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ABSTRACT: To investigate the influence of the coordination geometry
on the magnetization relaxation dynamics, two geometric isomers of a five-
coordinate low-spin Co(II) complex with the general molecular formula
[Co(DPPE),Cl]SnCl; (DPPE = diphenylphosphinoethane) were synthe-
sized and structurally characterized. While one isomer has a square
pyramidal geometry (Co-SP (1)), the other isomer figures a trigonal
bipyramidal geometry (Co-TBP (2)). Both complexes were already
reported elsewhere. The spin state of these complexes is unambiguously
determined by detailed direct current (dc) magnetic data, X-band, and
high-frequency EPR measurements. Slow relaxation of magnetization is
commonly observed for systems with S > 1/2. However, both 1 and 2
show field-induced slow relaxation of magnetization. Especially 1 shows
relaxation times up to 7 = 35 ms at T = 1.8 K, which is much longer than

Downloaded viaINDIAN INST OF TECH BOMBAY on December 29, 2021 at 09:33:19 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

the reported values for undiluted Co(II) low-spin monomers. In 2, the maximal field-induced relaxation time is suppressed to 7= $
ms. We attribute this to the change in g-anisotropy, which is, in turn, correlated to the spatial arrangement of ligands (i.e.,
coordination geometry) around the Co(II) ions. Besides the detailed electronic structure of these complexes, the experimental

observations are further corroborated by theoretical calculations.

B INTRODUCTION

Finding applicable quantum systems to build efficient spin
qubits, i.e., systems which figure a reasonable relaxation time to
store information, on the one hand, but can be easily and
quickly manipulated, on the other hand, is one of the main
prerequisites for nowadays development of quantum comput-
ing and quantum processing devices.' * It is the zero-field
energy gap or the magnetic anisotropy which is often recalled
as a key characteristic of this material class so that a large
variety of research mainly focuses on either its tuning or
enhancement.”™ " Specifically, a high anisotropy barrier can
strongly enhance the longitudinal relaxation time T, which
describes the lifetime of a classical bit with two reachable
states. For an entangled quantum state, the limiting factor is
the transversal relaxation time T, which measures the phase
memory time of a superposition state.”'* Although systems
with a spin S = 1/2 do not feature an anisotropy barrier, they
naturally provide long transversal relaxation times up to high
temperatures owing to the absence of excited energy levels
which could promote relaxation processes.”'> However, due to
the presence of spin—spin and hyperfine interactions, the field-
induced slow relaxation of magnetization behavior is often
suppressed in undiluted systems which is why examples are
rather scarce in the literature.”'°~*' Especially in the case of an
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undiluted Co(II) low-spin (LS) monomeric complex, there is
only a limited amount of examples reported so far.'”*>**

It is proposed that the spatial distribution of the ligands
around the central metal ion is a crucial parameter influencing
the relaxation behavior of a spin § = 1/2."** However, no
example of investigations of the longitudinal relaxation time on
systems that are real geometrical isomers can be found in the
literature. The lack of such investigation is presumably linked
to the isolation of isomers using the same ligands employed,
i.e., only the thermodynamically stable coordination geometry
crystallizes, while the other one does not. Overcoming this
challenging issue by our synthetic approach, we have isolated
both geometric isomers of a five-coordinate Co(II) complex,
i.e, square pyramidal (Co-SP (1)) and trigonal bipyramidal
(Co-TBP (2)) coordination geometry, which is structurally
characterized by single-crystal X-ray diffraction confirming the
general molecular formula of [Co(DPPE),Cl]SnCl; (DPPE =
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diphenylphosphinoethane). Both complexes were already
reported elsewhere.””™*” Detailed dc magnetization, as well
as X-band and high-frequency/high-field electron paramag-
netic resonance (HF-EPR) measurements reveal that the g-
anisotropy is changing with the spatial orientation of the
ligands surrounding the Co(II) center. In addition, the X-band
EPR investigations imply a change in hyperfine interaction
strength. These parameters’ influence is reflected in the
magnetization relaxation dynamics of these two complexes.
The detailed electronic structure and the distinct changes in
the magnetic properties of the complexes are rationalized using
theoretical calculations.

B EXPERIMENTAL AND METHODS SECTION

Unless otherwise stated, the reactions were carried out under aerobic
conditions. All chemicals were purchased from commercially available
sources (Alfa Aesar/Sigma-Aldrich). Single-crystal X-ray data
collection was done on a Rigaku Saturn CCD diffractometer using
a graphite monochromator (4 = 0.71073 A). The unit cell
determination and data reduction was performed using CrysAlisPro
1.171.38.43 (Rigaku OD, 2015). The structures were solved by direct
methods and refined by least-squares procedures on F* with SHELXL-
2014/7.%® All non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were added in their geometrically calculated
positions which were refined as a riding model. Elemental analysis
was carried out with a Thermo Finnigan device. The powder XRD
data (4 = 1.5406 A) was collected with a Panalytical MRD system
(CCDC numbers for 1: 2080078, 2: 2080079).

X-band electron paramagnetic resonance (EPR) spectra were
recorded using a Bruker EMXPLUS spectrometer. Direct current (dc)
as well as dynamic alternating current (ac) magnetization measure-
ments were performed using an MPMS3 SQUID (superconducting
quantum interference device) magnetometer (Quantum Design)
equipped with a 7 T magnet. Depending on the device and
measurement technique, the samples were fixed in gelatin capsules
and placed inside a non-magnetic straw sample holder or pressed in a
plastic capsule and mounted on a brass sample holder. Temperature-
dependent dc measurements were performed in between 1.8 and 300
K with an applied magnetic field of 1 T. For the field-dependent
measurements, the external magnetic field was swept up to 7 T at
several fixed temperatures. The ac measurements were conducted
under applied dc fields of 0, 0.2, and 1 T, respectively, at temperatures
ranging from 1.8 to 7 K with an oscillating magnetic field of 3 Oe at
frequencies ranging from 1 to 1000 Hz. High-field electron
paramagnetic resonance (HF-EPR) measurements were carried out
using a phase-sensitive millimeter-wave vector network analyzer
(MVNA) from AB Millimeter as a microwave source and detector.”’
Measurements have been performed at frequencies between 50 and
300 GHz and in magnetic fields up to 16 T. Various measurement
frequencies were realized by the assembling of Shottky diodes for
different bands, e.g. V, W, and D bands. The temperature was
controlled by the regulation of *He gas flow in a variable temperature
insert (VTI). The powder samples were fixed by mixing with eicosane
inside a brass ring which was placed on the end of a transmission-type
tube-shaped probe. Analysis of magnetization and EPR data was done
by means of the EasySpin software package.*

Density field theory (DFT) calculations have been performed using
the Gaussian 09 suite.”’ The geometries were optimized using the
B3LYP-D2 functional, incorporating the dispersion correction
proposed by Grimme et al.>> We have used two different basis sets:
LanL2DZ, which encompasses a double-{ quality basis set with the
Los Alamos effective core potential for Co, P, and Cl, and a 6-31G*
basis set for the other atoms (C and H).**** The quoted DFT
energies are B3LYP-D2 energies at a temperature of 298.15 K. The
exchange between the neighboring Co(II) ions in the crystal lattice
has been calculated using the Broken-Symmetry approach with a
B3LYP functional with the TZVP level of the basis for Co and TZV
for the rest of the atoms. The quantum chemical calculations were

carried out using the ORCA (4.2.1)*° suite directly on the crystal
structures obtained through single-crystal X-ray diffraction. Spin
Hamiltonian (SH) parameters were calculated using multireference ab
initio calculations. State-average complete active space self-consistent
field (CASSCF) calculations were performed on both complexes.
Scalar relativistic effects are treated using the DKH method.**” The
valenced polarized triple-{ (def2-TZVP) quality basis set along with
TZVP/C as an auxiliary basis set for the resolution of identity (RI)
approximation for cobalt, phosphorus (def2-TZVP(-f)), and chlorine
was used, whereas the def2-SVP quality basis set along with SVP/C as
an auxiliary basis set was used for the rest of the atoms.***” The
calculations were performed with an active space of CAS (7,5) which
corresponds to seven active d-electrons in five active d-orbitals.
Followed by CASSCF, NEVPT?2 calculations have been performed to
recover the dynamic correlations and to predict the correct spin state,
from which the g-factors have been derived.*>*'

Synthesis of [CoCI(DPPE),]SnCl; (Co-SP (1)). CoCl,-6H,0
(0.24 g, 1 mmol) was added to the boiling n-butanol (30 mL) in a
250 RB flask at room temperature (RT), which was refluxed for S
min. After S min, SnCL,-2H,0 (0.23 g, 1 mmol) was added, and the
reflux was continued for another S min. In the following step, the
DPPE (1,2-bis(diphenylphosphino)ethane) (0.81 g, 2.0 mmol) ligand
was added into the reaction mixture (under reflux conditions). Upon
addition of DPPE, the reaction mixture turned olive green. As soon as
the DPPE was added to the reaction mixture, the reaction flask was
removed from heating and allowed to cool down to room
temperature. Upon cooling, orange-red color single crystals began
to grow which were suitable for single-crystal X-ray diffraction.
Elemental analysis calculated (%): C, 55.95; H, 4.33. Found: C,
55.54; H, 4.27. Infrared (em™) = y(c_yp) = 3053 em™ (sharp), v(c—c)
= 1621 cm™ (sharp), v(c_n bending) = 1482, 1443 cm™ (very sharp)
(Figure S1 of the SI).

Synthesis of [CoCI(DPPE),]SnCl; (Co-TBP (2)). An exactly
similar procedure has been followed as in 1, but the order of addition
was changed; i.e., into the cobalt chloride solution of n-butanol, the
DPPE (0.81 g, 2 mmol) ligand was added first, followed by SnCl,-
2H,0. In the same way, as found for the reaction in 1, crystals were
beginning to grow upon cooling the reaction mixture. Dark green
single crystals with reasonably good yield were obtained which were
suitable for single-crystal X-ray diffraction. Elemental analysis
calculated (%): C, 55.95; H, 4.33. Found: C, 55.77; H, 4.31. Infrared
(em™) = V(c-n) = 3053 (sharp), V(c=c) = 1621 (sharp), V(C-H bending)
= 1482, 1443 (very sharp) (Figure SI of the SI).

The powder X-ray diffraction (PXRD) features of 1 and 2
measured at room temperature are in good agreement with the XRD
pattern generated from their corresponding single-crystal X-ray
diffraction, which confirms the bulk phase purity of complexes 1
and 2 (Figure S2 of the SI).

B RESULTS AND DISCUSSION

Structural Analysis. The reaction of cobalt chloride in the
presence of DPPE (1,2-bis(diphenylphosphino)ethane) and
stannous chloride hydrate in n-butanol led us to isolate two
different geometric isomers of the Co(1I) complex which are in
a different color, i.e., orange-red (Co-SP; 1) and dark green
(Co-TBP; 2) (cf. Scheme 1). Isolation of these two isomers,
exclusively controlled by the order of addition of the
precursors (see the Experimental and Methods Section for
details), is distinctly different from the other synthetic
procedures reported in the literature.”> ™’

Data collection and structure solution reveal the general
molecular formula in both cases as [Co(DPPE),Cl](SnCl),
but the Co(II) complex in orange-red and dark green colored
crystals was found to be in a square pyramidal (hereafter called
Co-SP (1)) and trigonal bipyramidal (hereafter called Co-TBP
(2)) coordination geometry, respectively. Both complexes
possess the same molecular formula, but they do differ in their
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Scheme 1. General Synthetic Procedure Which Was
Followed to Isolate Complexes 1 and 2
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coordination geometry. Hence, they are geometrical isomers as
well as structural polymorphs. The oxidation state and the
coordination geometry around the Co(Il) ion in 1 and 2 were
confirmed by bond valence sum (BVS) calculations* and
Continuous Shape Measurement (CShM) analysis, respec-
tively (Figure 1 and Table S1 of the SI).* To confirm further
the geometry around the Co(II) ion in 1 and 2, the structural
index parameter (7) was calculated, which is described in detail
elsewhere.** A 7-value of 0 and 1 represents an ideal square
pyramidal and trigonal bipyramidal coordination geometry
around the metal ion, respectively. Deviations from these
values denote the extent of distortion from their ideal
coordination geometry. The 7-parameter calculated for 1 and
2 was observed to be 0.08 and 0.91, respectively. This not only

confirms the coordination predicted by CShM but also implies
that there is a slight distortion observed in the respective
geometry in both complexes.

We would like to point out that the crystal structure of these
complexes is reported elsewhere,”” but the authors claimed
that the two different geometric isomers of the five-coordinate
Co(II) ions are accessible by changing the solvent. However,
under the reported conditions, we were unable to isolate the
complexes in the way which was described. A detailed
investigation led us to conclude that the order of the addition
of reagents to the cobalt chloride solution is more important
(in butanol solution) than changing the solvent.

Due to the change in the reaction conditions, the unit cell
and the crystal system observed for 1 and 2 were slightly
different from the structure reported elsewhere.”> Therefore,
the crystal data was recollected and solved again. The
coordinates obtained from these data were used for the DFT
calculations (vide infra). Furthermore, we would like to note
that based on the preliminary magnetic and ''”Sn Mdssbauer
measurements on the polymorphs of 1 and 2 reported
elsewhere, we find that the Co(Il) ions are in a low-spin
state, i.e., S = 1/2.27*” However, no detailed magnetic studies
have been reported so far for these complexes, e.g, field-
induced slow relaxation of magnetization.

The single-crystal data collection and structure solution of 1
and 2 reveal that these complexes crystallize in the monoclinic,
P2,/n and triclinic, P-1 space groups (Table 1), respectively. In
both complexes, two bidentate DPPE and a halide ion
complete the coordination sites around the Co(II) ion. In 2,
the axial position is occupied by two phosphorus ligands of
DPPE, while the equatorial positions are completed by two
phosphorus atoms and a chloride ion. The average Co—P
(axial) and Co—P (equatorial) distance is found to be
2.261(1) A and 2.275(1) A, respectively, while the Co—Cl
bond distance is observed to be 2.274(2) A. The bond angle

C

/’v

Figure 1. Crystal structure for complexes 2 (A) and 1 (B). (C) and (D) panels represent the polyhedral view for 2 and 1, respectively.
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Table 1. Crystallographic Parameters for Complexes 1 and 2

Co-SP; 1 Co-TBP; 2
empirical formula Cy,H,sCLCoP,Sn Cg,H,CLCoP,Sn
crystal system monoclinic triclinic
space group P2,/n P-1
a (A) 17.5352(13) 11.9814(5)
b (A) 16.340(1) 12.8232(6)
¢ (A] 18.1518(15) 17.5456(8)
a [deg] 90 104.104(4)
B [deg] 113.371(10) 90.225(4)
v [deg] 90 107.888(4)
vV [A%] 4774.3(7) 2479.0(2)
V4 4 2
T (K) 150 150
Peatea [g em™] 1.553 1.495
20,00 50.00 49.996
radiation Mo K, Mo K,

1 [A] 0.71073 0.71073
no. of reflections 32083 39203
no. of indep reflections 8409 8740
no. of reflections with I > 26(I) 5079 6303
R, 0.0651 0.0742
wR, 0.1290 0.2027

£P12—Col1-P111 (176.06(8)°) of the axially coordinated
atoms slightly deviates from a perfect linear structure by 4°.
Considerable distortion is observed in the equatorial bond
angles, i.e.,, £P11—-Col-P112, £P11-Col-Cl11, and
£P112—Co1-Cl11, which are found to be 107.9(3)°,
124.9(2)°, and 127.2(2)°, respectively.

The presence of a chloride point charge ligand bound to the
Co(Il) ion leads to an overall positive charge on the
coordination sphere of the Co(II) ion. To neutralize this
cationic charge, an SnCl;™ anion resides in the crystal lattice of
2. The divalent tin ion surrounded by three chloride ions
exhibits a pyramidal coordination geometry. The average Sn—
Cl bond length is found to be 2.465(2) A, while the average
£Cl-Sn—Cl bond angle is 93.83(8)°. The structural
parameters observed in 2 are consistent with the ones for
the polymorph Co-TBP complex reported elsewhere.”>™*
Selected bond lengths and bond angles corresponding to the
structure of 2 are given in Table S2. The closest Co--Sn

distance is found to be 7.769(3) A. Although 2 is, in general,
structurally similar to the reported complex, a slight deviation
from the reported parameters is observed.

The crystal structures of 1 and 2 were analyzed carefully and
revealed that there are no classical H-bondings in these
complexes, but a signature of extremely weak inter- and
intramolecular interactions spread across all directions. In 2, it
seems that the halide ions bound to the Sn(II) are involved in
a weak intermolecular interaction with aromatic protons
(C19-+Cl 1 = 3.658(7) A, C19--Cl 2 = 3.781(7) A, C122--
Cl 3 = 3.620(8) A) and aliphatic protons (C4--Cl 2
3.754(7) A, C4--C1 3 = 3.780(8) A) of the phenyl group at the
DPPE ligand. Besides, in 1, the halide ion bound to the Co(II)
ion (Cl 11) is involved in a weak intramolecular interaction
with aromatic protons of the DPPE ligand (C24--Cl 1
3.668(8) A and CI12---Cl 2 = 3.620(9) A, C116---Cl 11 =
3.611(6) A, and C16---Cl 11 = 3.668(7) A). The existence of
weak intermolecular interactions in both complexes is further
investigated by theoretical calculations (vide infra).

In contrast to 2, the basal plane of Co(II) in 1 is completed
by two DPPE ligands, and the apical position is occupied by a
chloride ion (see Figures 1B and 1D). The average Co—P and
Co—Cl bond lengths in 1 were observed to be 2.275(7) A and
2.403(17) A, respectively. The Co—P bond distance in 1 and 2
is observed to be similar, however, the Co—Cl bond is
significantly longer in 1 (Col—Cl11 = 2.403(17) A) than in 2
(Col—Cl11 = 2.274(2) A).

Like in 2, 1 also contains an SnCl;~ anion in the crystal
lattice to compensate for the additional cationic charge on the
coordination sphere of the Co(II) ion. The structural
parameters of the SnCl;™ anion in 1 are similar to the bonding
parameters observed in complex 2. The halide atoms
coordinated to the Sn(II) and Co(II) ions of both complexes
(Cl11 in 1 and 2) are involved in both inter- and
intramolecular weak interactions (Figures S3 and S4 of the
SI). The details of the atoms involved in these interactions are
listed in Tables S3 and S4 of the SI for 1 and 2, respectively.

Static Magnetic Properties. Temperature-dependent
direct current (dc) magnetic susceptibility measurements
performed in a range between 1.8 and 300 K on polycrystalline
fixed powder samples of 1 and 2 in the presence of an external
magnetic field of B =1 T are shown in Figures 3(a) and (b),
respectively. For both samples, the yyT-value figures a
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Figure 2. Temperature dependence of the dc susceptibility for 1 (a) and 2 (b) measured in an external magnetic field of B = 1 T. Inset: dc
magnetization for 1 and 2 vs external magnetic field at various temperatures. Red solid lines in all plots show a simulation using the g-value
obtained from the X-EPR measurements considering a scaling factor of 0.96 and 1.06 for 1 and 2, respectively, to account for the error in the

sample weight.
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constant behavior in a temperature range between 25 and 300
K. This constant y3T value of 0.44 cm® K mol™ and 0.5 cm® K
mol™" corresponds to an isolated Co(II) low-spin doublet
ground state (S = 1/2) with the average g-value of g,, =
2.19(5) and 2.33(5), for 1 and 2, respectively.

The field-dependent magnetization measurements on 1 and
2 are shown as an inset in Figures 2(a) and (b), respectively,
for an external magnetic field range between 0 and 7 T at
various isothermal conditions (T = 2, 3, and S K). Consistent
with the low-spin ground state associated with the Co(II) ions
in both complexes (1 and 2), the magnetic moment tends to
saturate around 1.0 pg/fu. and 1.1 pp/fu. at 2.0 K,
respectively. Solid red lines in Figure 2 show a simulation
using the following spin Hamiltonian (SH)

H=guSB 1)

with the Bohr magneton g, spin §, external magnetic field B ,
and the g-values obtained from the X-EPR measurements
which are shown in the following section. To account for small
deviations between the simulation and the magnetization data
induced by the error bars of mass determination, a scaling
factor of 0.96 and 1.06 had to be introduced for 1 and 2,
respectively, to find the optimal consistency between the
measured data and the simulation. Both, the temperature and
magnetic field dependence of the magnetic susceptibility are
well explained by this model over the whole measurement
range. The inverse magnetic susceptibility (yy) shown in
Figures S5(a) and (b) for 1 and 2, respectively, can be fitted by
a Curie law (see red dashed lines in Figures S5(a) and (b)),
i.e., the Weiss temperature in a Curie—Weiss approximation is
zero within error bars, and thus, no intermolecular interactions
are detected on the observed energy scale.

The obtained g-values for 1 and 2 are consistent with the
ones reported for other low-spin Co(II) complexes with a
planar or square pyramidal coordination geometry."’~*
Furthermore, we find that the averaged g-value for each
complex is larger than the spin-only value of 2.0023 which
implies a nonzero contribution of spin—orbit coupling (SOC)
and is, thus, in line with the anisotropic g-value of the ground
spin doublet state as it is observed in the EPR investigations
described in the following section.

X-Band and HF-EPR Measurements. X-band EPR
spectra shown in Figure 3 on solid samples confirm the S =
1/2 ground state and display well-resolved resonance lines not
only providing information on the anisotropy of the g-factors
but also giving evidence for the presence of finite hyperfine
interactions between the electronic and the nuclear spin I = 7/
2 of the Co(1I) ions. In Figure 3(a), it is shown that for 1 three
well-resolved resonance features are distinguished which
correspond to the three main axes of the g-factor. Due to
the broader line width in 2, the resonance features are not as
well resolved as for 1. However, at least two different signal
positions can be read off by eye from the measured data shown
in Figure 3(b). The spectra for both samples figure an
anisotropic line broadening, which we attribute to unresolved
hyperfine interactions with the nuclear moment I = 7/2 of the
Co(11) ions.*® To account for this, we introduced the so-called
H-strain parameter which describes an anisotropic residual line
width.*’

However, we would like to mention that anisotropic line
broadening can also arise from the g-strain, ie, from a
distribution of the g-principal values induced by intermolecular
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Figure 3. X-band EPR spectra measured at T = S K for a fixed powder
sample of 1 (a) at f = 9.385 GHz and 2 (b) at f = 9.382 GHz shown as
black solid lines. Red solid lines correspond to a simulation including
an anisotropic g-factor as well as the line width w, hyperfine splitting
(HFS), and H-strain shown in Table 2 for 1 and 2, respectively. In
order to illustrate the influence of a finite H-strain parameter, an
additional simulation without anisotropic line broadening is given as
gray lines.

interactions. To investigate this point in more detail, we
recorded X-band EPR spectra for both 1 and 2 in a
dichloromethane (DCM) solution at 5.0 K (see Figure S6).
Upon dissolution of the orange-red crystals of 1 in DCM, the
solution turns green, and the frozen solution EPR spectra are
distinctly different from the ones obtained for the solid powder
but almost perfectly resemble the EPR spectra which were
recorded for complex 2 (compare Figures S6 and S8). Hence,
we conclude that complex 1 converts into 2 upon dissolution
in DCM and can thereby not be investigated in its dissolved
form. This conclusion is further corroborated by the UV—vis
spectrum recorded for 1 in DCM which shows an absorption
profile similar to that observed for 2 in DCM (see Figure S7).
Complex 2 shows two intense bands at 318 and 265 nm which
are attributed to the charge transfer transitions. A weak band
centered at 435 nm and another unresolved one spanning the
range between 600 and 800 nm are attributed to the d,.,,, —
dxz_y2 and d,, — d,? transitions, respectively. In contrast to 1,
the EPR spectra obtained for a frozen solution of 2 resemble
the ones measured on the polycrystalline compound at 5.0 K
(Figure S8). Particularly, we do not observe the reduction of
the line width in the spectra obtained on the dissolved sample
2. From this observation, we can conclude that not the g-strain
but unresolved hyperfine interactions give indeed the main
contribution to the observed anisotropic line broadening.
Furthermore, the neglectable influence of intermolecular
interactions is in line with our results from the Hirshfeld
analysis (see Figures 6 and S9) and the evaluation of the y ™! vs
T plot (see Figure SS).

The solid-state EPR spectra of comzplexes 1 and 2 were
simulated using the EasySpin-software,” and the simulation
parameters are summarized in Table 2. In order to illustrate
the influence of a finite H-strain parameter, an additional
simulation with just isotropic broadening is given as gray lines
in Figure 3 which clearly fails to reproduce the measured data
shown as black lines.
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Table 2. Simulation Parameters Using the SH eq 1 Applied
to the dc Magnetization, HF-EPR, and X-Band Data,
Respectively, and Calculation Results

1 (Co-SP) 2 (Co-TBP)
SHF-EPR 1.99(2), 2.26(2), 2.04(2), 2.06(2),
2.34(2) 2.27(2)
&x-band 2.01(3), 2.26(2), 2.07(2), 2.05(2),
2.34(2) 2.29(3)
Wxpana (MT) 1.3(2) 2.5(3)
H-strain (MHz)“ 250(30), 0, 0 0, 0, 750(50)
SOC constant 490.7 cm™! 494.4 cm™!
(NEVPT2)
DFT (g-values) 2.01, 2.16, 2.20 2.06, 2.07, 2.19
NEVPT2 (g-values) 2.0, 2.28, 2.37 2,05, 2.06, 2.41

“The H-strain parameter describes the anisotropic line broadening
due to unresolved hyperfine interactions.*’

The application of high magnetic fields enables further
resolution of the broad resonance lines. The magnetic field
dependence of fixed powder spectra at T = 2 K is studied in the
frequency regime between 50 and 300 GHz (black solid lines
in Figure 4). For both 1 and 2, the spectra exhibit two
distinguishable resonance features which enable reading of the
respective resonance fields and can be used to construct the
frequency vs magnetic resonance field diagram (blue symbols
in Figure 4). Expectedly, for low-spin Co(II) complexes, the
resonance frequency obeys linear field dependence without a
zero field splitting (ZFS) gap (blue solid lines in Figure 4).
The data obtained at the respective highest frequencies, where
the resolution of the anisotropic spectra is best, were fitted by
using the SH eq 1 with an anisotropic g-factor. The resulting
parameters were used to simulate the spectra measured at
lower frequencies in order to demonstrate the consistency of
the used model. The fit-results yield g(1) = [1.99(1), 2.26(1),
2.34(1)] and g(2) = [2.04(1), 2.06(1), 2.27(1)] which fully
agree to the analyses of the X-band EPR data as shown in
Table 2.

Magnetization Relaxation Dynamic Studies. Measure-
ments of the ac susceptibility on 1 and 2 show the absence of
an out-of-phase contribution to the dynamic susceptibility at
zero magnetic dc field as expected for a spin S = 1/2 system.
Field-induced slow magnetic relaxation behavior can however
be observed for 1 when small external magnetic fields are
applied as demonstrated by a peak in y’’ shown in Figure
S10(c). Fitting the frequency-dependent y'’ data by a
generalized Debye model (see eq S1) yields relaxation times
7 up to 35 ms, while small eccentricities (« < 0.120(2) at 0.2 T
and <0.185(3) at 1 T) indicate a single relaxation process with
narrow distribution.

To find a proper model to evaluate the temperature-
dependent relaxation times, the high and low temperature
regions can be approximated separately by a linear fit shown as
blue dashed lines in Figure 5. From the slope of these fits, the
exponents of the participating relaxation processes in the
respective temperature region can be estimated.” For our data,
we find the temperature exponents of 1.9 and 1.6 in the low as
well as 3.6 and 4.4 in the high temperature region for the data
measured at 0.2 and 1 T, respectively. These values are close to
the theoretical values of 1 and § for the direct process and a
Raman process considering the involvement of multiplets with
small but finite splitting induced, e.g.,, by hyperfine
interactions.” Furthermore, there is no zero-field energy
barrier for an S = 1/2 system, which is why we fit our data over
the whole temperature range considering a direct process and a
Raman process, only (eq 2).*

)

While for a Raman relaxation process of a perfect Kramers
doublet an exponent of n = 9 is expected, a much smaller value
than 9 signifies the involvement of both acoustic and optical
phonons in the Raman relaxation mechanism.”'

For 2, we also find a peak in '’ signifying a slow relaxation
of magnetization behavior. However, the observed relaxation
times are much shorter (7,,,, = S ms at 1 T), and the out-of-
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Figure 4. HF-EPR spectra measured at T = 2 K on fixed powder samples of 1 (a) and 2 (b) (black lines). The spectra are normalized and shifted by
an offset of the respective measurement frequency which is indicated in the plot. Blue symbols show the resonance field positions of the respective
resonance features which can be fitted by a linear fit without a ZFS gap (blue solid lines). Red solid lines correspond to a fit or simulation including

an anisotropic g-factor as described in the main text.
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Figure S. Temperature dependence of the relaxation time for 1 (open
symbols) and 2 (filled symbols) in two different external magnetic
fields. The data were collected by fitting the respective frequency
dependence of '’ by a generalized Debye model (see eq S1 and
Figures S10 and S11). Dashed blue lines correspond to linear fits of
the high and low temperature regions as described in the text, while
solid red lines show a fit over the whole temperature range using eq 2.
Blue dots mark the fit-range in correspondence to the linear fits.

phase signal is two orders smaller compared to 1 and only
observable in the low temperature range (see Figure S11).
Therefore, a detailed investigation of the involved relaxation
processes is not possible. However, from a qualitative
comparison, we can conclude that the magnetic relaxation
time in complex 2 is significantly reduced compared to 1.
Furthermore, we fitted the data using eq 2 but with a fixed
temperature exponent of 5 for the Raman relaxation term to
avoid overparametrization. From this, we get an estimate for
the prefactors of the direct and Raman relaxation terms. The
evaluation of the corresponding fit-parameters shown in Table
3 reveals that this reduction in relaxation time is induced by an

Table 3. Parameters Obtained by the Fit of the Temperature
Dependence of the Relaxation Times over the Whole
Temperature Range Shown in Figure 5 Using eq 2 for an
External Magnetic Field of 0.2 T/1 T

A (sTPKTY) B (s' K™) n
1 11.6(8)/10.1(6) 0.5(3)/0.6(1) 4.7(10)/4.2(10)
2 96(30)/72(30) 6(4)/3(3) 59/5¢

“These values are fixed to avoid overparametrization of the fit.

increase of both the direct and the Raman relaxation terms. A
fit using a direct term only failed to reproduce the data.
Observation of slow relaxation of magnetization in metal
complexes possessing S > 1/2 is very common in the molecular
magnetism research field. However, as already mentioned in an
earlier section, the observation of slow relaxation of the
magnetization in an § = 1/2 system is relatively scarce in the
literature comg)ar_ed to the same phenomenon observed for S >
1/2 systems.”” *° Reported examples for such complexes
which show a finite out-of-phase susceptibility signal in the
presence of an external magnetic field are, e.g,, V(IV), Ni(I),
Ni(III), Mn(IV), Cu(Il), Fe(IlI), and Co(II) com-
plexes.' 71212457 I ref 57, it is shown that the unquenched
orbital contribution to the magnetic moment of the two-
coordinate Ni(I) is the origin of field-induced slow relaxation

of magnetization in these complexes. In the Co(II) complexes
studied at hand, strong spin—orbit coupling is clearly evident
from our X-band and HF-EPR investigations performed on 1
and 2 which show large g-factors (compared to g = 2.0023)
and an anisotropic g-value. It is also confirmed by our
numerical studies (see Table 2). The calculated spin—orbit
coupling (SOC) constant is large but only marginally differs
between 1 and 2 (see Table 2). Hence, while, in general, the
appearance of slow relaxation of the magnetization behavior
can be explained by the strong SOC in both complexes, the
observed clear differences in the relaxation times must have
another origin, i.e., the driving mechanism suppressing the
relaxation time in 2 compared to 1 is to be identified.”*

One candidate to cause the different relaxation times in both
complexes is hyperfine interactions. Our simulations of the X-
band EPR data strongly imply finite hyperfine interactions in
both complexes as evidenced by the anisotropic line broad-
ening which is reflected by the H-strain parameter. Even
though due to lack of resolution, no quantitative number for
the strength of the hyperfine interaction can be given, the H-
strain parameter for 2 appears to be significantly larger than for
1. We conclude that also the hyperfine interaction is larger in 2
than in 1 and thereby could drive faster relaxation. However,
on an absolute scale, the difference in the observed H-strain
parameter is only S00 MHz (0.017 cm™"), and the overall HF
interaction strength seems to be too weak to resolve any HF
features in the X-band EPR spectra. Hence, we conclude that
the HF interaction may not be the driving mechanism to
explain the significant differences in relaxation behavior of the
investigated compounds. Instead, we assume that the dissimilar
g-anisotropies induced by the geometrical arrangement of the
surrounding ligand might be the most reasonable explanation
for the observed magnetic relaxation behavior.

We also would like to mention here the scenario considering
intermolecular dipolar interactions.”* Indeed, the distance
between nearest neighboring Co(II) ions in 2 amounts to 9.81
A which is slightly smaller than the minimal distance in 1
(10.68 A). This results in different dipolar interaction strengths
of 2.7 and 2.1 MHz in 2 and 1, respectively. However,
comparisons to literature results imply that these small
deviations in minimal Co(II)--+Co(II) distances cannot
account for the strong difference in relaxation behavior."
This is in line with our experimental findings on a frozen
solution sample described in the previous section. However,
since intermolecular coupling pathways are a sensitive issue in
order to evaluate magnetic relaxation processes, a Hirshfeld
surface analysis and DFT calculations were applied to
investigate the nature and strength of possible intermolecular
interactions (see the following sections).

Hirshfeld Surface Analysis of Co-SP (1) and Co-TBP
(2). In order to analyze the inter- and intramolecular
interactions observed in the solid state, a Hirshfeld surface
analysis was carried out on the cation moieties of both
complexes (Figure 6). The various regions of color on these
surfaces describe the inter- and intramolecular contacts present
in their crystal structures. Two-dimensional (2D) fingerprint
plots (Figure S9) were also generated for the cations of both
complexes and used to visualize supramolecular features such
as weak inter- and intramolecular interactions and close
contacts as seen in their crystal structures. Both the Hirshfeld
surface and fingerprint plots were extracted from the d; and d,
values using CrystalExplorer.”® d; represents the distance from
the Hirshfeld surface to the nearest atom inside the surface
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A)

Figure 6. Hirshfeld surface analysis mapped with d, ., and showing
two adjacent molecules outside the surface for the cations in complex
1 (A) and complex 2 (B). The red colors indicate contacts with
distances shorter than the van der Waals radii and indicate very weak
inter- or intramolecular interactions.

with d, being the distance from the nearest atom outside the
surface.”” The results of these plots indicate that the
percentage of intermolecular H---H contacts is 55.8% in 1
and 54.3% in 2 of the total share. The other significant
contributions including reciprocal contacts are Cl---H, C---H,
Sn---H, and C---C having relative contributions of 22.4, 14.4,
5.3, and 1.3% in 1 and 20.2, 17.8, 5.3, and 1.3% in 2,
respectively. These values and the absence of sharp spikes in
the fingerprint plots support the notion that all of the inter-
and intramolecular interactions in the cations of both
complexes are relativity weak in support of no classical
hydrogen bonds being observed in their crystal structures.
Theoretical Calculations. To estimate the intermolecular
coupling strength ] between two neighboring Co(II) ions, we
have taken a dimeric unit from the crystal packing with the
Co(II)-+Co(II) having the shortest intermolecular distance
(This is found to be 9.81 for 1 and 10.68 A for 2.). DFT
calculations yield J values of —0.01 and 0.0 cm™’, respectively,
for complexes 1 and 2 (see Figure S12). These values imply
that there are no strong intermolecular interactions that could
rationalize the observation of slow relaxation of magnetization.
Thus, we conclude that the observed relaxation behavior is
mainly influenced by the g-anisotropy of the ground state.
DFT geometry optimization for high- (HS) and low-spin
(LS) configuration suggests a low-spin state as ground state in
both complexes, and the first excited quartet state in 1 and 2 is
found to be at 29.4 and 43.7 kJ/mol higher energy from the
ground state, respectively. For complex 1, the computed bond
lengths of the Co(I)-P,,, and Co(II)~Cl are found to be
2.539/2.353 and 2.337/2.341 A, respectively, for HS/LS.

Likewise, the computed bond lengths of the Co(II)—Pavg and
Co—Cl amount to 2.519/2.335 and 2.339/2.491 A for HS/LS
in complex 2. The computed structural parameters of the low-
spin state geometry are in good agreement with the single-
crystal X-ray structural data, as shown in Figure 7. The
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Figure 7. Bond lengths (in A) observed for the optimized structure of
high-spin (square bracket) and low-spin (curved bracket) complexes
2 (panel A) and 1 (panel B) which are compared with the bond
length (in A) observed in the X-ray structure. In (C), the eigenvalue
plots of complexes Co-SP (1) and Co-TBP (2) based on the ab initio
Ligand Field Theory (AI-LFT) are shown.

computed energetics from the calculations are consistent with
magnetic data and HF-EPR measurements. The g-values
obtained from NEVPT2 calculations reproduce almost
perfectly the experimental g-anisotropy observed (see Table
2), offering confidence in the chosen methodology. The
average g-anisotropy for 1 and 2 is estimated to be 2.173 and
2.216, respectively, i.e., a slightly larger g-anisotropy is found in
complex 2 compared to 1 which is also reflected in the HF-
EPR or X-band EPR data. The computed spin—orbit coupling
constants for both complexes are found to be similar (490.7
and 494.4 cm™ for 1 and 2, respectively), and therefore, the
anisotropic g arises from the difference in the electronic
structure and coordination geometry around the Co(II) ions.
The eigenvalue plot (see Figure 7) reveals that the highest
single occupied molecular orbital (SOMO) for 1 is d,? while
for complex 2, it is the d,cz_y2 orbital which is essentially due to
the observed geometric difference.
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B CONCLUSION

The synthetic approach followed led us to isolate the two
different geometric isomers, namely square pyramidal (Co-SP
(1)) and trigonal bipyramidal (Co-TBP (2)) five-coordinate
Co(1I) complexes with the general molecular formula of
[Co(DPPE),Cl]SnCl;. Detailed dc magnetic susceptibility
measurements performed on polycrystalline samples of 1 and
2 disclose that the Co(II) ions in both complexes are stabilized
in the low-spin § = 1/2 state. This is in good agreement with
the energetics computed for 1 and 2 through DFT calculations,
which predict that the low-spin state for both complexes is
lower in energy than the corresponding high-spin state. The
predicted coordination geometry-assisted change in the
electronic properties of the low-spin Co(II) ions was
experimentally proven by X-band and HF-EPR measurements.
Observation of slow relaxation of magnetization for undiluted
complexes with S = 1/2 has been observed in both, 1 and 2.
The relaxation time extracted for 1 is significantly larger than
for 2. Proven that the intermolecular interaction in both
complexes is extremely weak or nil (through frozen solution X-
band EPR, X-ray analysis, Hirshfeld surface analysis, and DFT
calculations) and considering the similar spin—orbit coupling
constant computed for both complexes, the experimentally
observed distinct relaxation behaviors of these complexes are
attributed to changes in g-anisotropy. Irrefutably, this
anisotropy strongly depends on the spatial arrangement of
the ligands around the Co(Il) ions, i.e., the coordination
geometry. Nevertheless, the relaxation times extracted for the
complexes at hand are larger than those of comparable
undiluted low-spin Co(II) systems.'® Therefore, both com-
plexes 1 and 2 are envisaged as a potential molecular qubit
system with long phase memory times. The findings reported
in this article will certainly pave the way to construct a new
generation of Co(II) complexes in different geometries with
exceptional magnetic properties.
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