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Abstract
The combined experimental and theoretical investigation of the magnetic properties of the
cobalt(Il) NHC complexes (NHC = N-heterocyclic carbene); [Co(CH,SiMes),(IPr)] (1),
[CoCly(IMes);,] (2) and [Co(CHj3),(IMes),] (3) revealed a large easy plane anisotropy for 1 (D =
+73.7 cm!) and a moderate easy axis anisotropy for 2 (D = -7.7 cm™") due to significant out-of-
state spin-orbit coupling. Dynamic magnetic measurements revealed slow relaxation of the
magnetization for 1 (Uei=22.5K, 19 =3 x 107 s, 1000 Oe) and for 2 (Ueir=20.2 K, 19 = 1.73 x
10-% s, 1500 Oe). The molecular origin of the slow relaxation phenomena was further supported by
the retention of AC signal in 10% solutions in 2-MeTHF which reveals a second zero field AC
signal in 1 at higher frequencies. Compound 3 was found to be an § = 1/2 system.
Introduction

Magnetic bistability in coordination compounds has garnered major interest over the
past few decades with recent expansion to the study of organometallic compounds and

mononuclear metal complexes.!# In particular, the observation of slow relaxation of the
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magnetization in mononuclear transition metal complexes provides an excellent
opportunity to gain a deeper understanding into the origins of the single molecule magnet
phenomenon and the different possibilities for enhancement.?- 3-8 Efforts towards dictating
orbital contributions to the magnetic ground state via careful structural control of the local
geometry and ligand field strength has led to remarkable examples of mononuclear low-
coordinate SMMs with very high energy barriers.> Recent reports have suggested the
possibility of using the ligand contribution to the overall spin-orbit coupling of the metal
complex to enhance the magnetic anisotropy.>

Cobalt mononuclear complexes are currently one of the major classes of
mononuclear transition metal SMMs. Magnetic bistability has been observed in cobalt
compounds with a wide variety of coordination environments including octahedral,® 1°
tetrahedral,”> pseudo-tetrahedral,!! square pyramidal,'> trigonal planar,® '3 trigonal

pyramidal,® and trigonal prismatic'4 1> geometries.

Page 2 of 15



Page 3 of 15

Dalton Transactions

Magnetic bi-stability has been reported for organometallic compounds based on
lanthanides,!¢-!° and, more recently, mononuclear transition metal complexes.” Earlier,
Tonzetich and coworkers reported the syntheses, structures and catalytic activities of a
family of cobalt (I) NHC complexes with trigonal planar, [Co(CH,SiMes),(IPr)] (1),
pseudo-tetrahedral, [CoCly(IMes),] (2), and square planar, [Co(CHjs),(IMes),] (3),
coordination environments.?’ This series of compounds is well suited for exhibiting high
magnetic anisotropy which is expected to lead to magnetic bistability. A few magnetic
studies for NHC complexes have been previously reported?!-?7 including the similar three-
coordinate iron(II) NHC alkyl complexes,?>>> and the linear mononuclear SMMs,
[Co(IMes),][BPh,] and [Ni(6-Mes),]*.26-27

Results and Discussion

Figure 1. Molecular structures of compounds 1 (a) and 2 (b). Phenyl rings were shown in wire model and hydrogen atoms were
omitted for clarity. Images generated from crystallographic data in Reference 26.

Compound 1 exhibits a distorted trigonal planar local geometry (Figure 1a) with
Cric-Co-Ciikyt and Cyjiyi-Co-Cay angles of 118.67(8)° and 122.66(16)°, respectively. The
electronic structure of trigonally coordinated metal centers with C,, symmetry has been

previously studied in the LMX family (L = diketinimate, M = Fe, Co, Ni and X = Cl, THF,
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CH3)?8 and found to be d.2, d,., d\2,2, d., d\,.?33° The Mossbauer and EPR studies of
LFeCHj; revealed a high spin iron site with large D values (D ~ —100 cm™!) as well as
significant orbital contributions despite the non-degenerate nature expected for the crystal
field states of the metal center in idealized C,, symmetry. The unquenched orbital

contribution is a result of orbital mixing in a nearly accidentally orbitally degenerate ground

state (d.2, d,.).?° A similar electronic structure was reported for [Fe(7-DiPP)Br;,],?* 24 with
the ZFS contributions being attributed to out-of-state spin-orbit coupling involving the 1
— 2 orbital excitation energy leading to a moderate D value (+16.8 cm!). Interestingly, the
dihedral angle between the Br—Fe—Br and N—C—N planes has a significant effect on the
relative energies of the ground state orbitals most likely due to the different alignment with
the p-orbital on the carbene ligand. This shift in energy affects the 1 — 2 and 1 — 3 orbital
excitations causing the 1 — 3 excitation to become more significant which leads to a change
in the sign of D. The electronic structure of the isostructural Fe(Il) analogue,
Fe(CH,SiMes),(IPr), was found to be (d-2)X(d,.)'(d..)'(d2-,2)'(d,,)! which leads to a
moderate negative D value of —19.9 cm1.22 3! Computational studies of the electronic
structure of the iron(I) compound, [LFe!Cl]” (L = diketiminate), which possesses a d’
configuration revealed moderate D values and quenched angular momentum due to the
large separation of the excited states.3? The introduction of a strong m-accepting ligand in
LFe!l(HCCR) leads to a lower energy for the d,, orbital which results in spin-orbit coupling
of the two nearly degenerate {d.2}and {d.2— d,.} configurations, the consequence of which
are large negative D values (—170 cm™!).

With the previously reported results as a backdrop, magnetic measurements were

performed on crushed single crystal samples of the compounds under a 1000 Oe field over
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the temperature range of 1.8 — 300 K. The »T value of Co(CH,SiMe;),(IPr) (1) at 300 K
(3.15 emu-mol! K) corresponds to one Co(II) center with significant orbital contributions
(S = %2, g = 2.6). At lower temperatures, the y7 value slowly decreases to a minimum of
1.98 emu-mol-! K at 2 K (Figure 2). Both the high room temperature 7 value and the slow
decrease at lower temperatures for 1 are signatures of appreciable magnetic anisotropy. The
lack of saturation in the magnetization versus field data up to 7 T (S1) and the non-
superimposable nature of the field-dependent magnetization data for 1 at temperatures
between 1.8 and 4.5 K (S1) support the anisotropic nature of the Co(II) center and indicate
the presence of significant zero-field splitting. The 7 and reduced magnetization data were
simultaneously fitted with the PHI?3 program based on a spin ¥, configuration using a zero-
field splitting Hamiltonian.
f1=p(5; —SS+1)/3) +E(57 — 83) +gusB - § (1)
The results indicate a large positive D value with significant rhombicity (D =

+73.7(x1) cm™!, E=+19.2(+1) cm! and g = 2.63).

uuuuuuuu L}

nﬁﬁnnﬁhﬁhﬁ(\ﬁ!‘\ﬁa

01 02 —O— 3 w—fit

T (emuxKim ol)

T T T 1

150 200 250 300
Temperature (K)

Figure 2. Variable temperature DC magnetic susceptibility data for 1-3. Solid lines represent fits using PHI (D = +73.7(£1), E =
+19.2(x1) cm!, g =2.63 for 1, D =-7.7(x1), E = 1.2(*1) cm™!, g =2.29 for 2)
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Given the large D values observed for 1, the possibility for slow relaxation of the
magnetization was probed by dynamic magnetic studies in the absence of a field and under
an applied field. The AC susceptibility measurements of 1 revealed no AC signals in the
absence of an external static magnetic field. Upon applying a static DC field, a field induced
out-of-phase AC signal up to 4.5 K was observed as depicted in Figure 3. The optimum
DC field was determined by varying the field for the frequency dependent AC
measurements and found to be 1000 Oe (S2 a). The frequency dependent measurements in
the range of v (1-1500 Hz) were measured over the temperature range of 1.8-4.1 K under a
1000 Oe DC field (Figure 3 a,b). The data were fit using a Debye model to give an energy
barrier of 22.5 K and a pre-exponential factor of 1o = 3 x 107 s (Table 1, S2 ¢). The
measurement was repeated under a 750 Oe applied DC field (S3) which results in an energy
barrier of 21.2 K and a pre-exponential factor of 1o = 4.22 x 10”7 s. The low frequency field
induced ’’ signal was retained in 10% solutions of 1 in 2-MeTHF (S4-6) which confirms
the molecular origin of the slow relaxation phenomena with an energy barrier of 21.2 K
and a pre-exponential factor of 1o = 1.22 x 10 s with a second high frequency signal

appearing at zero field.
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Figure 3. Frequency (a) and temperature (b) dependence of the AC susceptibility data of 1 and 2 (c, d) under a 1000 Oe applied
DC field.

Table 1. Examples of cobalt complexes with large ZFS parameters in a trigonal planar coordination environment.

compound Mot g D E Ues T
cm! cm! K s
Co[N(SiMe,Ph),],(thf)** 5.2 - - - - -
Co[N-(SiMej3);]»(thf) & 13 5.883 3.03 -73 146 18.1 9.3x10%
Co[N(SiMe;3 ), ]H(py) 3 5.269 2.722 -82 21 - -
Co[N(SiMe;),]o(PMe;) 13 4.71 2.43 74 9.6 - -
[Na(12-crown-4),][Co{N(SiMe3),};] 13 5.74 2.97 -62 10 - -
[Li(15-crown-5)][Co{N(SiMe3),}3] ¢ 5.25 2.71 -57 12.7  16.1 3.5x107
Co{N(SiMe3),},(PCys3) © 5.49 2.84 -82 0 19.1 3x107
[Co{N(SiMes), }o(SIPr)]* 5.34 276 816 0 - ;
[Co{N(SiMes),},(SIMes)]]> 5.58 2.88 97.2 0 - -
[Co{N(SiMe3),},(PCP)]]* 5.46 2.82 113 0 - -
[Co{N(SiMe;),},(PC)]]* 5.66 292 744 0 - .
[Co{N(SiMe3),},(cAACCyY)]]*? 5.34 2.76 114 0 - -
1 [this work] 5.1 2.63 +73.7 +19.2 222 42x107
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The crystal structure of 2 (Figure 1 b) revealed a pseudo-tetrahedral local
coordination environment around the central Co(II) ion which is expected to have the
orbitally non-degenerate ground state “A, with moderate zero-field splitting (ZFS)
parameters as a result of the tetragonal distortions of the crystal field.3%-3® The bond angles
around the Co center are slightly distorted from an ideal tetrahedron with CI-Co-Cl and C-
Co-C angles of 103.21(3)° and 124.95(9)°, respectively. The angular distortion parameter
0 =2-Td — (a+p) where o = L-Co-L and 3 = X-Co-X angles is an indication of the degree
of distortion with the value for 2 being 6 = -9.16 which signifies a more flattened pseudo-
tetrahedral geometry than previously reported pseudo-tetrahedral Co(II) complexes (Table

2). The flattened structures are expected to result in negative D values.3% 37

Table 2. Selected examples showing effect of geometric distortion 6 on magnetic anisotropy in pseudo-tetrahedral complexes.

) D (cm™) Uetr (K) T, ref
CoN,Cl,  -1.6 5.16 ; ; 37
CoN;I, +7.48 +9.2 - - 38
CoP,Cl, -14.1 -11.6 37.1 1.2x10° 39
CoC,Cl, -9.16 -7.7 20.3 1.7x108 2

The T value of 2 at 300 K is 2.47 emu-mol-! K which corresponds to the expected
value for one Co(Il) ion (S = %2, g = 2.3). Upon decreasing the temperature, the 37 value
remains constant down to 20 K after which temperature it sharply drops to a minimum of
1.65 emu-mol! K at 2 K. (Figure 2). Both the room temperature ¥ T value and the rapid
decrease in the low temperature regime are signatures of appreciable magnetic anisotropy
as is the lack of saturation in the magnetization versus field data up to 7 T (S7 inset). The
field-dependent magnetization data for 2 at temperatures between 1.8 and 4.5 K (S7) are
non-superimposable which also supports the presence of significant zero-field splitting.

The susceptibility data were fitted using PHI3? program with D = —7.7 cm™!, E = 1.2 cm’!
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and g = 2.29. The field-dependent magnetization data were fitted using ANISOFIT2.0*°
resulting in similar values for the zero-field splitting parameters with a D = —9.02(£1) cm-

LLE=1.28(x1) cm™! and g = 2.32 (Figure 4).
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Figure 4. Reduced magnetization data for 2. Solid lines correspond to fits using Anisofit2.0 (D =-9.01 cm, E=12cm!, g=
2.32) Inset; field dependent magnetization data at 1.8 K. Solid line corresponds to fit using PHI.

The AC susceptibility measurements for compound 2 revealed a field induced out-
of-phase AC signal up to 3 K as depicted in Figure 3c,d. The frequency dependent AC
measurements of 2 under different applied DC fields revealed an optimum applied DC field
of 1000-1500 Oe (S9 a). The frequency dependent measurements at different temperatures
in the range of v (1-1500 Hz) were measured for the pure sample from 1.8-2.4 K under both
1000 Oe and 1500 Oe DC fields (S10-11). The data were fit using a Debye model*! to give
an energy barrier of 18.9 K and a pre-exponential factor of to =2.9 x 108 s at 1000 Oe and
20.2 K, 19 =1.73 x 10® s at 1500 Oe. The measurement was repeated using a 4% solution
in 2-MeTHF (S9 ¢) which revealed a slight increase in the position of the %’ signal albeit

with higher noise which renders energy barrier estimates unrealistic.



Dalton Transactions

Compound 3 exhibits a square planar local geometry around the cobalt center with
bond angles of almost 90°. Whereas the bond distances are irregular with shorter Co—Cnpc
(1.915(2) A) than that of 2.2° Such local geometry is expected to lead to a low spin S = %
magnetic ground state. The 7 value of 3 at 300 K (0.46 emu-mol! K, Figure 2)
corresponds to the expected value for one Co(Il) ion (S = %, g = 2.2). As the temperature
is lowered, the yT value slowly decreases until ~30 K after which temperature a sharp drop
to a minimum of 0.29 emu-mol-! K at 2 K. is observed (S12).

To develop a better understanding of the electronic structure of 1 and 2 and how it
relates to the magnetic properties, two step ab initio NEVPT2 calculations were performed
on both complexes using the ORCA suite.*? The details are described in the computational

section. The resulting energies are listed in Table 3.

Table 3. D, E, g, and energy differences between ground and excited states (AE) at the CASSCF and NEVPT2 levels.

1 2
CASSCF _ NEVPT2 CASSCF NEVPT2

D (cm) 82.42 75.81 -7.43 -4.54
E/D 0.17 0.17 0.057 0.098
AE (cm") 705.5 1168.3 2861.6 4142.2
2x 1.8225 1.91325 2.2942 2.2175

gy 3.0694 2.81807 2.3064 2.2293

g, 3.2799 3.05799 2.3946 2.2838

The electronic configuration of a Co(Il) center in a trigonal planar coordination
environment is (d,., d..)*(d2)(d\2-,2, d,,)*. Axial distortions in a C,, symmetry result in a
lifting of the orbital degeneracy of the e-symmetry orbitals leading to the (d,,)? (d..)?

(d2-,2)! (d2)'(d,.)! configuration.® In 1, the three lower energy states are strongly multi-

determinant and non-Aufbau.*3 The dominant electronic configurations for the ground state
and the first and second excited states are (dy)X(dy.)'(d22)'(d2)*(d))!,

(do)(d)X(d22)(d2)'(d,.)! and (d.,)*(d\.) (d22)'(d2)!(d,.)?, respectively (S13). The
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non-degeneracy of the ground state configurations indicates the absence of a first- order
spin orbit coupling contribution to the magnetic moment, thus second-order spin orbit
coupling via mixing with low lying excited states is the only viable explanation for the
magnetic anisotropy of the complexes. The major contributions to the positive D value arise
from ground to first and ground to second excited states transitions (Table S1), both of
which contribute comparably to the total D value. These excitations occur between orbitals
with different m, values ({d\2-,2, d.2}— d.) and {d.2.d,,} — {d\2-,2, d,.}) which leads to a
positive D value.** The positive D value could be also explained in light of the geometric
sensitivity towards the dihedral angle between the C—Co—C plane and N—C—N carbene
ligand plane which affects metal orbital alignment/mixing with the p-orbital on the carbene
ligand.?? The D value is inversely proportional to the small excited state splitting leading
to a large positive value (+75.8, g, = 1.91, g, = 2.81, g. =3.05), which is in good agreement
with the experimental data (Table 3). The ab initio NEVPT2 computed transverse
anisotropy parameter, E/D, was found to be 0.17 which leads to appreciable QTM and thus
only a field-induced slow paramagnetic relaxation.

In the case of 2, the dominant ground state electronic configuration is
(d2)?{(dx,)(dx*?) }3(dxy)(dy,)! similar to the previously reported configuration elucidated
using DFT calculations.*> The multi-determinant first excited state has a dominant
configuration of {(d,?)(dx,)}3(dx%?)!(dxy)?(dy,?)!(S14). The major contribution to D arises
from dxz_y2 — dyy, transitions resulting in negative D value contributions and dy, — d,
transitions with smaller positive contributions leading to an overall negative D value of -
4.54 cm! which is expected due to the flattened geometry of the compound. The larger

energy separations (AEgqot (1-2/1-3)) 1n 2 leads to much smaller contributions to D.
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Conclusions

The present study of the magnetic properties of a series of mononuclear NHC cobalt
complexes reveals a large magnetic anisotropy for the trigonal cobalt center (D =+73.3 cm-
) in 1 and a much smaller negative D value (—=7.7 cm!) for 2. These experimental findings
were supported by CASSCF calculations. Despite the different type of anisotropy (easy
plane in 1 vs easy axis in 2), both compounds exhibit slow relaxation of the magnetization
below 4 K with an energy barrier (U,y) of 22.5 K for 1 and 18.9 K for 2. Compound 3 was
found to be an § = 4 system. These results add valuable information to the literature of
magnetic anisotropy of mononuclear metal complexes and open up new venues for

organometallic chemistry in the design of mononuclear SMMs.
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All complexes were synthesized following previously reported procedures.?’ Each
compound was isolated and its composition verified by 1H NMR spectroscopy. Single
crystals of each compound were then grown to ensure high purity prior magnetic
measurements (See details in ESI). DC magnetic susceptibility measurements were
performed on crushed single crystals of the compounds with the use of a Quantum Design
MPMS-XL SQUID magnetometer operating in the temperature range of 1.8-300 K at 1000
G. The diamagnetic contribution of the polypropylene bag was subtracted from the raw
data. Pascal’s constants!!] were used to estimate the diamagnetic corrections of the atoms,
which were subtracted from the experimental susceptibilities to give the molar
paramagnetic susceptibilities (yM). AC magnetic susceptibility measurements were

performed on the same sample with an oscillating field of 3 Oe in the range of 1-1500 Hz.

Computational details

Single point calculations were performed using the crystallographic geometries provided
in the cif files. The two-step approach implemented in the ORCA 4.1.0 program with the
spin-orbit coupling (SOC) and spin-spin coupling (SSC) relativistic effects included was
used to conduct ab initio calculations. @ Several solutions of the non-relativistic Born-
Oppenheimer Hamiltonian were calculated using a complete active space self-consistent
field (CASSCF) in the first step. The electronic configuration of Co(II) is d’, so the selected
active space CAS(7,5) contains 7 electrons in the 5 essentially atomic d orbitals. Secondly,
the effect of SOC and SSC were taken into account using the quasi-degenerate perturbation
theory (QDPT). N-Electron Valence Perturbation Theory (NEVPT2) was employed to
evaluate the effects of the dynamic correlations by substituting the diagonal elements of the

QDPT matrix with the NEVPT2 corrected state energies. The auxiliary def2-TZV/C basis
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set for resolution of identity (RI) approximation and the Karlsruhe polarized triple-z basis

set (TZVP), were employed.*]
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The combined experimental and theoretical investigation of the magnetic
properties of [Co(CH,SiMes),(IPr)] (1), [CoCly(IMes),] (2) revealed a large
easy plane anisotropy for 1 and a moderate easy axis anisotropy for 2. Slow
relaxation of the magnetization was observed under applied dc fields.




