have been used to estimate directly the difference in transition
probabilities for left and right circularly polarized light in the
presence of an external magnetic field using exact diagonaliza-
tion rather than perturbation theory, and this approach has
been proven to be quite successful.””*’

In this work, we analyze experimentally and theoretically the
magnetic and spectroscopic properties of the [Co(SPh),]*”
dianion in two different molecular salts, (Ph,P),[Co(SPh),]
(1) and (NEt,),[Co(SPh),] (2). These compounds exhibit
dramatically different magnetic properties, in spite of the fact
that the paramagnetic centers are chemically identical. We
demonstrate the power and limits of conventional and HF-EPR
spectroscopy, MCD, SQUID magnetometry, and FD-FT THz-
EPR for accurate evaluation of the SH parameters. A detailed
analysis of the electronic structures, including the excited
orbital states, on the basis of the absorption/MCD spectra and
ab initio calculations gives a qualitative and quantitative picture
for the magneto-structural correlations in the [Co(SPh),]*”
complexes.

2. METHODS

2.1. Synthesis. All reactions were carried out in strictly anaerobic
conditions under a nitrogen atmosphere using standard Schlenk
techniques. Further details regarding the synthesis and the crystallo-
graphic data of compounds 1 and 2 are provided in the Supporting
Information.
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2.2. Spin Hamiltonian Simulations and Fitting. The magnetic
properties of 1 and 2 have been analyzed by using the usual SH
operator for mononuclear spin S = 3/2 that includes ZFS and Zeeman
terms:

A a2 1 E 2 a2 = 2
Hy D[SZ 3S(S +1) + D(S" Sy)] + pyB-g-S o
where g is the electronic g matrix with diagonal elements g,, g, and g,
and D and E/D are the axial and rhombic ZFS parameters. There are
different conventions of identifying D and E parameters from a D
tensor with canonical components D;. In this work we use the
relations D = D,, — 1/2(D,, + D,)) and E = 1/2(D,, - D,)). The
rhombicity parameter E/D is limited to the range 0—0.33 without
violating generality by choosing the coordinate system such that [D_|
> |D},y| > ID,,l. Note that collinearity of the D tensor and the g matrix
is assumed here.®’

The D- and E/D-dependent terms cause splitting (ZFS) of the
quartet ground state into two Kramers doublets separated by an
energy gap, which is given by eq 2.

2D’ = 24/D* + 3E* ()

In the limit of axial symmetry (i.e, when E/D = 0), the doublets are
characterized by the spin projection quantum numbers Mg = +1/2 and
Mg = +3/2, of which the latter is the ground state for D < 0 and vice
versa. Finite rhombicity (E/D > 0) mixes wave function components
differing by AMg = +2 but cannot lift the Kramers degeneracy.
Magnetic fields applied in the z direction split the Kramers doublets
according to their M values (Figure 1, top), whereas transversal fields
in the x/y directions cause strong Zeeman splitting of the second
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Figure 1. Example of energy levels of a spin quartet with quasi-axial
zero-field splitting (D = —S55 ecm™, E/D = 0.03) calculated from eq 1
as a function of strong magnetic fields applied along molecular z (top)
and x (bottom) directions with g = (2.03, 2.03, 2.61). The situation
applies for the HF-EPR measurements of complex 1 treated below.
The black vertical bars in the bottom panel indicate the weakly allowed
HEF-EPR transition within the low-lying Kramers doublet for fields
applied in the xy plane, as observed in single-crystal measurements.
The labeling of the spin levels by effective M values follows the
convention introduced below for weak field approximations. Due to
this formalism the relative order of —1/2 and +1/2 levels in the upper
panel are inverted, in accordance with eq 3.

Kramers doublet but only weak splitting of the ground doublet (Figure
1, bottom) caused by mixing of Mg components differing by AMg = +
1. Such pronounced easy-axis magnetic anisotropy of the ground
Kramers doublet is essential for the reported single-molecule-magnet
behavior of 1."”

2.3. Weak Field Approximation. In the limit of weak magnetic
fields, when Zeeman splitting is much smaller than ZFS, the Kramers
doublets can be described using two effective spin S = 1/2 with
corresponding effective g matrices, g'. The principal components of
the two g’ matrices depend on D, E, g, and the magnetic field.
Expanding the energies up to third order in guyB/D’, one obtains’'

2aD + 37E) _ (gHyBY'(aD + 31E
g/i = gi 1+ - F

D D’ D’

[ (aiD + 3yE )2]
X [1-|———
D (3)

wherei=xyz a.=a,=1/2,a.=1,y,=7,=1/2,7, =0, and the
upper (lower signs) relate to the Kramers doublets with Mg = +3/2
and M = +1/2, respectively (the tilde emphasizes that due to nonzero
E and transversal field other M values can be admixed within the wave
function). For axial symmetry with E = 0, g, = g and g, =g, = gy, the
effective values for the Kramers doublets, are given by eqs 4 and §,

respectively.
2
e 3) 3 (8§ HpB
% gl(Ms—a)—szlz(—D J]

(4)

A 1 - 1 3 gJ_MBB ’
ffi=3)= e afm-3)- Zgl{l 5] ]
()
2.4. Magnetic Measurements. Magnetic susceptibility data were
measured in the temperature range 2—270 K by using a SQUID
susceptometer with an applied field of 0.1 T (MPMS-7, Quantum
Design, calibrated with a standard palladium reference sample, error
<2%). Sample holders made of quartz and equipped with O-ring seals
were used, and the polycrystalline powder samples of solid material
were immobilized using minute amounts of eicosane (melting point
310 K) to prevent torqueing of crystallites in large magnetic fields.
Multiple-field variable-temperature magnetization measurements were
performed at 1, 4, and 7 T in the range 2—260 K with the
magnetization sampled at regular intervals on an inverse (1/T)
temperature scale. The SQUID response curves (raw data) were
corrected for holder and eicosane contributions by subtracting the
corresponding response curves obtained from separate measurements
without a sample. The desired magnetization data were obtained from
the amplitudes of the corrected SQUID response curves by
appropriate curve fitting. The sample magnetization values were
divided by the number of moles and converted to molar susceptibility
units according to the definition y = yo,M/B, and these experimental y
values were subsequently corrected for underlying diamagnetism by
use of tabulated Pascal’s constants, as well as for temperature-
independent paramagnetism (TIP). Handling and simulation of the
SQUID raw data as well as spin-Hamiltonian simulations of the
derived susceptibility and magnetization data were performed after the
measurements using the software package julX for exchange-coupled
systems (available from E.B.). Magnetic moments were derived from
the eigenfunctions of the spin Hamiltonian (eq 1) by using the
Hellman—Feynman theorem:

Il
N |
~—
Il

g/z(Ms

ji(B) = —(¥dA/dBI) ©)

The powder summations were obtained by using a 16-point Lebedev
grid.

2.5. X- and Q-band EPR Spectroscopy. X-band continuous wave
(cw) EPR measurements were performed on a Bruker ES00 ELEXSYS
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spectrometer equipped with a Bruker dual-mode cavity (ER4116DM)
or a standard cavity (ER4102ST) and an Oxford Instruments helium
flow cryostat (ESR 900). The microwave unit was a high-sensitivity
Bruker Super-X (ER-049X) bridge with integrated microwave
frequency counter. The magnetic field controller (ER032T) was
externally calibrated with a Bruker NMR field probe (ER035M). Q-
band cw-EPR measurements were performed on a Bruker ESP-300E
spectrometer with a Bruker Q-band cavity (ERS106QT) with Bruker
flexline support and an Oxford Instruments helium cryostat (CF935).
Microwave frequencies were measured with a Hewlett-Packard
frequency counter (HPS5352B), and the field control was calibrated
with a Bruker NMR field probe (ERO35M). Spectra were recorded at
10 K with 0.5 mW microwave power and 0.75 mT/100 kHz
modulation at X-band and with S0 4W microwave power 2 mT/100
kHz modulation at Q-band. Resolved spectra were simulated with the
software package esim_gfit (available from E.B.), which employs the
effective spin approximation by using two effective spins S’ = 1/2 for
the two Kramers doublets of the quartet and two separate effective g
tensors, g'(3/2) and g'(1/2), for parametrization (eqs 4 and S).

2.6. High-Field EPR Spectroscopy. HF-EPR data were collected
with a spectrometer that enabled in situ rotation of a single-crystal
sample about a fixed axis, as described in detail elsewhere.”"** Signals
were located by incremental rotation of the crystal followed by
successive spectral measurements until the field was aligned along an
axis within the molecular plane of hard magnetization. A discernible
signal was only obtained over an impressively small 2.5° arc of crystal
orientations out of the hard plane. A 36 T resistive magnet at the
National High Magnetic Field Laboratory of Florida State University
generated the fields for the measurements. A Millimeter vector
network analyzer and several different multipliers were used as the
microwave source (50—106 GHz) and the detector.

2.7. Frequency Domain Fourier Transformed EPR (FD-FT
THz-EPR) Spectroscopy. FD-FT THz-EPR experiments were
conducted at the THz beamline of the BESSY II stora§e ring. The
FD-FT THz-EPR setup is described elsewhere in detail. ™% Samples
of ~40 mg of polycrystalline 1 and 2 were pulverized together with
100 mg of high-density polyethylene (PE) in a glovebox under an
argon atmosphere and pressed into pellets of 1/2 in. (~12.7 mm)
diameter with a thickness of ~2 mm. THz coherent synchrotron
radiation (THz-CSR) extracted from BESSY II operated in low-a
storage-ring mode and a Hg-arc lamp were used as the radiation
sources in the spectral ranges 10—40 and 30—200 cm ™!, respectively.®*
FD-FT THz-EPR requires reference measurements to discriminate
EPR transitions from standing waves in the beam path and
nonmagnetic absorption in the samples. Therefore, raw data spectra
were divided by a reference spectrum taken on the same sample but at
different temperature or field. Simulations of the FD-FT THz-EPR
spectra were performed emgloying a recently developed approach
implemented in EasySpin.®>°

2.8. Magnetic Circular Dichroism (MCD) and Absorption
Spectroscopy. MCD experiments were carried out with finely
dispersed powders embedded in KBr pellets on an Olis DSM17 CD
spectrapolarimeter, equipped with an Oxford Instruments Spectromag
SM4000 cryostat for temperature and field control of the sample
compartment. The temperature was varied in the range from 2 to 80
K, and spectra were recorded in the energy range from 5000 to 30000
cm™ (2000 to 333 nm). In addition, electronic absorption spectra
were recorded on the same samples with the Olis DSM17 instrument
at 20—80 K, as well as with a Cary spectrometer (Model 6000i, Agilent
Technologies) equipped with an Oxford Instruments Optistat-DN
cryostat set to 80 K. Global fits with Gaussian lines were performed for
consistent temperature and field series of MCD as well as absorption
spectra with an in-house program (mcd_bf). Line positions were kept
identical throughout the series, but line widths were allowed to vary as
a function of temperature by 10—20%.

At the peak positions of the MCD spectra we carried out variable-
temperature variable-field (VIVH) MCD experiments in which the
MCD intensity was measured at a fixed wavelength, at multiple
temperatures and varying magnetic fields, in order to probe C-term
behavior. The results are presented as isotherms of the MCD intensity

vs upB/2kT, where pg is the Bohr magneton, k is Boltzmann’s
constant, B is the strength of the applied field, and T is the absolute
temperature. The VIVH magnetization curves, which showed a
pronounced nesting behavior as expected for MCD C-term signals
from S > 1/2 systems, were simulated using our program mcd3D_S2
(available from E.B.) for global fits, which is based on the equation

Ae

B8 T [T R NI + 1S
E 4xS Jo Jo - 7 7

3 effy .
+ 1(8,) My, )sin € dO d¢p (7)

developed by Neese and Solomon for MCD C-term signals from
systems with nondegenerate orbital ground states.>’ Here, Ae/E is the
MCD intensity, y is a collection of constants, S is the total spin of the
ground state, N; is the Boltzmann population of the ith magnetic
sublevel of the electronic ground state, I, are the directional cosines
of the angles between the magnetic field and the molecular coordinate
system of the spin Hamiltonian, and (S, .); are the expectation values
of the ¥, y, z components of the spin operator S over the ith magnetic
eigenstate, respectively. The spin expectation values were obtained
from the same spin Hamiltonian used for the simulation of magnetic
susceptibility and EPR data (eq 1), and identical spin Hamiltonian
parameters were employed for all VIVH curves of a sample. The
factors M, (v, w = x, y, z) are effective transition dipole moments,
independently determined for every transition, from which individual
polarizations of the MCD bands can then be calculated by using the
relation

f o reff
(M, M)
o off 2 off o
(M M) + (M M) + (M -M,)° (8)

z

% x = 100

for the percentage of x polarization and its permutations to obtain the
corresponding y and z components of the polarization.>®

2.9. Computational Details. All calculations were carried out
using the ORCA 3.0 quantum chemistry computational package.
Geometry optimization and frequency calculations were performed
with the BP86 functional,’*®” Ahlrichs polarized basis set def2-
TZVP,°"”> and Grimme’s dispersion correction D3.”*’* The
resolution of identity approximation was employed with auxiliary
basis set def2-TZVP/J in order to speed up the calculations.”®

Absorption and MCD spectra,”® as well as SH parameters, were
computed using state-averaged complete active space self-consistent
field (SA-CASSCF).”””® The missing dynamic correlations were
recovered by N-electron valence perturbation theory to the second
order (NEVPT2).””*® The segmented all-electron relativistically
contracted version®' of Ahlrichs polarized basis set def2-TZVP’*~"*
and the second-order Douglas—Kroll-Hess** (DKH) were employed
to account for the scalar relativistic effects. The active space was
chosen to contain seven electrons in five cobalt 3d-based molecular
orbitals. All states arising from the d” configuration (10 quartets and 40
doublets) were taken into account. The spin—orbit coupling (SOC)
was treated using the mean field (SOMF) approximation83 as
implemented in ORCA. The effective Hamiltonian approach®*** was
used to compute SH parameters.

3. RESULTS

3.1. Structure. The crystal structures of compounds 1 and
2 (Table S1 in the Supporting Information) show that different
counterions engender different local geometries around the
Co(II) center in the two salts of [Co(SPh),]*” (Figure 2). In
both cases the average Co—S bond length is ~2.32 A, but the
S—Co—S angles vary significantly. In the case of 1, four S—Co—
S angles are larger than the tetrahedral angle (109.47°) and two
are smaller, while in the case of 2, it is the other way around
(Table S2 in the Supporting Information). Hence, the structure
of the CoS, core corresponds to an elongated tetrahedron for 1
and compressed tetrahedron for 2. Therefore, one can
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Figure 2. X-ray crystallographic structures of (top) (PPh,),[Co-
(SPh),] (1) and (bottom) (NEt,),[Co(SPh),] (2). Dark blue, yellow,
orange, light blue, and gray ellipsoids represent cobalt, sulfur,
phosphorus, nitrogen, and carbon atoms, respectively.

approximately define the S, rotational axis for [Co"(SPh),]*” as
pointing out of the plane of Figure 2.

The four S—=Co—S—C torsion angles for 1 and 2 are close to
180 and +50°, indicating that the coordination environments
are good approximations of D,; and S, symmetries,
respectively.

3.2. Magnetic Susceptibility Data. Temperature- and
field-dependent magnetic susceptibility measurements were
performed in an effort to determine ZFS and g parameters of
the Co(II) complexes in 1 and 2 in the solid state (Figures 3A
and 4A). Above 150 K, polycrystalline samples showed almost
constant values of yT = 2.48 and 1.97 cm® K/mol for 1 and 2,
respectively. These are both larger than the spin-only value for
S = 3/2 (1.875 cm® K/mol), revealing significant orbital
contributions to the magnetic moments, in particular for 1. The
values are specifically sensitive to the g factors of the spin
quartet ground states of both compounds, because, in a spin
Hamiltonian description, the high-temperature limit of yT is
proportional to g*S(S + 1). However, accurate measurements
depend critically upon the purity of the samples and correct
assessment of the diamagnetic and TIP contributions to y,'” as
will be discussed below.

The xT curves for both compounds decline at low
temperatures, beginning at 120 and 40 K for 1 and 2,
respectively, indicating thermal depopulation of the excited
Kramers doublet as a result of a large ZFS. As the onset
temperatures of the decay for 1 and 2 are measures of ZFS, the
data suggest strikingly different ZFS parameters for 1 and 2,
although their paramagnetic [Co(SPh),]*” anions are chemi-
cally identical. Iso-field magnetization curves were measured at
1, 4, and 7 T for accurate determinations of the axial and
rhombic ZFS parameters D and E/D. Here, data were sampled
at equally spaced intervals on a 1/T scale (Figures 3B and 4B).
This detection mode emphasizes the low-temperature range,
and the field effects probe zero-field interactions independent
from Boltzmann depopulation of levels through the increasing
Zeeman perturbation of the spin system. Note that the
magnetization data for 1 and 2, as presented in Brillouin

N
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Figure 3. (A) Temperature dependence of ¥T for 1 obtained with a
polycrystalline sample immobilized in an eicosane matrix and
measured with a field of B = 0.1 T. (B) Iso-field magnetization data
recorded at 1, 4, and 7 T. The solid lines are the result of a global spin
Hamiltonian simulation with D = —51.5 em™ and E/D = 0.002, 8y =
2.084, g, = 2.591. The insets show different views of the relative fit
errors as a function of D and E/D, with the best fit marked with a cross
in (A). The experimental data are corrected for diamagnetism, yg, =
—587 X 107 cm*/mol, and TIP-like contributions, yp = +814 X 107
cm?®/mol.
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Figure 4. Temperature dependence of T for 2 obtained with a
polycrystalline sample in a field of B = 0.1 T. (B) Iso-field
magnetization data recorded at 1, 4, and 7 T. The solid lines are the
result of a global spin Hamiltonian simulation with D = +10.6 cm™
and E/D = 0.18, g, = 2.112, g, = 2.076. The inset shows relative global
fit errors as a function of D and E/D, with the best fit marked with a
cross. The experimental data have been corrected for diamagnetism,
Y = —387 X 107 cm3/mol, and TIP-like contributions, yrp = +350
X 107° cm3/mol.

coordinates p13B/kT, level off below 1.5 pip, the expected value
for isotropic spin S = 3/2. Thus, these data suggest a quite
strong orbital contribution to the magnetic moment. The
spread, or nesting, of the saturation magnetization curves for 2
is the result of a contention between ZFS and Zeeman effects,
whereas the curves for 1 lack such nesting behavior. In this case
the field independence does not indicate an absence of ZFS but
rather a very strong magnetic anisotropy that renders the
ground levels to behave as a quasi-isolated Kramers doublet.
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Similar behavior has been observed for strongly anisotropic
non-Kramers systems.”® Apparently, the applied fields of 1, 4,
and 7 T can hardly affect the nature of the ground state
Kramers doublet for 1, but they do in the case of 2. The
unusual behavior of 1 is explained by energetic isolation of this
doublet, which on the one hand impedes the magnetic field
from affecting the Boltzmann distribution and on the other
hand hampers field-induced mixing of the doublets. It further
suggests a vanishing E/D parameter, which otherwise would
mix the doublets. This qualitative interpretation of the magnetic
data for 1 summarizes the previous analyses invoked to explain
its reported SMM behavior."”

Consistent SH simulations of the SQUID data for 1 and 2
with global fitting of yT and magnetization curves, as shown in
Figures 3 and 4, corroborate the foregoing explanation. Best fit
values are found at D = —52(2) cm™' and E/D = 0.00(3) with
Gy = 2.08(9), g, = 2.6(2), yrip = +[814(80)] X 107° cm®/mol
for 1 and D = +11(2) cm™" and E/D = 0.18(4) with g, =
2.1(1), g, = 2.1(3), yrp = +[350(70)] X 107 cm®/mol for 2.
The error ranges were obtained from inspection of the error
contour plots shown in the insets of the figures, as well as from
single-point calculations along the contour lines. Interestingly,
the sign of the large D value is unambiguously negative for 1
but positive for 2. Global fits for 2 with negative D values
iterated quickly to a robust alternative global minimum,
although it turned out to be an improper representation
(with E/D > 0.33) of the values given above.

The relative large uncertainty of the g, values reflects the
large uncertainty in TIP-like contributions, which could not be
defined without fitting. The large TIP value of 814(80) X 10~
cm®/mol found in this procedure for 1 is close to typical values
tabulated for quasi-tetrahedral Co(Il) complexes ((505—789)
x 1076 crn3/mol).87 The lower TIP correction found for 2
([350(70)] x 107™° cm?®/mol) compares well with TIP of
Co(II) complexes with nondegenerate ground states (350 X
107 cm®/mol).** If we adopt genuine TIP, originating from
field-dependent state-mixing under LS coupling,*” the different
values support an assumption of the first excited electronic state
of 2 being higher in energy than for 1.

The large g anisotropy found for 1 with g, , = 2.08(9) and g,
= 2.6(2) is significant and reflects the negative slope of the
xT(T) data of 1 above 200 K: increasing thermal populations of
the Mg = + '/, Kramers doublet (which has an easy xy plane of
magnetization in contrast to the easy z axis of the ground state
Mg = +3/2 doublet) turn the major contribution to the powder
magnetization from the g, direction at low temperatures to the
8., plane at high temperature (see Figure 1 for the
corresponding Zeeman splitting). In contrast, the temperature
dependence of yT for 2 does not indicate significant g
anisotropy and the fits could have been restrained to an
isotropic average g factor.

3.3. X- and Q-band EPR Spectra. Conventional cw-EPR
spectroscopy can provide detailed insight into the magnetic
properties of half-integer spin systems 1 and 2, which is
complementary to the macroscopic information obtained from
the SQUID measurements. We specifically applied this
technique to achieve constraint on the rhombicity parameters
of both compounds better than that permitted by magneto-
metry. Spectra were collected at liquid helium temperatures
with polycrystalline powder samples, which avoids ambiguous
solvation effects. The spectra suffer from enhanced line
broadening by intermolecular dipole interactions. In agreement
with previous EPR experiments,” the powder X-band EPR
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Figure S. (A) X-band EPR spectra of polycrystalline powders of 1 and
2 recorded at 10 K. (B) Q-band EPR spectrum of polycrystalline 2
recorded at 10 K. Experimental conditions: (A) 0.5 mW power, 0.75
mT modulation; (B) 50 4uW power, 2 mT modulation. The red line in
(A) is a simulation with effective g values given in the text, and in (B)
it is a spin Hamiltonian simulation with two subspectra shown in green
(E/D =021, g=(23,23,2.1)) and blue (E/D = 0.18, g = (22, 2.2,
2.15)). D was fixed and set to 10.6 cm™" for both subspectra.

spectrum of 1 was essentially found to be silent (Figure SA, top
trace). A very weak signal without hyperfine splitting appeared
around ¢’ = 6.3 but has to be assigned to traces of a
paramagnetic impurity (see also an estimate of the forbidden
transition in Figure S7 in the Supporting Information). A
similar impurity with ¢’ = 5.68 was observed previously by
Fukui et al.'" for the Zn/Co 1% doped powder samples of the
tetramethylammonium salt (Me,N),[Co(SPh),]. In contrast, a
weak signal at ¢’ = 7.8 with fully resolved **Co hyperfine
splitting, as was previously reported for a 10% Co/Zn doped
powder preparation and which has been assigned to the g’
transition of the MS = +3/2 Kramers doublet,é’89 was not
observed in our experiments, neither with a pure solid sample
nor with a 10% doped Co(II)/Zn(II) polycrystalline powder of
1.

EPR silence of the spin quartet compound 1 is expected for
powder samples at X-band frequency because of the large
anisotropy of the ground state Mg = +3/2 doublet arising from
the large negative D value and axial symmetry, E/D = 0 (Figure
1). The corresponding powder spectra would be exceedingly
broad with vanishing small transition probability for the low-
field AM = 3 transition at g’,. The g’, transitions are partially
allowed due to M mixing by the transversal field, but they
would occur at high fields of ~4 T, beyond the range of usual
X- and Q-band spectrometers (see Figure S). In fact, the
absence of a detectable g', signal from the powder samples
provides an upper limit for the rhombicity of 1, for which we
obtained 0 < E/D < 0.03 by comparison of the derivative
amplitudes of a series of simulated spectra with the signal to
noise ratio of the measurements. This result does not narrow
down the range of the E/D values as derived from the SQUID
analysis, necessitating the application of the techniques given
later in the paper.

DOI: 10.1021/acs.inorgchem.7b00097
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00097/suppl_file/ic7b00097_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00097

Inorganic Chemistry

It is a general problem that ZFS values this large prevent
direct detection of excited states, and temperature-dependent
population/depopulation experiments (which enable accurate
determination of the sign of D) are prevented due to the onset
of fast spin relaxation at temperatures slightly above liquid
helium temperature. Line broadening due to dipolar
interactions in the solid state is another prohibitive issue for
such compounds.”'"* Attempts to alleviate line broadening by
dilution in frozen solution require careful analyses, because
results can be obscured by unknown structural variations upon
solvation. Further efforts to suppress dipole broadening by
doping the Co(II) target complexes into diamagnetic zinc hosts
can also lead to uncontrolled structural modifications that
drastically affect the magnetic properties of the Co(II) ions.”"

Polycrystalline samples of 2 showed distinct X-band EPR
spectra, as depicted in Figure SA. The lines are broadened, as
expected for a solid-state sample (FWHM values of Lorentz
lines are (35, 39, 43) mT), but approximate effective g’ values
(62,32, 2.1) could be obtained from a fit. Accounting for the
poor accuracy, this is in reasonable agreement with previously
reported data for a magnetically diluted sample in a 1% Co/Zn
doped polycrystalline solid: g’ = (5.4, 3.0, 1.9).° Interestingly,
at Q-band frequency, the nondilute sample of 2 showed fully
resolved derivative lines and distinct g splitting (Figure SB), but
still without resolved HFS. The higher resonance fields in
comparison to X-band apparently afforded increased g splitting
on the field axis without line broadening (in field units). This
behavior indicates enhanced decoupling of the intermolecular
spin—spin interactions. However, to our surprise, the outer
lines of the powder spectrum both showed a small splitting,
which may be explained by the presence of two slightly
different species in the sample (despite the fact that XRD
analysis predicts only one unique magnetic center in a unit
cell). Since this was not observed by X-ray diffraction for 2, it is
possible that a thermally induced separation of sites occurred
below the temperature of the crystal structure determination
(100 K).

The two subspectra of the rhombic complex 2 have effective
g values ((5.5, 3.1, 1.98) and (6.0, 3.2, 1.86)) that both can be
assigned to two similar Mg = +1/2 Kramers doublets with large
rhombicity parameters. The Lorentz line broadening with (28,
100, 80) and (40, 60, 70) mT FWHM for the first and second
components, respectively, was used in the simulation (Figure
SB). A simulation yielded (E/D), =~ 0.18 and (E/D), ~ 0.21
(blue and green lines in Figure SB). Both E/D values are
consistent with the SQUID result, 0.18(4). Attempts to
corroborate the ZFS values by X- or Q-band EPR by
measurements at elevated temperatures with populated excited
levels failed, because the spectra broadened beyond recognition.
The electronic g values obtained from the EPR simulations, g, =
(2.3,23,2.1) and g, = (2.2, 2.2, 2.15), are slightly higher than
the (average) values 8y = 2.1(1) and g, = 2.1(3) from the
magnetic measurements for 2, which may be explained by a
minor (3%) diamagnetic contamination of the SQUID sample.

3.4. High-Field Electron Paramagnetic Resonance
Spectra. High-field electron paramagnetic resonance (HF-
EPR) measurements were performed with a single crystal of 1
(dimensions <1 X 1 X 1 mm?®) to search for EPR resonances
that are inaccessible at standard magnetic field strengths.
Careful angle-dependence studies were first performed at a
relatively low frequency of 49.92 GHz by incrementally rotating
the crystal about a fixed axis until the applied magnetic field was
within 1° of the hard plane of magnetization, where a single

EPR absorption was discovered around 25 T (Figure 6). It is
notable that the observed transition quickly broadens and
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Figure 6. (top) Single-crystal HF-EPR resonances of 1 as a function of
the angle between the molecular hard plane of magnetization and the
applied magnetic field. The measurements were performed at 1.3 K
and 49.92 GHz; transmission signals are shown, where the dips
correspond to resonances. (bottom) Temperature dependence of the
HF-EPR transmission spectra at 104.16 GHz, with the magnetic field
oriented in the hard plane of the molecules. The intensity of the
resonance at 33 T increases with decreasing temperature, indicating
that it is a ground state transition.

disappears when the direction of the magnetic field rotates only
a few degrees out of the hard plane. Such behavior confirms the
proposed strong axial type magnetic anisotropy of the M =
+3/2 Kramers doublet of 1. The intensity of the transition
increases with decreasing temperature, indicating a ground state
origin for the observed resonance.

The variable-frequency EPR spectra and the frequency vs
resonant field dependence of the observed high-field transition
are presented in Figure 7. These data were collected at the field
orientation where the EPR transition appears at the highest
magnetic field, which necessarily corresponds to the field
alignment closest to the molecular hard plane (due to the
experimental limitation of crystal rotation about a single axis,
the azimuthal angle ¢ of the field orientation within the hard
plane was not known). At 49.92 GHz, a resonance is detected
at 25 T, which rapidly moves to higher field with increasing
microwave frequency, ultimately moving past the 35 T window
of the magnet above 104.16 GHz. The frequency dependence
of the transition was simulated using the SH (eq 1) under the
assumptions that B, =0 and g, = g, = g,

A A2 1 E A2 a2
+ ,uBgJ_B(gx cos ¢ + §y sin @) (9)
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Figure 7. (top) Variable-frequency single-crystal HF-EPR transmission
spectra for (Ph,P),[Co(SPh),] (1) with the magnetic field applied in
the hard plane of the molecule. Data were collected at 1.3 K. The
features seen between ~15 and 25 T in some traces are due to a
mechanical instability of the setup at high fields and were ignored in
the data analysis. (bottom) Frequency dependence of the resonance
fields at 1.3 K. The red line is a simulation of the frequency
dependence of the resonance field for an § = 3/2 species with g, =
2.08 and D = —57 cm ™. Inset: 3D contour plot of the error (log;, x*)
associated with fitting the frequency dependence of the resonant fields
as a function of g, and D. Values of log;, y* range from 5.8 (red) to 1
(dark purple).

The rhombic anisotropy term, E(S,2 — §y2) , was first set to 0,
due in part to the experimental limitation of only one crystal
rotation axis, but also because the electronic structure, the
magnetization data, and X-band EPR measurements all suggest
it should be small. As shown in Figure 7, excellent agreement is
obtained between experiment and simulation, which strongly
suggests that the observed resonance corresponds to the
transition within the Mg = +3/2 ground Kramers doublet,
which splits in a strong magnetic field applied in the hard plane,
as shown in Figure 1. Similar to conventional low-field EPR, the
large ZFS in 1 precluded the observation of the MS =+3/2 to
MS = +1/2 inter-Kramers and Ms = +1/2 intra-Kramers
doublet transitions. Since the frequency-dependent HF-EPR
measurements reported here were restricted to a single field
orientation, they define only a single resonance as a function of
field, which is equivalent to knowledge of only one effective g’
value in eq 4. Consequently, the resonance field is proportional
to D/ \/ g1° , and equal quality fits are therefore obtained over a
range of g, (from 2 to 3) and D values (—54 to —120 cm™"), as
shown in the inset to Figure 7. Nevertheless, the data clearly
indicate a very large, negative zero-field splitting in 1.
Moreover, if one constrains the HF-EPR fit using the value
of g; = 2.08 determined from the magnetization measurements,
a D value of —57(1) ecm™ (ZFS, 2D = 114(2) cm™) is
obtained, which is quite consistent with the other measure-
ments presented in this study, as discussed below. This is a very
reasonable thing to do because the g, value is well constrained

from the fits to the magnetization data for 1, as previously
discussed. Thus, one already sees here the benefits of a
multimethod approach to the measurement of SH parameters
in highly anisotropic transition-metal complexes, as has been
noted also in several other recent combined magnetic and HF-
EPR investigations.34’35 ) R

Finally, we consider the influence of a nonzero E(S,2 — S?)
term on the determination of D and g, through the HF-EPR
data. Due to the fact that we were only able to perform single-
axis rotation, the field orientation in the molecular hard plane,
@, remains an arbitrary experimental parameter. A small E term
can slightly influence the hard-plane frequency dependence,
leading to corrections to the correlation between g, and D in
our model. The influence of a nonzero E term is shown in
Figure S1 in the Supporting Information. The analysis is
performed by allowing E to vary between 0 and 3 cm™', while
allowing @ to vary in the fit. The results demonstrate that a
small value (E < D/20) does not affect the analysis very
significantly. The main effect is to slightly broaden the
minimum in the log,y ¥* error surface, while the correlation
between g, and D remains essentially the same. The net effect,
therefore, is a slightly larger uncertainty in the best fit D value
(AD = 2.6 cm™") corresponding to a given value of g,.

3.5. FD-FT THz-EPR Spectra. Direct measurements of the
very large ZFS in 1 and 2 required very high excitation
frequencies. Thus, we applied FD-FT THz-EPR spectroscopy
by which high-energy EPR transitions between the Ms =+3/2
and Mg = +1/2 Kramers doublets with energy gap 2D’ can be
probed in the range between 10 and 200 cm™'. Measurements
on a polycrystalline powder sample of 1 with intense THz-CSR
yielded several transitions in the energy range between 20 and
37 cm™’, but none of them showed any changes upon applying
an external magnetic field. Due to the very high sensitivity of
the FD-FT THz-EPR setup to EPR transitions in the spectral
range between 10 and 37 cm™’, we concluded that 1 has no
EPR transitions in this range for fields below 1 T.

A broader energy range from 30 to 200 cm™' was probed
with an Hg-arc lamp as the radiation source. Figure 8A depicts
experimental and simulated FD-FT THz-EPR magnetic-field
division spectra (MDS). MDS were obtained by dividing raw
spectra taken at different external magnetic fields as indicated
on the y axis. This method strongly suppresses nonmagnetic
peaks and allows for an assignment of EPR peaks by their field
dependence. In Figure 8B is depicted a simulation obtained
from the division of the calculated EPR absorption lines at 3 T
(Figure 8C) and 1 T (Figure 8D) at T = S K. Line widths in the
simulations were adjusted to match the experimental spectra.
The observed broad lines are assumed to result from powder
averaging of all possible molecular orientations with respect to
B, as well as strains in the D and g values.

The resulting calculated line is plotted in the bottom
spectrum of Figure 8A alongside the measured FD-FT THz-
EPR MDS. This spectrum is characterized by two minima
around 115 and 107 cm™ and a center maximum at 110 cm™
(see Figure 8A bottom traces, MDS 3 T/1 T). The maximum
and the second minimum were identified as significant
(deviation from one exceeds two standard deviations; see the
Supporting Information). With increasing magnetic field, the
negative MDS parts at 115 and 107 cm™" shift to higher and
lower energies, respectively. Finally, in the MDS obtained at (8
T)/(6 T) and (9 T)/(7 T) the magnetic field induced
absorption changes are hardly visible. This may be rationalized
by an increase of the overall EPR line width due to the
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Figure 8. (A) Experimental (black) and simulated (red) FD-FT THz-
EPR spectra of 1 measured at T = S K and the indicated fields between
1 and 9 T in the range 100—125 cm™": magnetic field division spectra
(MDS) of 1 (black solid lines) derived in each case from two
absorption spectra recorded at the fields indicated on the left side.
Corresponding SH simulations are shown in red (for details see text).
The thin gray lines indicate the transition energies of the transition
between the Kramers doublets for By||z (solid) and ByLlz (dashed).
(B) Demonstration of the construction of the calculated MDS
obtained by division of two simulated absorption spectra for B, = 3
and 1 T. (C, D) Calculated powder EPR absorption spectra for By = 3
and 1 T, respectively. The absorption of the individual Mg — My’
transitions are shown as dashed lines (for the definition of Mg see
Figure 1). All simulations were done with the following SH
parameters: D = =55 cm™, E/D = 0, g = (2.1, 2.1, 2.6).

increasing Zeeman splitting and the fact that parts of the EPR
spectrum are probably shifted in a spectral region where they
overlap with strong nonmagnetic absorptions, in either the
sample (80—100 cm™") or the z-cut quartz windows separating
the compartments of the sample magnet (125—135 cm™"). The
field dependence of the MDS bands clearly indicates magnetic
transitions, the observation of which, at almost 4 THz (133
cm™), is rare and demonstrates the unique abilities of the
employed FD-FT THz-EPR setup. The SH simulations of the
MDS pattern (Figure 8A, red traces) revealed high sensitivity to
the total ZFS, 2D’, of the spin quartet of 1 but virtual
insensitivity to the rhombicity parameter E/D and the sign of
D. Therefore, E/D was fixed to 0. In addition, changes in the g
values had only a slight effect on the simulated spectra. Due to
this fact, we used g values obtained from fits to the

magnetization: g, = g, = 2.1 and g, = 2.6 (vide infra). In
summary, the FD-FT THz-EPR measurements cannot
contribute to the determination of the rhombicity and g value
of 1 but can provide a unique and accurate value for the total
ZFS: namely, 2D’ = 110(2) cm™". This value is not obscured by
sample purity issues or unknowns such as TIP for the SQUID
measurements or by the severe covariance problems of g and D
values encountered upon the SH simulations for the HF-EPR
measurements. With the reasonable approximation 0 < E/D <
0.03, we obtain IDI = 55(1) cm™" with very high confidence.
The maximun uncertainty for the rhombicity, E/D = 0.03,
causes only a minor deviation for the axial parameter, according
to eq 2.

FD-FT THz-EPR measurements of 2 using THz-CSR in the
energy range from 10 to 37 cm™' revealed several transitions
(Figure S3 in the Supporting Information). However, only one
transition at 24.9 cm™' showed magnetic-field dependence. It
exhibits significant broadening at fields up to 0.5 T and, at 1 T,
a resolved splitting. Therefore, this absorption was assigned to
an EPR transition, which represents at zero magnetic field a
direct observation of the ZFS of the ground quartet state.

In accordance with the case of 1, the SH simulations for 2
were again sensitive to ZFS, whereas the rhombicity parameter
E/D and the g anisotropy influenced the simulations only for
fields of 0.5 T and above. However, the simulations could
reproduce only a part of the experimental data for any
reasonable value of E/D and g factors. Hence, these parameters
are poorly defined from this experiment and, at best, the
isotropic part of g could be estimated. However, the value g, =
2.7(3), is unreliably large and not consistent with the X- and Q-
band EPR spectra shown above. The total ZFS, which is
derived from the common center of the field-dependent
transition, is more reliable and yields 2D’ = 25(1) cm™ for 2, in
agreement with the corresponding SQUID magnetometry
results, ie, D = +11(2) cm™ and E/D = 0.18(4), which,
according to eq 2, yield 2D’ = 24(4) cm™.

3.6. Variable-Temperature Variable-Field (VTVH)
Magnetic Circular Dichroism. Magnetic circular dichroism
(MCD) and electronic absorption spectra were recorded for 1
and 2 to explore further the electronic ground and excited
states and to relate them with structural properties. Here, we
present MCD intensity data recorded at variable temperatures
in the range from 2 to 80 K, with variable fields ranging from 0
to 10 T (VITVH MCD data), and their analysis in terms of SH
parameters for probing the magnetic ground states of 1 and 2.
At first glance, the vis/NIR MCD as well as the absorption
spectra of both compounds look rather similar to distinctly
structured bands around 6000 and 14000 cm™" for 1, of which
mainly the low-energy regime is ~1000 cm™" upshifted for 2
(Figure 9). The intensities of the MCD bands depend strongly
not only on the applied field but also on temperature (Figure
9), which reveals a C-term mechanism for all of them. The
strong C terms arise from differences in the Boltzmann
populations of the ground state magnetic sublevels and
correspondingly varies with field and temperature.”® For
instance, MCD intensities recorded at 10 T and S K decrease
by nearly a factor of 2 when the temperature is increased from $§
to 40 K (Figure 9A,B). In detail, however, as the temperature
further decreases (or the field increases), the MCD intensities
are no longer linear with respect to B/kT, as implied by eq 6;
they instead level off to their saturation limits (Figure 9C,D).

Such VIVH-MCD data were recorded at 10 band energies.
The curves recorded at 6135 cm™ for 1 and 6386 cm™ for 2
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Figure 9. Variable-temperature MCD spectra of 1 (A) and 2 (B) at 10
T and VTVH MCD isotherm data for the selected bands at 6135 (C)
and 6386 cm™ (D), respectively, together with best fit lines obtained

from spin Hamiltonian simulations according to eq 6 and with
P g q
parameters given in the text.

are shown in Figure 9C,D. Similar to the SQUID magnetization
data (Figure 3), the VTIVH MCD saturation curves are spread
for 2 but not for 1, due to the much larger zero-field splitting in
1 than in 2. Simultaneous fitting of all VI'VH curves for each
compound was performed with a unique set of SH parameters,
but with independent polarization factors for the different
electronic transitions (eq 6). The resulting SH parameters are
consistent with the observations from the other methods but
did not substantially improve the precision of the SH
parameters (for details see a remark in the Supporting
Information). Analyses of the fit error surfaces (Figure S4 in
the Supporting Information) show that, for 1, D falls in the
interval from —20 to —90 cm™" and g, is in the interval from 2.6
to 2.9, while g,, was fixed at 2.1; the data appeared not to be
sensitive to E/D. In the case of 2, the VIVH MCD spectra
show that IDI is in the interval from 3 to 13 cm™ and g is in the
interval from 1.8 to 3.

3.7. MCD and Absorption Spectra. Powder absorption
and MCD spectra of 1 and 2 in the visible and near-IR regions
contain two bands: one from ~5000 to 10000 cm™' and
another from ~12000 to 19000 cm™. In order to analyze the
transitions forming the spectra, we performed a simultaneous
deconvolution of absorption and MCD spectra using Gaussian
functions. A minimum of 14 and 13 Gaussians for compounds
1 and 2, respectively, are required to successfully fit the
absorption and MCD spectra simultaneously. Details regarding
the chosen Gaussian functions for both 1 and 2 are presented

in Tables S4 and S5 in the Supporting Information,
respectively. It should be highlighted that, although such a
deconvolution is not unique and can also be achieved with a
different number of Gaussian functions and/or different sets of
line widths and intensities, in a first approximation it provides a
qualitative description of the spectra.

As can be seen in Figure 10, the two compounds exhibit
rather similar spectra, with a few important differences. Close

Absorption

MCD

Absorption

MCD

Energy (10° cm™)

Figure 10. Deconvolution of absorption spectra of mull samples of 1
(A) and 2 (C) recorded at 80 K and MCD of mull samples of 1 (B)
and 2 (D) recorded at 2 K and 10 T. Colored lines are individual
transitions, and red dashed lines are the sums of all individual
contributions. Bands around 7000—8000 cm™ are simulated with

vibrational progression with characteristic frequency ~200 cm™".

inspection of the absorption that occurs between 4000 and
10000 cm™!, in particular at the edge of the MCD spectra
located at 4500—5000 cm™, reveals a difference in sign of the
MCD signals for 1 and 2. There is no MCD intensity for the
absorption band located at 8400 cm™" in the spectra of 1, while
for 2, the maximum in absorption at ~8000 cm™" corresponds
to a strong negative signal in the MCD spectrum. The higher
energy section of the spectra, from 10000 to 18000 cm™} also
contains notable differences. The first sharp absorption band is
found at higher energy for 2 in comparison to 1: 13600 versus
13100 cm™’, respectively. Furthermore, the shape and energy
distribution of the four sharp absorption features in this energy
range vary substantially for the two compounds. In the case of
1, there are two sharp MCD negative features located at 13100
and 14100 cm™' while, in the case of 2, only one negative
spectral feature is observed at 13500 cm™". The variation in the
energies and MCD behavior of these transitions reveals
significant information about the differing electronic structures
of 1 and 2. As will be seen in the next section, a quantitative
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Figure 11. Comparison of the experimental (red) and theoretical (black) absorption and MCD spectra for 1 (left) and 2 (right). Theoretical spectra
were obtained by SOC-CASSCF(7,5)/NEVPT2 calculations with Gaussian line broadening (FWHM 1000 cm™). Underlying electronic states for
theoretical spectra are shown in the bottom panels: +SOC corresponds to the SOC corrected energies, and **°1 and **P2 energies correspond to
nonrelativistic states computed for X-ray structures of 1 and 2. Assignment of the main bands is done in terms of the S, symmetry group (an
approximate symmetry of the molecule); vertical lines for main bands are shown for guidance. Parent terms for idealized tetrahedral symmetry (T )
and corresponding free ion terms (SO(3)) are shown. The energy scale for the theoretical result (bottom axis) is offset to compensate for the
overestimated interelectronic repulsion and permit better comparison to experiment (see text for details).

description of the observed bands with the aid of quantum
chemical calculations enables key chemical insights.

3.8. Computational Results. 3.8.1. Excited States and
Spectra. In an effort to arrive at qualitative and quantitative
descriptions of the experimental bands, we computed the
respective absorption and MCD spectra for the crystallographic
structures of [Co(SPh),]*” in 1 and 2 on the basis of the
relativistic SOC-CASSCF(7,5)/NEVPT2 functional. The ob-
served differences in spectra between 1 and 2 at low energies
(4000—10000 cm™") are reproduced extremely well by the
calculations (Figure 11). The difference in the splitting of the
MCD bands of 1 and 2 at higher energies (12000—18000
em™') is also well reproduced. However, the energy of this
band is overestimated by the theory (see the energy scales for
the experimental and theoretical spectra in Figure 11). The
reason for this discrepancy is an overestimated interelectronic
repulsion that originates from the lack of dynamic correlation in
the CASSCF method. This lack is partially corrected by
NEVPT2, but not enough to lead to energy agreement.

The energies of the spin—orbit coupled states used for
spectral simulation are marked “+SOC” in the lowest panel of
Figure 11. It is clear that many states contribute to each band
and assignment of the bands in terms of these relativistic states
would be quite tedious. Thus, the assignment is done in terms
of the nonrelativistic states (marked as **°1 and **"2 in Figure
11), where quartet states are depicted in black and doublet
states in blue. Both quartet and doublet states are overlaid in

the high-energy band. This overlap explains the appearance of
the sharp features observed in the low-temperature spectra. The
natural line width for the “spin-forbidden” transition to doublet
states is much smaller than that for allowed transitions to
quartet states. Thus, at low temperature, when thermal
broadening is small, the nature of the transition is manifested
in the total line width.

The labeling of the nonrelativistic states is done in terms of
the S, symmetry group, because both structures are quite close
to this symmetry. However, there is a small but perceptible
splitting of the E states caused by distortions away from ideal
symmetry in the crystal structures of 1 and 2 (see the
underlying states marked **°1 and **°2 in Figure 11). The
parent terms of the idealized tetrahedral structure (T,;) and
corresponding free ion terms (SO(3)) are shown below at the
mean energies of the corresponding nonrelativistic states.
Parameters of the ligand field theory can be directly extracted
from this diagram. For example the ligand field strength, 10Dg,
is the energy of the *T, term (~5000 cm™"), whereas the Racah
parameter B of the interelectronic repulsion is computed as the
difference between the *F and *P spectroscopic terms divided
by 15 (B &~ 970 cm™"). The value of B is slightly larger than that
in experiment, owing to overestimated energy of the high
energy band originating from the *P term. Since the difference
in energy of the G and *F atomic band positions is 4B + 3C,
the C/B value is estimated to be ~3.3. All of these results are in
agreement with our previous studies.'”
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As shown in Figure 11, the geometrical differences of
complexes 1 and 2 engender a reversal of the tetragonal
splitting in each triplet state T. For example, the first excited
term *T, for 1 splits into *B (lower energy) and *E (higher
energy) while, for 2, the ordering of the states is reversed. In
fact, this state interchange is responsible for the different signs
of D (for a detailed discussion, see ref 12), and it also affects the
spectra. Further, the three low-energy bands are split at almost
equal energy intervals (6000, 8000, and 10000 cm™) for 1,
whereas for 2 the first band is shifted to lower energy (4000,
8000, and 10000 cm™"), as shown in the theoretical spectra in
Figure 11. In both cases, there is a distinct line at ~10000 cm™.
However, the origin of the transitions is different, which
becomes obvious in the theoretical MCD spectra: for 1 there is
no MCD signal, but in the case of 2 there is a derivative-shaped
transition in the MCD spectrum. The derivative-shaped MCD
signal corresponds to a ‘E state; it appears because of the
splitting of the components of *E due to spin—orbit coupling as
well as symmetry lowering. One can see that the splitting of
*E(*T,) is mostly due to spin—orbit coupling, whereas “E(*T,)
splits because of symmetry lowering. The transition to the *A
state in 1 has a large intensity in absorption but no intensity in
MCD, because it is purely z polarized. However, in 2, it gains a
small amount of intensity by mixing with E states. The
difference in the shape of the band at 18000—22000 cm™ is
also associated with the reversed order of *E and *A states in 1
and 2. The contribution of the doublet states here is also
significant. Indeed, around *T,(*P) states there are at least 14
doublet states originating from the parent G and *P atomic
spectroscopic terms. However, state mixing makes an
unambiguous assignment of the spin-forbidden transitions
very difficult. Nevertheless, the comparative analysis of the
theoretical and experimental spectra allowed us to assign most
of the transitions obtained by the simultaneous deconvolution
of the MCD and absorption spectra (Figure 10; the
assignments are given in Tables S4 and SS in the Supporting
Information), revealing the connection between the geometry
and the spectral properties of 1 and 2.

3.8.2. Structures. Analysis of the D3-BP86/def2-TZVP
geometry optimization data of the [Co(SPh),]>” complexes 1
and 2 provides several local minima which are close to the
corresponding experimental structures and differ by only a few
kilocalories per mole (Table S3 in the Supporting Information).
More specifically, at geometries around the crystallographic
structure of complex 1 (denoted as **P1), two idealized
isomeric structures can be identified with local S, and C,
symmetries, respectively (denoted as S*1 and “*1). On the
other hand, at geometries around the crystallographic structure
of complex 2 (denoted as *®P2), only one isomer is identified,
which possesses a compressed CoS, core, denoted as 5*2 in
Table 1. Importantly, the SH parameters display great
sensitivity to the local coordination environment in this family
of complexes. Thus, in addition to the X-ray structures of 1 and
2, the computationally idealized structures will be assessed for
their SH parameters.

3.8.3. Spin Hamiltonian Parameters. As has been shown in
previous studies,”’ calculations of the SH parameters of
[Co(SPh),]*” require multireference methods with explicit
treatment of the excited states and spin—orbit coupling that
mixes those states. The SH parameters of [Co(SPh),]*”
computed for the structures obtained from the X-ray diffraction
(XRD) analysis reveal a significant dependence of the magnetic
properties on the geometries of first and second coordination

Table 1. Spin Hamiltonian Parameters of Various
Conformations of [Co(SPh),]*>~ Computed by SOC-
CASSCF(7,5)/NEVPT2 Using the Effective Hamiltonian
Approach

D (em™) E/D & & g
XRDy CASSCF —59.1 0.03 2.18 224 2.90
NEVPT2 —46.7 0.03 2.14 2.18 2.71
St CASSCF —64.0 0.00 2.16 216 291
NEVPT2 —48.0 0.00 2.12 212 2.69
21 CASSCF —55.7 0.03 2.16 2.26 2.85
NEVPT2 —422 0.04 2.12 217 2.65
ARDy CASSCF 16.6 0.16 241 247 222
NEVPT2 11.5 0.16 229 2.33 2.16
St CASSCF 53 0.00 234 234 227
NEVPT2 3.0 0.00 223 223 2.19

spheres. Like the experiments, the computed SH parameters
reveal a large and negative D for 1 (with small rhombicity) and
with easy-axis g matrix anisotropy. For 2, the computed SH
parameters indicate easy-plane anisotropy of the g matrix and a
much smaller D value relative to 1 with considerable E/D. For
these results, CASSCF calculations systematically give larger
ZFS and principal g values in comparison to NEVPT2.
Optimized structures with S, symmetry have pure easy plane
or easy axis anisotropy, and therefore g, = g, and E/D = 0 due
to ideal degeneracy of the excited states of E symmetry. Thus,
nonzero rhombicity implies the presence of distortions away
from S, symmetry, which might appear due to crystal-packing
forces. As discussed above, however, there is another C,-
symmetric conformer that corresponds to a local minimum in
the gas phase which is slightly higher in energy than all of the
others. The SH parameters of this conformer are closer to those
derived by employing the crystallographic structure of complex
1.

The computed effective g’ matrix of the lowest Kramers
doublet also reflects the difference in the type of anisotropy of
the conformers (Table 2). The lowest Kramers doublet of **°1

Table 2. Effective g’ Matrix of Lowest Kramers Doublets for
Various Conformations of [Co(SPh),]*~ Computed by SOC-
CASSCF(7,5)/NEVPT2

2 %) g
XRDy 0.19 0.20 8.10
St 0.00 0.00 8.05
1 0.27 0.28 791
XRDo, 343 5.65 2.01
St 3.99 3.99 1.99

has a g, value of 8.1, which is close to 3g, (see eqs 4 and §).
The nonzero values of g, in this case are due to nonzero
rhombicity; in the case of the S, conformers, E/D is strictly 0 so
that g/xjy(?)/ 2) = 0. For the **°2 conformer §'sy > § »- However,
the difference between g’, and g’, shows that E/D is not 0,
unlike the the case for the S, conformer.

3.8.4. Magneto-Structural Correlations. In an effort to
further explore the sensitivity of the SH parameters with respect
to structural conformations, we have constructed the two-
dimensional CASSCF/NEVPT2 potential energy surface for a
[Co(SPh),]*” model complex (Figure 12), where @ is the angle
between the S, rotational axis and the sulfur atom of each SPh™
ligand and w is the torsion angle between the plane containing
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Sa Sa

Figure 12. Potential energy surface (colors represent the relative energy in kcal/mol computed by BP86/def2-TZVP) together with ZFS isolines
(black lines, values in cm™) computed by SOC-CASSCF(7,5) for optimized structures of [Co(SCH;),]*™. The definitions of the angles & and y are

shown on the right.

Table 3. Spin Hamiltonian Parameters Obtained with Different Experimental Methods

method D (ecm™) E/D ra Gy

Compound 1

powder susceptibility16 -62(1) fixed at 0 2.960(3) 2.285(4)

powder magnetization at 2—5 K and 7 T"7 —74" <0.01“ 2914

powder susceptibility® —100(30) fixed at 0 3.13(2) 225(2)

single-crystal susceptibility®” —70(10) fixed at 0 2.7(1) 2.2(1)

single-crystal EPR on Co/Zn 10%" <0.09 2.6(1) fixed at 2.2

powder susceptibility and magnetization at 0.1, 1, 3, and 7 T (this study) -52(2) 0.00(3) 2.6(2) 2.08(9)

FD-FT THz-EPR (this study) (D* + 3E)Y? = 55(1)

high-field EPR (this study) -55 fixed at 0 fixed at 2.08
Compound 2

powder susceptibility® (D* + 3E%)"* = 5(1) 2.27¢

powder EPR Co/Zn 1%° 0.19(2) 2.16°

powder susceptibility and magnetization at 0.1, 1, 3, and 7 T (this study) +11(2) 0.18(4) 2.1(1)

FD-FT THz-EPR (this study)

“Errors were not reported in the study.

(D? + 3E1)"? = 12.5(5)

the S, axis and the sulfur atom and the plane formed by the
bonded C—S—Co atoms; all other parameters were optimized.
In an effort to restrict our analysis to the factors that influence
the structural conformation within the first coordination
sphere, while keeping the computational cost low, we focused
the calculations on the model system [Co(SCH,),]*". There
are two minima on the potential energy surface. One
corresponds to an elongated tetrahedron (20 < 109.5°) with
a small torsion angle y, so that the symmetry is close to D,
whereas the second minimum is shifted toward a compressed
tetrahedron with a large torsion angle. Both minima are quite
shallow, with an energy barrier between the two structures of
~5 kecal/mol (according to CASSCF). This agrees well with the
observations that, in solution, many conformations can be
present, while in a crystal different conformations might be
stabilized depending on the counterion.

Analysis reveals a strong dependence of D with respect to
both y and 6. Specifically, D varies between —100 and +30
cm™" within the thermally accessible conformations. For the
conformers compressed along the S, axis D is positive while, for
the respective elongated conformers, D is negative, depending
mostly on the 0 angle (Figure 12).

The ab initio analysis of the magneto-structural correlation
shown above rationalizes the most preferable conformations
found for the [Co(SPh),]*” dianion and the corresponding SH
parameters, as a function of the most critical structural
parameters 6 and y.

4. DISCUSSION

Taken together, the results of X-ray diffraction and DFT gas-
phase geometry optimization permit rationalization of the key
factors that determine the geometrical structure of the
[Co(SPh),]*” complexes in 1 and 2. In both cases, the dianion
adopts symmetries lower than tetrahedral. In fact, the
tetragonal distortion caused by the ligand—ligand repulsion is
reflected in both the crystallographic and DFT optimized
structures. There is a clear correlation of the CoS, core
tetragonal distortion and the orientation of the thiolate ligands:
an elongated tetrahedron comes together with a small torsion
angle (y = 12°), and a compressed tetrahedron comes with a
large torsion angle (y = 139°). A similar bistability and
correlation of @ and y angles, caused by interligand repulsion
rather than a Jahn—Teller (or pseudo Jahn—Teller) effect, was
found for tetrathiolato iron complexes and analyzed in great
detail by means of AOM and DFT methods.” The deviation of
the optimal y angle from 0° for the elongated structure is due
to & anisotropy of the ligand which, for example for a 7-
isotropi]czphenolate-type ligand, yields the optimal torsion angle
w = 0°.

In addition, the combined analysis of the experimental and
theoretical results indicates the structural dependence of the
magnetic properties of 1 and 2. In fact, complex 1 is EPR silent
in the standard X-band EPR spectrum, due to the large effective
g matrix anisotropy of the ground Kramers doublet (although
Fukui and co-workers reported a weak signal with hyperfine
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structure for a 10% doped Zn single crystal of 1 at low field,
which gives a g, value of 2.6 and E/D < 0.09).°

On the other hand, the X-band EPR spectrum of 2 is very
broad, while the respective Q-band spectrum reveals the
existence of two slightly different species in the sample.
Simultaneous spin Hamiltonian simulations of the two
subspectra results in D = 10.6 cm™, E/D = 021, g = (2.3,
2.3,2.1) and E/D = 0.18, g = (2.2, 2.2, 2.15) for the two species
(Figure S, green and blue). These values agree well with the
previously reported SH parameters extracted from 1% doped
Zn powder spectra (g = 2.16 and E/D = 0.19).°

Unlike EPR spectroscopy, magnetometry does not indicate
inhomogeneity in samples of 2, and SH parameters from
susceptibility data can be affected by diamagnetic and
paramagnetic impurities. Another problem that can arise in
magnetometry is partial alignment of the microcrystals
(torquing) that affects the measured magnetic moment of the
sample. These factors often generate discrepancies between SH
parameters extracted from susceptibility measurements by
different groups. To illustrate this point, Table 3 gives reported
SH parameters for 1 from powder susceptibility measurements
and from single-crystal susceptibility and EPR measurements.
Thus, our experiments highlight the need for proper acknowl-
edgment of the inherent uncertainty of SH parameters obtained
from bulk susceptibility analyses. Thankfully, this uncertainty
was resolved by our application of FD-FT THz-EPR, which
revealed IDI = 55(1) cm™, assuming a maximum value of E/D
< 0.03, in accord with low-temperature magnetization experi-
ments and conventional EPR spectra. As seen in Table 3, this
value agrees very well with those extracted from our
magnetometry and HF-EPR measurements. Unlike a previous
study, the susceptibility fit in this work includes a TIP
correction, as its exclusion would lead to overestimation of
IDI."> We note that the ZFS parameters we obtain for 2 from
magnetometry are likewise in agreement with FD-FT THz-EPR
results (Table 3).

In a second step, we calculated the SH parameters for both
complexes 1 and 2 by using the effective Hamiltonian approach
via SOC-CASSCF/NEVPT?2 calculations, which are in good
agreement with the experimental consensus values (Table 1).
Importantly, the electronic structure calculations here indicate
that the key factor defining the ground state magnetic
properties of the [Co(SPh),]>~ complex is the spin—orbit
coupling that mixes the ground state (*A,) with the excited
states, where the largest contribution comes from the three
lowest quartet states (*T,). Therefore, the splitting of these
lowest-lying *T, states defines the type and magnitude of the
magnetic anisotropy. Likewise, our analyses of the absorption
and MCD spectra shows that the degeneracy of both the
*T,(F) and *T,(P) states is altered substantially by the changes
in the coordination geometry of the cobalt ion in 1 and 2. Here,
the observed difference in the shift of the MCD signal relative
to the absorption maxima (at 8500 cm™" for 1 and 8000 cm™'
for 2) suggests an interchanged order of the z and xy polarized
components of *T;(F) between the two compounds. This
switch in order is likely the origin of the flip in sign of D
between the two species.

5. CONCLUSIONS

Experimental determination of the spin Hamiltonian (SH)
parameters in systems with strong zero-field splitting is a central
challenge to developing magneto-structural correlations. In this
work, the complexes (PPh,),[Co(SPh),] (1) and (NEt,),[Co-

(SPh),] (2), the former of which possesses extremely large
zero-field splitting, were interrogated with an array of state of
the art analytical techniques. Specifically, we employed SQUID
magnetometry, EPR, HF-EPR, MCD, and FT-FD THz-EPR
spectroscopy, as well as ab initio multiconfigurational computa-
tional analyses. Critically, we showed that previous interpreta-
tions based only on dc magnetometry resulted in incomplete
and, in some cases, contradictory descriptions of the SH
parameters. In fact, standalone magnetometry studies proved to
be insensitive to describing the relative ratio of D and E and
furthermore did not provide a unique set of SH parameters.
The same situation was encountered in analyzing the VIVH
MCD data, and we found that even single-crystal HF-EPR
measurements can yield D, E/D, and g values that are covariant
and do not allow unique determination of their values by one
set of SH parameters. Uncertainty in the SH parameters
prevented a magneto-structural correlation in these [Co-
(SR),]*~ complexes, despite the elapse of over two decades
since the first reported magnetic analyses of these species. To
overcome this challenge, we applied FD-FT THz-EPR
measurements to directly elucidate IDI = 55(1) cm™. These
parameters then permitted a re-examination of magnetometry,
VIVH MCD, and HF-EPR data to accurately determine g.
Similar analyses were performed on (NEt,),[Co(SPh),] (2),
and calculated CASSCF/NEVPT?2 SH values are in agreement
with all experimental observations for both 1 and 2. The
overarching agreement among all of these methods permits us
to confidently report the SH parameters for 1 and 2. Further,
owing to the strong agreement, we verify that the differences
observed in the two complexes are directly related to slight
changes of the S—Co—S angle and C—S—Co—S torsion angles
around the CoS, core. In a wider perspective, the results
provided herein highlight that concerted experimental and
computational multimethod protocols are a crucial tool in the
field of single-molecule magnetism. The techniques are
especially critical, as is demonstrated by [Co(SPh),]*", when
systems possess a large zero-field splitting. Ongoing directions
in our laboratories include establishing further multimethod
protocols, which will help in the design of magneto-structural
correlations in other systems, with the specific aim of
generating larger ZFS.
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