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ABSTRACT: Three mononuclear cobalt(Il) tetranitrate
complexes (A),[Co(NO;),] with different countercations,
Ph,P* (1), MePh;P* (2), and Ph,As* (3), have been
synthesized and studied by X-ray single-crystal diffraction,
magnetic measurements, inelastic neutron scattering (INS),
high-frequency and high-field EPR (HF-EPR) spectroscopy,
and theoretical calculations. The X-ray diffraction studies reveal
that the structure of the tetranitrate cobalt anion varies with
the countercation. 1 and 2 exhibit highly irregular seven-
coordinate geometries, while the central Co(II) ion of 3 is in a
distorted-dodecahedral configuration. The sole magnetic
transition observed in the INS spectroscopy of 1-3
corresponds to the zero-field splitting (2(D* + 3E*)'Y?) from
22.5(2) em™ in 1 to 26.6(3) cm™' in 2 and 11.1(5) cm™ in 3.
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The positive sign of the D value, and hence the easy-plane magnetic anisotropy, was demonstrated for 1 by INS studies under
magnetic fields and HF-EPR spectroscopy. The combined analyses of INS and HF-EPR data yield the D values as +10.90(3),
+12.74(3), and +4.50(3) cm™' for 1-3, respectively. Frequency- and temperature-dependent alternating-current magnetic
susceptibility measurements reveal the slow magnetization relaxation in 1 and 2 at an applied dc field of 600 Oe, which is a
characteristic of field-induced single-molecule magnets (SMMs). The electronic structures and the origin of magnetic anisotropy
of 1—3 were revealed by calculations at the CASPT2/NEVPT?2 level.

B INTRODUCTION

Single-molecule magnets (SMMs), which are magnetic
molecules showing slow magnetic relaxation and magnetic
hysteresis below the critical temperature, have increasingly
attracted attention due to their interesting magnetic properties
and potential applications in ultrahigh-density storage and
quantum computing in spintronics. ~ The SMM properties
are associated with an energy barrier of U for the reverse of
the magnetic moment, which is governed by the total spin S
and the easy-axis anisotropy parameter D via the relationship of
U.g = IDIS? for integer spins and U, = IDI(S* — 1/4) for half-
integer spins.'~ Increasing the total spin S of the ground state
has been the main approach to achieve SMMs with superior
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properties in the past two decades. However, it has been found
to be very difficult to simultaneously enhance both IDI and ,
because the easy-axis anisotropy parameter value DI is
theoretically demonstrated to be inversely proportional to the
square of the ground-state spin value (S*).* There are many
molecular systems with large ground spin without SMM
properties. For instance, a ferromagnetically coupled Mn,
cluster with the spin ground state S = 83/2°" and an Fe,,
cyanide-bridged nanocage with S = 45 have very low magnetic
anisotropy, which do not have the required energy barrier for
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an SMM. These experimental results and theoretical consid-
erations have promoted the studies of SMMs with one highly
anisotropic paramagnetic center including an f-'® and d-block
n.”~"® They are commonly referred to as mononuclear single-
molecule magnets or single-ion magnets (SIMs). Since the
discovery of the first d-ion SIM based on low-coordinate high-
spin iron(II) complexes by Long et al,'**" there have been a
growing number of SIMs based on mononuclear d-ion
complexes.””'® It is now a consensus that the coordination
environment significantly affects the magnetic anisotropy in the
d-ion SIMs: hence, the SIM properties.” It is believed that the
low-coordination ligand field splits the d orbitals with a small
separation between the electronic ground state and the excited
states, facilitating the spin—orbital coupling and hence
enhancing the magnetic anisotropy.” A very large effective
energy barrier of U, = 226(4) cm™, which even surpasses that
of the archetype Mn;, acetate SMM, has been reported for the
two-coordinate Fe(I) complex [K(crypt-222)][Fe(C-
(SiMe;);),]." In addition to the known d-ion SIMs containing
Cr(11),* Mn(111),” Fe(LILII)," Ni(LII),"" and Re(IV)'? ions,
Co(II) SIMs constitute the largest family,">™"® most of which
have coordination numbers ranging from 2 to 6."°7'° Recently,
we reported the first eight-coordinate Co(II) SIM with a large
axial zero-field splitting,"® in which the central Co(II) ion is in a
distorted-square-antiprismatic geometry. Subsequently several
seven-coordinate Co(II) SIMs in the distorted-pentagonal-
bipyramidal geometry have been reported to exhibit large
positive anisotropy.'” In addition, two seven-coordinate Fe(II)
SIMs in the distorted-pentagonal-bipyramidal geometry with
moderate, negative anisotropy were also reported.”™" These
SIMs clearly show that the high coordination geometry can also
lead to the large magnetic anisotropy of Co(II) or Fe(1l) if the
donor atoms provide a weak ligand field. Due to the limited
number of the known high-coordinate SIMs based on d-block
ions, it is highly desirable to have more examples of high-
coordinate SIMs in order to get an insight into the relationships
among the coordination environment, local symmetry,
magnetic anisotropy, and dynamic magnetic properties of SIMs.
In 1964, Bergman and Cotton reported the structural
characterization of the first eight-coordinate Co(II) complex,
(AsPh,),[Co(NO,),]."**" Afterward, Co(II) tetranitrate spe-
cies with different countercations, (A),[Co(NO;),] (cation A*
= Na*, K'Y, Cs*, NO*), were shown to have different
coordination geometries.” It is reasoned that the coordination
environment affects the ligand field, resulting in the different
magnetic anisotropies and dynamic magnetic properties. The
nitrate group is a ligand exhibiting very weak ligand field
strength,'” which would probably give rise to high-spin
homoleptic Co(II) nitrate complexes with large magnetic
anisotropy. The variation of coordination geometry for
[Co(NO;),]*” anions with countercations has inspired us to
study the magnetic properties of Co(II) tetranitrate complexes.
As part of our research into d-ion SIMs with high coordination
numbers, here we report the structural and magnetic studies of
three cobalt(Il) complexes with [Co(NO;),]*>” anions:
(PPh,),[Co(NO;),]-CH,CL, (1), (MePPh;),[Co(NO;),] (2),
and (AsPh,),[Co(NO;),] (3). Inelastic neutron scattering
(INS), high-frequency and high-field EPR (HF-EPR) spectros-
copy, and theoretical calculations have been used to probe the
nature and magnitude of the magnetic anisotropies in 1-3.

io

B EXPERIMENTAL SECTION

The reagents employed were commercially available and used without
further purification. All manipulations were performed using standard
Schlenk techniques under an N, atmosphere. Acetonitrile (MeCN),
dichloromethane (CH,Cl,), and hexanes were dried and purified using
conventional methods before use. Elemental analyses were performed
on an Elementar Vario ELIII elemental analyzer. The infrared spectra
were measured on a Tensor 27 FT-IR spectrometer using KBr pellets
in the range of 400—4000 nm. Powder X-ray diffraction (PXRD)
patterns were recorded on a Bruker D8 ADVANCE X-ray powder
diffractometer in the 26 range of 5—50° at room temperature. PXRD
patterns show that the samples of 1—-3 for magnetic measurements
and INS and HF-PER studies are monophase crystalline materials
(Figures S1—S3 in the Supporting Information). 1—3 were prepared
by a method similar to that of Bergman and Cotton."

Synthesis of (PPh,),[Co(NO;),]:CH,Cl, (1). A solution of AgNO;
(2.0 mmol, 0.340 g) in 10 mL of CH;CN was added to a solution of
tetraphenylphosphonium chloride (1.0 mmol, 0.375 g) and CoCl, (0.5
mmol, 0.065 g) in 10 mL of CH;CN. The resulting solid AgCl was
separated, and the filtrate was concentrated to give a microcrystalline
solid by evaporation. The pink block crystals of 1 were obtained in
81% vyield by recrystallization of the crude product in dichloro-
methane—hexane at —10 °C for several days. IR (KBr, cm™"): 3406
(br), 1641 (br), 1585 (w), 1466 (m), 1435 (ms), 1396 (s), 1384 (m),
1311 (s), 1292 (m), 1188 (w), 1163 (w), 1108 (s), 1027 (w), 1016
(w), 996 (w), 812 (w), 757 (m), 722 (s), 690 (s), 536 (sh), 527 (s).
Anal. Calcd for C45H,0CoN,O;,P, (analysis for the dry sample without
solvent CH,Cl,): C, 58.49; H, 4.09; N, 5.68. Found: C, $8.11; H, 4.20;
N, 5.60.

Synthesis of (MePh;3P),[Co(NOs),] (2). 2 was prepared by the
same procedure as 1, but using methyltriphenylphosphonium bromide
(1.0 mmol, 0.357 g) instead of tetraphenylphosphonium chloride (1.0
mmol, 0.375 g). The pink block crystals of 2 were obtained in 80%
yield. IR (KBr, cm™): 3428 (s), 3061 (w), 2982 (w), 2908 (w), 2853
(w), 1638 (m), 1590 (w), 1485 (sh), 1463 (s), 1440 (s), 1396 (m),
1364 (s), 1319 (m), 1291 (m), 1115 (m), 1024 (w), 996 (w), 910 (w),
900 (m), 747 (s), 720 (m), 689 (s), S00 (m). Anal. Calcd for
CysHaCoN,O,,P,: C, 52.97; H, 4.21; N, 6.50. Found: C, 52.64; H,
429; N, 6.48.

Synthesis of (AsPh,),[Co(NO;),] (3). 3 was prepared by the same
procedure as 1, but with tetraphenylarsonium chloride (1.0 mmol,
0.420 g) instead of tetraphenylphosphonium chloride (1.0 mmol,
0.375 g). The pink block crystals of 3 were obtained in 73% yield. IR
(KBr, cm™): 3413 (b), 2362 (w), 1654 (w), 1636 (w), 1466 (s), 1437
(s), 1395 (m), 1323 (m), 1286 (m), 1187 (w), 1079 (m), 1018 (m),
995 (m), 813 (w), 747 (s), 737 (s), 479 (m), 470 (m), 454 (w). Anal.
Calced for C,5H,4,CoN,O,As,: C, 53.70; H, 3.76; N, 5.22. Found: C,
53.38; H, 3.82; N, 5.17.

X-ray Single-Crystal Structure Determination. X-ray diffrac-
tion intensities were collected for 1—3 using a Bruker APEX DUO
diffractometer at 296 K with a CCD area detector (Mo Ka radiation, A
=0.71073 A).>' The APEXII program was used for collecting frames
of data and determining lattice parameters. SAINT was used to
integrate the data. The absorption corrections were applied using
SADABS.”> The structures were solved using SHELXS-97 and
subsequently completed via Fourier recycling using the SHELXL-97
program.” The Co atom of each compound was determined first, and
O, N, and C atoms were subsequently identified using the difference
Fourier maps. All non-hydrogen atoms were refined with anisotropic
thermal parameters, and hydrogen atoms were set at calculated
positions and generated by the riding model.

Magnetic Measurements. Direct-current (dc) magnetic data of
1—3 were recorded at fields up to 7 T with a Quantum Design MPMS-
XL17 SQUID instrument in the range of 1.8—300 K. Alternating-
current (ac) susceptibility measurements were carried out using an
oscillating ac field of S Oe and ac frequencies ranging from 1 to 1500
Hz under different applied static fields. The measurements were
performed with the polycrystalline samples of 1—3 restrained in
Parafilm. The magnetic susceptibility data were corrected for the
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sample holder as well as for diamagnetism of the constituent atoms
(estimated using Pascal’s constants).

Inelastic Neutron Scattering (INS) Studies. The INS measure-
ments were carried out on the Cold Neutron Chopper Spectrometer
(CNCS), Spallation Neutron Source at Oak Ridge National
Laboratory. CNCS is a direct geometry, time-of-flight spectrometer
that receives a beam from a coupled cryogenic H, moderator. For
energy selection, CNCS employs four chopper assemblies. The speeds
and slit widths of the choppers may vary, allowing adjustments in the
instrumental resolution and intensity of the incident beam.
Approximately 500 mg of each sample was loaded into a 1/2 in.
thick aluminum tube. For the INS work without a magnet, three tubes
containing (A),[Co(NO;),] were placed in a sample changer. The
sample holder was mounted in a standard liquid helium cryostat with a
base temperature of T = 1.6 K. An oscillating radial collimator was
used to reduce background scattering form the tail of the cryostat.
Vanadium was used as a standard for the detector efficiency correction.

The incident neutron energy for every measurement was chosen to
cover the anticipated region of interest in both the energy E and
scattering-vector Q space. A small incident energy is especially
important to observe excitations near the elastic peak (at energy
transfer close to 0 cm™) as the full width at half-maximum (fwhm) of
the elastic peak, which is typically 1.5—2% of the incident energy,
would be narrow, giving better energy resolution.

For 1, zero-field measurements were performed at 1.7, 5, 10, 20, 30,
50, and 100 K with an incident neutron energy of 53.7 cm ™. For 2 and
3, measurements were performed at 1.6, 10, and 50 K with incident
neutron beam energies of 24.2 and 40.3 cm™". Data were then reduced
and analyzed using the MantidPlot>>* and DAVE (data analysis and
visualization environment) program package.ZSb

Another INS experiment for the powder sample of 1 was performed
at 1.7 K using a S T cryomagnet with vertical field at CNCS. An
aluminum spacer was added to the headspace of the sample can to
prevent the sample reorientation in the applied field. Magnetic fields at
0.5, 1.0, and 2.0 T were used with an incident neutron energy of 13.4
cm™". The cryomagnet sample room allows only one sample at a given
time.

The neutron magnetic scattering cross-section”® corresponds to the
number of neutrons scattered per second, due to the magnetic
interaction, into a solid angle d€2 with energy transfer between 7@ and
A(w + dw), divided by the flux of the incident neutrons. For
unpolarized neutrons, identical magnetic ions with localized electrons,
and spin-only scattering, the magnetic scattering cross-section is
expressed by eq 1:*°

o zﬁ[l ]2 —2W(Q) L
dad = Q@] Z;, by = =

x $“7(Q, ) (1)

where ¢ = neutron cross section, y = gyromagnetic ratio, r, = classical
radius of an electron, g = Landé g factor, F(Q) = dimensionless
magnetic form factor defined as the Fourier transform of the
normalized spin density associated with magnetic ions, QD
Debye—Waller factor caused by thermal motion, $*(Q®) = magnetic
scattering function, 8,5 — (Q,Qp)/ Q? = polarization factor which
implies neutrons can only couple to magnetic moments or spin
fluctuations perpendicular to Q, Ziw = energy change experienced by
the sample, and @ = angular frequency of neutron.

The line widths of the INS peaks lie within experimental accuracy
determined by the instrumental resolution. The effective resolution
function R(Q,E) of CNCS is nearly Gaussian in energy.24 Therefore,
the INS intensities were fit assuming Gaussian line shapes with fwhm
of the energy resolution for the CNCS spectrometer. Additional details
of data processing are provided in the Supporting Information.

HF-EPR Measurements. HF-EPR measurements for 1—3 were
performed on a locally developed spectrometer at the Wuhan National
High Magnetic Field Center, People’s Republic of China.*”*® This
facility is a transmission-type instrument, in which the microwaves are
propagated by oversized cylindrical lightpipes. The tunable microwave

frequencies were provided by the combination of Gunn oscillators
(Millitech) and backward wave oscillators (Institute of General
Physics, Moscow, Russian Federation). The magnetic field was
generated by a pulsed field magnet, and the detection was performed
with an InSb hot-electron bolometer (QMC Ltd., Cardiff, UK.). In
order to minimize the field-induced torquing effect, samples of 1-3
were ground, mixed with KBr, and pressed into pellets.

Computational Details. CASPT2. Complete active space second-
order perturbation theory (CASPT2), considering the effect of the
dynamic electronic correlation based on complete active space self-
consistent field (CASSCF) using the MOLCAS 8.0 program
package,” was performed on the complete structures of 1—3. For
the first CASSCF calculation, the basis sets for all atoms were atomic
natural orbitals from the MOLCAS ANO-RCC library: ANO-RCC-
VTZP for magnetic center ion Co', VTZ for close O, and VDZ for
distant atoms. The calculations employed the second-order Douglas—
Kroll-Hess Hamiltonian, where scalar relativistic contractions were
taken into account in the basis set. After that, the effect of the dynamic
electronic correlation was applied using CASPT2. Then the spin—orbit
coupling was handled separately in the restricted active space state
interaction (RASSI-SO) procedure. The active electrons in 10 active
spaces considering the 3d double shell effect (S + 5’) include all seven
3d electrons, and the number of mixed spin-free states is SO (all from
10 quadruplets; all from 40 doublets).

NEVPT2. To deeply analyze the magnetic anisotropy of complexes
1-3, ORCA 3.03 calculations® were performed with the n-electron
valence state perturbation theory (NEVPT2)>' method. The spin—
orbit coupling (SOC) operator used was the efficient implementation
of the multicenter spin—orbit mean-field (SOMF) concept developed
by Hess et al.>> The spin—spin contributions (SSC) to the D values
were also included, although they are very small for our complexes.
The first CASSCF calculation with 7 3d electrons in the 10 Co 3d-
based orbitals (CAS(7, 10)) were performed on complexes 1—3, and
then NEVPT2*' on top of the CAS(7, 10) reference states was carried
out. In the calculations, the orbitals were determined for the average of
10 S =3/2 and 40 S = 1/2 roots. All calculations were performed with
a triple-{ with one polarization function (TZVP*®) basis set for all
atoms. Tight convergence criteria were used in order to ensure that the
results are well converged with respect to technical parameters. The
effective Hamiltonian implemented in ORCA was used to extract the
ZFS parameters D and E.

B RESULTS AND DISCUSSION

Structural Features of 1—3. The structural data of 3 with
a low precision (R = 0.12) were reported earlier in 1964 by
Bergman et al.'”* Here its structure was redetermined with
higher quality along with the structures of 1 and 2 by X-ray
crystallography. Table S1 in the Supporting Information gives
the parameters of single-crystal structural analyses for 1-3. 1
and 2 crystallize in the triclinic space group PI, while 3
crystallizes in monoclinic space group C2/c. The structures of
the anions of 1—3 are depicted in Figure 1. Selected bond
lengths and angles of 1—3 are given in Table 1.

The anions of 1 and 2 exhibit a highly irregular seven-
coordinate geometry, in which the central Co(Il) ion is
coordinated by seven oxygen atoms originating from one
monodentate and three unsymmetrical bidentate NO;~
groups,34 as reported for Csz[Co(N03)4:|.20b The Co-O
distances of three bidentate NO;™ ligands in 1 are varied, which
can be classified as two sets: three shorter Co—O distances
(Co(1)—0(5), 2.041(3); Co(1)—0(7), 2.126(4) A; Co(1)—
O(11), 2.066(4)) and three longer distances (Co(1)—0(4),
2.517(5); Co(1)—0(8), 2.308(4); Co(1)—0(10), 2.396(4) A).
The monodentate NO;~ group coordinates to Co(II) with the
shortest Co—O distance (Co(1)—0(11), 2.034(4) A) and a
long nonbonding Co(1)---O(3) distance (2.820(5) A). In 2, the
Co—0 bond distances from the three unsymmetrical bidentate
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Figure 1. Structures of the anions [Co(NOj;),]*” in 1-3. Pink, red,
and blue spheres represent Co, O, and N atoms, respectively. H atoms
are omitted for clarity. Only one set of the two disordered nitrate
groups centered around the N(2) atom is shown in 3 for clarity.

NO;™ groups can also be divided into three shorter Co—O and
three longer Co—O distances, but they are not as differentiated
as in 1 (Table 1). The Co—O distances vary from 2.146(2) to
2.307(3) A with an average bond distance of 2.205(2) A. As in
1, the monodentate NO;™ gives the shortest Co—O bond

(2.035(2) A) and a nonbonding Co(1)--O(3) distance of
2.772(8) A. The ranges of the interior O—Co—O angles in
bidentate NO;~ groups in 1 and 2 are 53.53(16)—56.26(17)
and 54.35(11)—57.13(9)°, respectively.

As determined previously in 1964," the Co(II) ion in 3 is
coordinated by eight oxygen atoms from four unsymmetrical
bidentate NO;~ groups (04—N—05)** to form a distorted-
dodecahedral configuration (Figure 1). Two symmetrically
related NO;~ groups centered around N(2) atom are
disordered at two positions. The local structural symmetry of
3 is C, but is close to D,; symmetry. We have performed
continuous shape measure (CSM) analyses’ with regard to
several ideal polyhedrons such as pentagonal bipyramid, capped
trigonal prism, capped octahedron, heptagon, and hexagonal
pyramid for 1—3 (Table S2 in the Supporting Information). No
suitable approximate seven-vertex geometries were obtained in
1 and 2, further indicating their irregular structures. However,
the CSM analyses show that the structure of 3 is close to a
triangular dodecahedron. Obviously 3 is more regular and
symmetric than 1 and 2. The shortest intermolecular Co--Co
distances are 9.4685(20), 10.7563(12), and 9.9898(14) A,
respectively, in 1-—3. Furthermore, there is no significant
contact among the ligands of the neighboring molecules.

Static Magnetic Properties. Variable-temperature direct-
current (dc) magnetic susceptibilities were measured for
polycrystalline samples of 1—3 at a field of 2000 Oe in the
temperature range of 1.8—300 K. The resulting yyT versus T
curves are shown in Figure 2. At room temperature, the y\T

2.5

2.0

1.54

1.0 fit

2T/ cm’ K mol”

0.5

0.0

0 50 100 150 200 250 300
T/K

Figure 2. Variable-temperature dc susceptibility data under an applied
dc field of 2000 Oe for 1—3. Solid black lines indicate the best fits with
the PHI program.®®

Table 1. Selected Bond Lengths (A) and Angles (deg) for 1-3

1 2 3
Co-0(1) 2.034(4) Co-0(1) 2.035(2) Co-0(1) 2.071(2)
Co—0(4) 2.517(5) Co—-0(4) 2.260(2) Co—-0(2) 2.437(2)
Co—0(5) 2.041(3) Co—0(5) 2.235(2) Co—0(4) 2.046(9)
Co—-0(7) 2.125(4) Co—-0(7) 2.146(2) Co—-0(5) 2.15(2)
Co—0(8) 2.308(5) Co—0(8) 2.218(2)
Co—0(10) 2.396(4) Co—0(10) 2.307(3)
Co—0(11) 2.066(4) Co—0(11) 2.236(2)
Co--O(3) (nonbonding) 2.820(5) Co--0(3) (nonbonding) 2.772(8)
04—Co—-05 53.66(14) 04—Co-05 54.35(11) 01-Co—02 54.83(9)
07—Co—-08 56.23(19) 07—-Co-08 57.13(9)
010—Co—011 55.38(15) 010—Co—011 55.70(10)

12606 DOI: 10.1021/acs.inorgchem.6b01544

Inorg. Chem. 2016, 5

5,12603-12617


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b01544/suppl_file/ic6b01544_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.6b01544

Inorganic Chemistry

values are 2.41, 2.16, and 2.31 cm® K mol™), consistent with an
S = 3/2 spin center with g = 2.27, 2.15, and 2.22 for 1-3,
respectively. These values show a significant decrease below 60,
130, and 50 K for 1—3, reaching values of 1.65, 1.45, and 1.60
cm® K mol™ at 1.8 K, respectively. In the absence of
intermolecular magnetic interactions as judged by the long
Co--Co distances and no significant contacts among the
ligands, this decline at low temperature is attributed to the
intrinsic magnetic anisotropies of the Co(Il) ions in 1-3.

The field-dependent magnetizations were measured for 1—3
at applied magnetic fields in the range of 1-7 T at 1.8 K
(Figure S4 in the Supporting Information). The magnetizations
do not reach saturation at 7 T with 2.44, 2.30, and 2.58 N for
1-3, respectively. Low-temperature magnetization data from
1.8 to 5.0 K at various applied dc fields were also measured for
1-3 (Figures S5—S7 in the Supporting Information). Non-
saturation of magnetization at 7 T and the nonsuperposition of
M versus H/T curves suggest the presence of significant
magnetic anisotropies in 1-3. To estimate the zero-field
splitting parameters D and E, the y\T versus T and M versus
H/T curves at different temperatures were simultaneously fitted
using the PHI program™ by the anisotropic spin Hamiltonian
(SH) (with g, = gy) as given in eq 2, which includes the axial/
rhombic ZFS and Zeeman interactions:

2 2 2
H=D(S, —S(S+1)/3) + E(S, —§,) + ugS-H
©)
where pp is the Bohr magneton and D, E, S, and H represent
the axial and rhombic ZFS parameters, the spin operator, and
magnetic field vectors, respectively.
The best fits afforded the parameters for 1—3 in Table 2. The
signs of axial ZFS parameters D for 1—3 are positive. The D

Table 2. Zero Splitting Parameters Obtained Experimentally
for Complexes 1-3

1 2 3
Fitting of the dc Magnetic Data by PHI*®
D, cm™! 12.85 2321 7.95
E, cm™! 3.60 0.64 1.88
g 241 2.29 2.03
&y 1.89 1.83 231
Data from INS Measurements
2(D* + 3B)"% em™! 22.5(2) 26.6(3) 11.1(5)
Data from INS/HF-EPR Measurements

D, cm™ 10.90(2) 12.74(2) 4.50(3)
E, cm™ 1.56(2) 2.20(2) 1.00(2)
g 2.39(1) 2.20(1) 2.40(2)
Sy 2.23(1) 221(1) 2.30(2)

value for 3 is smaller than those for 1 and 2, probably due to
the different coordination environments of 1 and 2 in
comparison to 3. It is known that dc magnetic data usually
cannot yield accurate values for D and E, especially their signs.
Therefore, HF-EPR and INS studies have been performed to
further investigate their magnetic anisotropy.

INS Studies. Inelastic neutron scattering (INS) has been
used to probe the magnetic properties of metal complexes,
especially excitations among low-lying energy levels.”” Most of
the INS studies were limited to paramagnetic metal
clusters,”**”** and a few reports have been published on
mononuclear metal com}ﬁlexes,” including one Co (I1)-based'**
and one Re(IV)-based'”” SIM.

To further investigate the magnetic anisotropy, the
polycrystalline samples of 1—3 were studied by INS. Data for
1 were collected at varying temperatures to observe the sole
ZFS transition for the S = 3/2 system. The resulting energy
spectrum exhibits a peak associated with transitions from M, =
+1/2 to +3/2 (Scheme 1). The splitting between the two
Kramers doublets is 2(D* + 3E*)."”? (It is 2D for the axial
symmetrical system when E = 0.) In the INS spectra of 1, a
peak at 22.5(2) cm™' is observed with an incident energy of
53.7 ecm™' (Figure 3 and Figure S8 and Table S3 in the
Supporting Information). As the temperature is increased from
1.7 to 100 K, the population in the ground state is decreased,
leading to a less intense transition. At 50 K, a peak at —22.5(2)
cm™! is observed, indicating that the incident neurons gain
energy from the sample in the INS process. During the
scattering process, those molecules return to the ground state,
transferring the energy to the neutrons. Therefore, the zero-
field splitting value of 2(D* + 3E*)"/? was determined to be
22.5(2) em™ for 1 from the sole magnetic transition. Peaks of
magnetic excitations fall off with increasing 1Q, as a result of the
decrease in the distribution of spin and orbital magnetization
from unpaired electrons. The opposite is true for peaks of the
vibrational origin which increase in intensity with |Ql. The
decrease in magnetic excitations follows the square of the
magnetic form factor F(Q) in eq 1. Additional information
about the magnetic peak in the INS spectra of 1 is provided by
2-D scattering intensities vs |Ql plots in Figure S13 in the
Supporting Information.

In order to determine the sign of the D parameter in 1,
further INS measurements were performed under a magnetic
field, which leads to additional splitting (AMg = + 1) of the
original ZFS transition, as shown in Scheme 1. If D > 0, an
additional magnetic transition, Mg = —1/2 — +1/2, would be
observed at low energy and low temperatures (Scheme 1, left).
However, if D < 0, the first magnetic transition, Mg = —=3/2 —
+3/2, would be forbidden (Scheme 1, right).

Scheme 1. (Left) ZFS Energy Diagram, D > 0, with the Application of a Magnetic Field and (Right) ZFS Energy Diagram, D < 0,

with the Application of a Magnetic Field

S=3/2 2(D? + 3E2) 172
+1/2
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Figure 3. (left) INS spectra of 1 with incident neutron energy E; = 53.7 cm™, IQl = 0.5—1.3 A™', and a step size of 0.081 cm™". (right) Change in

intensities of the magnetic peak at 22.5(2) cm™

vs |Ql at 1.7 K. The solid line represents the calculated intensity of the magnetic excitation.

Measurements for 1 were taken at 0.0, 0.5, 1.0, and 2.0 T at
1.7 K. The incident energy of 13.4 cm™" was used to see if the
magnetic transition, Mg = —1/2 — +1/2, would be observed at
low temperatures (Scheme 1, left). An excitation appeared at
2.0 cm™" when a 2 T magnetic field was applied (Figure 4 and

Intensity

8 6 4 2 0

Energy Transfer (cm‘1)

Figure 4. INS spectra of 1 at 1.7 K, showing the Mg = —1/2 = +1/2
transition at 2 T (indicated by the blue arrow) with an incident
neutron energy of E; = 13.4 cm™ and 1Ql = 0.4—1.3 A™". The solid
lines are for guides for the eye.

Figure S11 and Table S6 in the Supporting Information). This
peak confirms easy-plane anisotropy in 1. It should be noted
that the 5 T magnet, added inside the sample environment in
CNCS, blocks some neutron detectors and itself scatters

neutrons to other detectors as background noise. Thus, the
signal to noise ratio in Figure 4 is significantly reduced.

INS studies are usually performed to probe the magnetic
excitations in molecular magnetism with zero magnetic field.
The application of a magnetic field is expected to lead to more
information about the compound, as shown in this study. Only
limited studies of INS under applied magnetic fields have been
reported, which were focused on the magnetic clusters Crg, Fe,,
Mo-,Fey,, and Cr,Ni*’ and low-dimensional antiferromag-
nets.”' To the best of our knowledge, such INS under magnetic
fields has not been performed on mononuclear metal
complexes including SIMs. Our study here provides the first
example using INS with magnetic fields to determine the sign
of magnetic anisotropy for a mononuclear metal complex.

In the INS spectrum of 2, a peak at 26.6 cm™! was observed
with an incident energy of 40.3 cm™' (Figure S and Figure S9
and Table S4 in the Supporting Information). From INS
measurements the zero-field splitting 2(D* + 3E?)? was
determined as 26.6(3) cm™". In the INS spectra of 3, a peak at
11.1(S) em™" was observed with an incident energy of 24.2
cm ™! representing 2(D? + 3E?)"/* (Figure 6 and Figure S10 and
Table S5 in the Supporting Information). The ZFS transitions
of 2 and 3 are of magnetic nature due to their temperature
dependence and decreasing |Ql dependence, as observed in
Figures S and 6. An additional plot showing how the magnetic
peak in the INS spectrum of 3 at 1.7 K changes in two different
|Ql ranges is given in Figure S14 in the Supporting Information.

It is interesting to note that a broad optical phonon peak
centered around 18 cm™, even at 1.7 K, is present and is very
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Figure 5. (left) INS spectra of 2 with incident neutron energy E; = 40.33 cm™, IQl = 0.5—1.3 A/, and a step size of 0.081 cm™. (right) Change in
intensities of the magnetic peak at 26.6 cm™ vs IQl at 1.6 K. The solid line represents the expected intensity of the peak calculated from the magnetic

form factor.
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Figure 6. (left) INS spectra of 3 with the incident neutron energy of E; = 24.2 cm™, IQl = 0.5—2.0 A™", and a step size of 0.081 cm™". (right) Change

in intensities of the magnetic peak at 11.1(5) cm™

magnetic form factor.

vs |Ql at 1.6 K. The solid line represents the expected intensity of the peak calculated from the

close to the ZFS transition of 1 (Figure 3). The intensity of this
peak increases quadratically with |Ql, as shown in Figure S12 in
the Supporting Information, confirming its phonon nature. No
such phonon peak near the magnetic peak is obvious in the INS
spectra of 2 (Figure S).

HF-EPR Studies. The above INS analysis shows that the
values of zero-field splitting 2(D* + 3E?)"/? are 22.5, 26.6, and
11.1 em™ for 1-3, respectively. However, the D and E values
could not be separately determined from the sole INS
transition. In order to determine the sign and values of D
and E, the polycrystalline samples of 1—3 were investigated by
high-frequency and high-field electron paramagnetic resonance
(HF-EPR)* in the frequency range of 60—350 GHz, as shown
in Figure 7. No EPR signals with reliable turning points were
obtained beyond 250 GHz for 1 and 2 and beyond 350 GHz
for 3, probably due to the low sensitivity of our spectrometer in
the high-frequency range. The HF-EPR spectra of 1 and 2
contain three main features, typical for a S = 3/2 system with
large and positive D values,'**“'%»917*3442 yhich are from the
intra-Kramers transitions within the Mg = +1/2 doublets. The
resonance fields at various microwave frequencies are extracted
and plotted in Figure 8 as squares. The data branches are
identified with theoretical simulations.** By using the constraint
imposed by the values of 2(D* + 3E?)"/? obtained by INS, the
field vs frequency data were fitted to give the spin Hamiltonian
parameters in Table 2. In addition, the signs of D values were
confirmed to be positive by comparing the simulated spectra
with experimental EPR spectra in Figure 7.

The HF-EPR spectra were also recorded for 3 at 4.2 K. The
curve of resonance fields at various microwave frequencies was
established and plotted in Figure 8 as squares, which was
simulated using the constrained value (11.1 cm™) of 2(D* +
3E%)12, Again, if the sign of D was assigned as negative, no
reasonably simulated spectra was obtained, confirming the
positive sign of D in 3 (Figure 7).

The combination of INS and HF-EPR studies discussed
above clearly demonstrates the easy-plane magnetic anisotropy
in the high-coordinate Co(II) complexes 1—3. A similar
approach has been used to determine the D and E values for
an Re(IV) SIM by Pedersen et al."*® The D values in Table 2
from INS and HF-EPR are smaller than those from the fitting
of the dc magnetic data, suggesting that the D values were
overestimated by the magnetic data.

Seven- and eight-coordinate 3d metal complexes are well
known, but their magnetic properties have been rarely
studied.”'®*** The seven-coordinate Co(II) complexes with
a distorted-pentagonal-bipyramidal geometry exhibit positive

1 D>0
‘\\KJ Expt.
D<0
154 Hz
0o 2 4 6 8 10 12
H/T
2 D>0
Expt.
D<0
173 Hz
0o 2 4 6 8 10 12
H/T
3 D>0
\/ Expt.
D<0
60 Hz
o 1 2 3 4 5
H/T

Figure 7. Representative HF-EPR spectra of 1-3 at 4.2 K (red) with
their simulations (blue, D > 0; green, D < 0). The spin Hamiltonian
parameters used for the simulations™ are shown in Table 2.

o 17,44 .
magnetic anisotropy. " 1 and 2 here are seven-coordinated

with highly irregular geometry and also have easy-plane
magnetic anisotropy. The eight-coordinate compound 3 also
exhibits positive anisotropy. It is noted that the only reported
study of magnetic anisotropy of an eight-coordinate Co(II)
complex was on [Co(12-crown-4),](1;),(12-crown-4) with
negative anisotropy,'® in which the Co'' ion is in a distorted-
square-antiprismatic geometry. The coordination geometry of 3
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Figure 8. Resonance field vs microwave frequency for EPR transitions
for 1—3. Simulations™ were conducted with the Hamiltonian
parameters in Table 2. Solid lines show the (x, y, z) transitions as
labeled.

is a distorted dodecahedron, another configuration for an eight-
coordinate Co(II) complex. The different natures of the

magnetic anisotropies of 3 and [Co(12-crown-4),](1;),(12-
crown-4) are probably due to their different coordination
environments.

Dynamic Magnetic Properties. It is generally accepted
that a negative zero-field splitting is required for the single-
molecule rnagnetism.l’2 In 2012, Long et al.'"* first observed
the slow magnetic relaxation in a four-coordinate Co(II)
complex with easy-plane anisotropy. Subsequently several SIMs
with § = 3/2 ions, including Co(I)'**~%'*®!%*~%17 4nd
Re(IV),'” have been reported to have positive D values. In
order to investigate single-molecule magnetism for 1-3,
temperature- and frequency-dependent alternating-current
(ac) susceptibility measurements were performed. At 1.8 K,
no out-of-phase ac susceptibility (yy") signal was observed for
1 and 2 under zero applied dc field (Figures S13 and S14 in the
Supporting Information), which is probably due to the
occurrence of quantum tunneling of the magnetization
(QTM). The application of an external magnetic field could
induce the strong frequency-dependent ac susceptibilities
(Figures S13 and S14). For 1, the maximum of y,,” appeared
at 200 Oe, which shifted to low frequencies with an increase in
the applied magnetic field up to 600 Oe and then stayed at the
nearly same frequency as the magnetic field increased further.
Therefore, a magnetic field of 600 Oe was used in temperature-
and frequency-dependent ac measurements in the temperature
range of 1.8—7.0 K (Figure 9 and Figures S15 and S16 in the
Supporting Information). The temperature and frequency
dependence of ac susceptibility signals indicates that both 1
and 2 exhibit slow magnetic relaxation processes and thus
behave as field-induced SMMs. As shown in Figure 9, the peaks
of y\" signals for 1 and 2 appear at 398 and 35 Hz, respectively,
at 1.8 K, suggesting that the magnetic relaxation is faster in 1
than in 2.

In contrast with 1 and 2, no significant out-of-phase signals
(x"w) were observed for 3 with the frequency of 1—1488.1 Hz
at 1.8 K using an applied magnetic field in the range of 0—2500
Oe (Figure S19 in the Supporting Information), suggesting that
3 does not exhibit SMM properties.
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Figure 9. Frequency dependence of the ac susceptibility from 1.8 to 2.6 K under a 600 Oe dc field for 1 and 2. The solid lines are guides for the eye.
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The Cole—Cole plots were generated from the ac magnetic
susceptibilities of 1 and 2 (Figures S18 and S19 in the
Supporting Information) and fitted using the generalized
Debye model (eq 3):*

X~ X
Ko@) =)o + ———
* 51+ (jwr) (3)

where y and ys are the isothermal and adiabatic susceptibilities,
respectively, w is the angular frequency, 7 is the relaxation time,
and a indicates deviation from a pure Debye model. The fitting
parameters are summarized in Table S7 in the Supporting
Information. The obtained o values for 1 and 2 are found
within the ranges of 0.03—0.17 and 0.1-0.12, respectively,
suggesting the occurrence of a single relaxation process.

The relaxation times extracted from the Debye model were
fit by the Arrhenius law 7 = 7, exp(U.g/kT) to give U = 12
em™ (75 =4.14 X 1078 s) for 1 and U,z = 20 cm™! (7, = 2.1 X
107° s) for 2, respectively (Figure S22 in the Supporting
Information). Such a derivation of the effective energy barrier is
based on the assumption that the thermally activated Orbach
process is the dominant relaxation mechanism in the studied
temperature range. However, these energy barriers obtained by
alternating-current (ac) susceptibility measurements are much
smaller than the ZFS energy difference between the ground and
excited states accurately determined from INS studies (22.5(2)
and 26.6(3) cm™" for 1 and 2, respectively). This suggests that
the results obtained by alternating-current (ac) susceptibility
measurements underestimate the energy barriers and other
mechanisms such as Raman processes may occur in the
magnetic relaxation of 1 and 2. Several detailed studies show
that a Raman mechanism makes significant contributions to the
relaxation process for Co(Il)-based SIMs with easy-plane
magnetic anisotropy.'*>**'7> On these grounds, we tentatively
model the contribution to the relaxation rate in 1 and 2 by
using eq 4%

v = CT" + 7, exp(=Uje/kT) (4)
where the first term in eq 4 represents the contribution of the
Raman or Raman-like process. The second term is for the
Orbach process. As presented above, the energy barriers U of
the Orbach process were determined to be 22.5 for 1 and 26.6
cm™ for 2 by INS studies. Therefore, the U, values were fixed
in this fit. The best fit of the relaxation time vs temperature
curves gives the following parameters: C = 128.2,n = §, 75 = 6.5
X 107", Uz = 22.5 cm™ (fixed) for 1; C=094,n=9, 7, =
1.9 X 107 s, U = 26.6 cm™" (fixed) for 2. The fit reproduces
the experimental data very well (Figure 10). It can be
concluded that the contribution of the Orbach process in 1 is
very small in comparison with the Raman process.
Furthermore, if the Orbach process is neglected, the relaxation
time data can be fit by the power law 7' = CT" with the
resulting values C = 164 and n = 8.6 (Figure S23 in the
Supporting Information). These fits suggest that the optical
acoustic Raman-like mechanism is the dominant process in the
magnetic relaxation of 1. In the case of 2, the Raman process
dominates in the low-temperature region whereas the relaxation
process in the high-temperature range is attributed to the
Orbach mechanism.

Our INS spectra showed the presence of a phonon peak
around 18 cm™" in 1 (Figure 3), which is absent in the INS
spectra of 2 (Figure 5). In each unit cell (2479.1(8) A%) of
complex 1, containing two molecules each of (PPhy),[Co-
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Figure 10. Temperature dependence of the magnetization relaxation
rates of 1 and 2 under an applied dc field of 0.6 kOe. The solid red
lines represent the best fit by using eq 4. The other solid lines
represent data fits using individual Raman (green) and Orbach (blue)
processes, respectively.

(NO;),] and CH,CI,, there is a total of 224 atoms. In
comparison, in each unit cell of 2, containing two molecules of
(MePPh;),[Co(NO;),], there is a total of 186 atoms, a
reflection of the smaller cation and the lack of CH,Cl, in the
cell. Since phonon modes are lattice and intramolecular
vibrations,* the larger number of atoms in the unit cell of 1
is expected to lead to more low-energy delocalized vibrations in
its INS spectra.’® The absence of phonon peaks in the same
region in the INS spectra of 2 (Figure S) is perhaps a result of a
smaller number of atoms in its unit cell. There could be few
phonons of appropriate frequency to promote a more efficient
relaxation in 2. The phonon peak around 18 cm™ in 1, which is
fairly low in energy, could be involved in the Raman-type
relaxation in 1, leading to its faster magnetic relaxation in
comparison to that in 2, as observed in the ac susceptibility
studies. Carretta and co-workers have observed that low-energy
optical phonon modes in Feg enhance its magnetic relaxation
process.”’

It is also worth noting that, in addition to giving the ZFS
transitions, INS, a spectroscopic method, also directly shows
phonon modes in the samples. Unlike electromagnetic IR and
Raman spectroscopy with selection rules for vibrational peaks,
there is no selection rule for the vibrational peaks in INS
spectroscopy, which is based on the kinetic energy transfer
between incident neutrons and the samples. Additional studies
linking the INS spectra to the ac susceptibility data to
understand relaxation mechanisms are needed.

Theoretical Investigations. Complete active space sec-
ond-order perturbation theory (CASPT2) considering the
effect of the dynamic electronic correlation on the basis of
complete active space self-consistent field (CASSCF) with the
MOLCAS 8.0 program package™ were performed on the
complete structures of three complexes (see Computational
Details). Tables S8 and S9 in the Supporting Information show
that the energy differences between the lowest two spin-free
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states for 1—3 are much larger than those between the lowest
two spin—orbit states. Thus, we can use the ZFS parameters D
and E to depict their magnetic anisotropies. The calculated D
and E values (cm™) and g values (x, y, z) of the three
complexes are given in Table 3, where all the calculated D

Table 3. Calculated D and E Values and g Tensors of
Complexes 1—3 using CASPT2 with MOLCAS 8.0

1 2 3
D, em™! 11.3 23.1 7.7
E, cm™ —0.4 -0.9 0.3
gy cm™! 2.499 2.501 2.300
gy cm™! 2.443 2261 2.296
gy cm™! 2.174 2239 2216

values of three complexes are positive, and they are all close to
the experimental values determined by INS/HE-FPR data. The
calculated orientations of g, g, and g, (hard axis) on the Co"
ion of 1-3 are shown in Figure S24 in the Supporting
Information. The calculated y\T versus T plots of 1—3 are
shown in Figure S25 in the Supporting Information, which are
comparable to the experimental curves."*

To deeply analyze the magnetic anisotropyies of 1—3, ORCA
3.03 calculations™ were performed with the n-electron valence
state perturbation theory (NEVPT2)*' method (see Computa-
tional Details). The effective Hamiltonian implemented in
ORCA was used to extract the ZFS parameters D and E. The
calculated D and E values of 1-3 and the important
contributions of the excited states to the ZFS parameters are
shown in Table 4.

The calculated D values of 1—-3 using NEVPT2 have some
differences from those calculated using CASPT2 and the values
determined by INS/HFEPR, but they have the same trends
(D(2) > D(1) > D(3)). From observation of the output of the
NEVPT?2 calculations, only the lowest three or four excited
states play an important role in the sign and magnitude of the D
and E values for 1-3. Since the spin—spin coupling has a
smaller contribution to the magnetic anisotropy, we only use
the spin—orbit operator to analyze the sign and magnitude of
D. Table 4 indicates that the first quartet excited state has a
larger contribution to the total D for 1-3, and the total
contributions from the other three excited states are almost
close to 0 except for 2. It is also found that the first excited state
contribution for 2 is the smallest, but the total D value of 2 is
the largest. Thus, the positive contributions from the higher
excited states other than the lowest four states of 2 are the
largest, which makes it have the largest positive D value.
Moreover, as we can see in Figure S26 in the Supporting
Information, the lowest three or four spin-free excited states
(first, second, third, or fourth quartets) are very multiconfigura-

tional, which prevents us from further rationalizing the
contributions of the excited states to the total D value only
using the 3d orbitals.

B CONCLUSIONS

Utilizing three different countercations (Ph,P*, MePh,P*,
Ph,As*), three high-coordinate Co(II) complexes containing
[Co(NO;),]*” anions have been prepared. 1 and 2 with Ph,P*
and MePh;P* show an irregular seven-coordinate geometry.
The X-ray redetermination for 3 confirms its distorted-
dodecahedral configuration, in which two nitrate groups are
disordered. The magnetization, INS, and HF-EPR studies
reveal the easy-plane magnetic anisotropy for 1-3 (D > 0).
Slow magnetic relaxations were observed for 1 and 2 under a dc
field of 600 Oe, while no similar behavior was found in 3. Such
fine tuning of the magnetic properties of SIMs by counterions
have been rarely reported in SMMs based on transition-metal
ions'®“"*? and lanthanide ions.”> These studies provide a new
example of modulating the properties of SIMs by varying the
counterions.
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Table 4. Calculated D and E Values (cm™) of 1—3 and Main
E using NEVPT2 with ORCA 3.03

Perturbative Contributions of the Quartet Excited States to D and

1 2 3
D (em™) E (em™) D (em™) E (em™) D (em™) E (em™)

total 174 3.4 19.0 5.7 15.0 2.9
first quartet 19.5 19.9 12.6 10.8 15.4 15.4
second quartet 152 —15.2 =5.0 -1.0 11.7 -11.7
third quartet —14.7 —0.1 4.6 -18

fourth quartet 32 -0.9 -10.5 0.0
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