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ABSTRACT: Two-dimensional (2D) coordination polymer (CP) Single-lon Magnet-Coordination Polymer

[Co™(CN)4],[Co™(TODA)];-7H,0 (TODA = 1,4,10-trioxa-7,13-
diazacyclopentadecane, Co-TODA) was reported earlier to show
field-induced slow magnetic relaxation, displaying single-ion
magnet (SIM) behaviors. Most SIMs are molecular compounds
with fewer adopting coordination polymer (CP) or metal—organic

Far-IR Magneto-

framework (MOF) structures. In the current work, magnetic and Spectroscopy
phonon properties of Co-TODA have been studied by advanced
spectroscopies and computations. The combined use of far-IR Pulsed EPR

magneto-spectroscopy (FIRMS) and variable-temperature (VT)
high-frequency and -field electron paramagnetic resonance
(HFEPR) gives spin Hamiltonian (SH) parameters: Axial zero-
field splitting (ZFS) parameter D as +38.0(1.0) < D < +40.2(1.0)
cm ™" and rhombic ZFS parameter E as 0 < |El < 7.3(1.0) cm™, showing that Co-TODA has the easy-plane magnetic anisotropy.
Two Co' centers in the CP, as determined by synchrotron single-crystal X-ray diffraction at 15(2) K, show similar magnetic
properties indistinguishable in FIRMS at 5.3(3) K or in HFEPR at 5—150 K. Ab initio calculations explore the origin of the magnetic
anisotropy and magnetostructural correlations. VT inelastic neutron scattering (INS) spectra of Co-TODA have been obtained to
show the phonon properties of the CP. Density functional theory (DFT) calculations, giving both a calculated INS spectrum and
spin distributions in Co-TODA, demonstrate that, compared with other high-spin Co complexes, the larger the spin density on a
metal ion, the larger the ZFS in the complex. Pulsed X-band EPR studies probe relaxations of the Co" ions from the Mg = +1/2 to
—1/2 state in the ground Kramers doublet (KD), yielding spin—lattice (T;) and spin—spin relaxation (T,) times. The work reported
here highlights the versatility and power of the spectroscopic techniques and computations in the characterization of magnetic and
phonon properties of a CP and the understanding of its magnetic anisotropy.

Inelastic Neutron
Scattering

Bl INTRODUCTION electronic state at zero magnetic field [known as zero-field
splitting (ZFS)].***** The axial ZFS parameter D represents
the anisotropy in the z-direction (from the x,y-directions). The
rhombic E parameter shows the anisotropy between the x- and
y-direction. A SMM displays magnetic hysteresis below the
blocking temperature (Tg) as well as an energy barrier to spin
reversal from +M; to —M;.>*?® In other words, relaxation of
the SMM depends on the energy barrier for the spin reversal,
which in turn depends on the ZFS parameters D and E.”*’
The ZFS diagram for D > 0, S = 3/2 complexes is given in
Figure 1,”%*° showing that the crystal field anisotropy split the

Single-molecule magnets (SMMs) exhibit slow relaxation of
their magnetization, a desired property in retaining the
information stored,' "7 with potential applications in, e.g,
molecular spintronics and high-density information storage.
One current focus of the SMM research is mononuclear
complexes containing one metal ion (SIMs). Reported SIMs
are mostly molecular compounds. There are fewer SIMs as
coordination polymers (CPs) or metal—organic frameworks
(MOFs) which provide the necessary structures for scaling the
magnets to the macroscopic level,"® although MOFs and
CPs,' ™! including cyanometallate CPs,"”*° are of intense
current interest with many applications. SIMs with CP Received: May 4, 2022
structures can be achieved using long organic spacers to Revised:  July 6, 2022
separate the metal nodes and lower their interactions in space. Published: July 28, 2022
When the first-order angular momentum is quenched in § =
3/2 (high-spin) Co" compounds, second-order spin—orbit
coupling (SOC) may lead to the separation of the ground
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Figure 1. Energy splitting diagram for S = 3/2 complexes when D > 0,
where D’ = (D?* + 3E*)2, M = +1/2 and +3/2 are nominal labels for
the levels due to the mixing of the two spin states when E # 0.°°
Mixing coefficients a = cos f and b = sin § are described by the mi 'n§
angle f3 obtained from the spin Hamiltonian (SH) (S = 3/2).°**
Mixing is a function of the rhombicity, since tan 28 = \/ 3 (E/D). In
the absence of the external magnetic field B, the excitation from M; =
+1/2 to +3/2 KD may be observed in far-IR spectroscopy. For Co-
TODA at $ K inside the magnetic field B, Co™! centers are mostly at
the ground ¢, state. As a result of mixing, the excitation ¢, = ¢, is
also spin-allowed (from the Mg = —1/2 component in both
wavefunctions). Thus, the two inter-Kramers excitations ¢; — ¢,
and ¢, — ¢, are the expected transitions and can be observed by far-
IR magneto-spectroscopy (FIRMS) for large ZFS splitting. In the
current studies, intra-Kramers transition ¢, — ¢, inside the magnetic
field B was probed by high-field electron paramagnetic resonance
(HFEPR) and pulsed EPR, although the two spectroscopies were
operated at significantly different magnetic fields and spectral
frequencies.

four (2S + 1) degenerate states into Mg = +1/2 and +3/2
Kramers doublets (KDs). When the crystallographic point
group symmetry of the metal site (paramagnetic center) is axial
and 3-fold or higher (x =y # 2z), E = 0; Mg = +1/2 KD is the
ground state with an easy plane of magnetization along the x,y-
directions, giving the separation between the ground and
excited KDs = 2D. When the crystallographic point group
symmetry of the metal site is lower than 3-fold (x # y # z) as
in Co-TODA,*® E # 0.*! The mixing of the Mg = +1/2 and
+3/2 KDs*>** gives 2D’ = 2(D?* + 3E?)"/* for the separation
between the KDs.***° Here, the Mg = +1/2 and —3/2 states
mix with each other, as the —1/2 and +3/2 states (Figure 1).12
The mixed states are labeled ¢, and ¢, for the ground KD and
¢5 and @, for the excited KD.

The application of memory storage requires the electrons to
be in a specific spin state. To prevent spin change, a large,
negative D parameter with the easy-axis anisotropy is desirable
in SIMs, as this ensures a high energy threshold for spin
reverse. Many complexes with the easy-plane anisotropy (D >
0) have also shown SIM behaviors with slow magnetic
relaxation.’”**~* The spin Hamiltonian (SH) in eq 1 has been
used to obtain the ZFS parameters and g values from the
experiments.zg’29

Hy= DS, — S(S+ 1)/3) + E(S; = §)) + upg BS,

+ :“BgyBygy + M8, B.S, (1)

where § is the spin operator, S = 3/2 for Co" ions, yy is the
electron Bohr magneton, g, ,. denotes g-tensor components,
and B is the applied magnetic field.

Understanding the magnetic properties of Co' complexes
and other high-spin systems requires an accurate determination
of the ZFS parameters. Direct determination of the ZFS
parameters is often challenging.”” For high-spin Co
complexes with large ZFS (>30 cm™"), for example, there are
relatively few spectroscopic methods to determine the ZFS
parameters.”” The ZFS parameters D and E have been typically
obtained from fitting data of direct current (DC) magnetic
susceptibility data. However, this method is known to be
frequently inaccurate. HFEPR,* usually operating in the sub-
THz frequency range (<30 cm™ for non-Kramers spin systems
and <15 cm™' for Kramers spin systems), and magnetic
circular dichroism (MCD)*” have also been used to determine
ZFS in metal complexes.”” Recently, we have employed
HFEPR, among others, to determine spin Hamiltonian
parameters in Co(PPh;),X, (X = Cl, Br, I; 2D’ < 30
em™!).** The use of HFEPR to measure giant anisotropy in
paramagnetic transition-metal complexes, including SIMs, has
been reviewed.?” Far-IR magneto-spectroscopy
(FIRMS)****™>? and frequency-domain Fourier transform
terahertz EPR® are two other direct methods to determine
magnetic excited states, including a recent work by Lu, Nelson,
and co-workers using terahertz time-domain EPR through a
simple tabletop approach to probe the transitions between the
spin levels in transition-metal complexes.”’ Brackett and
Richards have shown that electronic spin transitions (Amg =
0, £1) between the ground and the excited KDs (Figure 1) are
magnetic-dipole-allowed by symmetry and selection rules in
far-IR spectroscopy.”””® FIRMS has been used to study
transitions between the two KDs,***%3373927% qiving eg,
the energy gap 2D’ = 2(D* + 3E*)"?in S = 3/2 complexes. For
high-spin Co'" complexes with large ZFS (>30 cm™), HFEPR
operatin§ in the sub-THz frequency range gives E/D ratio and
g values. 8:48,55,5663=65 The combined use of FIRMS, EPR, and
inelastic neutron scattering (INS) has been adopted recently to
give ZFS parameters for such complexes.”***7%°%%37% Thjg
approach is still at its early stage, requiring additional studies to
understand its scope and applicability.

INS has also been used to probe magnetic as well as phonon
properties of chemical compounds,”**°°~"" and applications
of neutron scatterings in coordination chemistry were recently
reviewed.”” Unlike optical spectroscopies such as IR and
Raman, which are governed by symmetry-based selection rules
for phonon excitations, INS, which is based on neutron kinetic
energy transfer, does not have such selection rules. In other
words, INS detects all phonon excitations of molecules in the
solid. Here, phonons refer to both intra- and intermolecular
vibrations. The phonon spectra obtained by INS help
understand spin—phonon couplings in the solid, leading to
the relaxation of the molecules from magnetic excited
states.”™*”> Ab initio density functional theory (DFT)
phonon calculations using the Vienna Ab initio Simulation
Package (VASP) give calculated INS spectra for comparison
with the exg)erimgzntal INS spectra, helping reveal magnetic
transitions.””**>>**7*~"7 In addition to giving the phonon
modes, the calculations by VASP yield spin densities in the
molecule (CP), revealing the extent of the spin delocaliza-
tion. 487778

Pulsed EPR has been utilized to study magnetic relaxation in
metal complexes,”” ™ giving spin—lattice (T,) and spin—spin
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3+
Co

Figure 2. (Top left) [Co™(CN)],[Co"(TODA)];:nH,0 (Co-TODA). There are two different Co" ions (purple and green color) in the
structure. The lattice water molecules are omitted. (Top right) Crystal structure of Co-TODA at 15(2) K. Colors: red = O, purple = N, green =
Co, blue = C. H atoms and the disordered components of the structure were omitted for clarity. Selected bond lengths and angles are given in
Figure S6. (Bottom) Packing structure of Co-TODA at 15(2) K, showing the interconnected network with pores in the MOF structure. H atoms

and lattice water molecules are omitted for clarity.

(T,) relaxation times. T, quantifies the time of energy transfer
from the molecular spin to the lattice or the surrounding
environment,** while T, gives the time of dephasing or decay
for the transverse component of the magnetization (Mxy).
Compounds with long T, have been explored as chemical
quantum bits (qgubits), the basic building block of quantum
computers.*”*>™" For D > 0, Co" complexes inside a
magnetic field, pulsed EPR may be used to probe the
relaxation within the ground KD in Figure 1. Excitation by a
microwave pulse leads to the excitation of the molecule from
the ground ¢, state to the ¢, state. T, and T, of the intra-KD
relaxation from ¢, to ¢, reveal the roles of spin—lattice and
spin—spin interactions in the process.

Two-dimensional (2D) CP Co-TODA,
[Co™(CN)4],[Co"(TODA)];9H,0 (structure in Figure 2),
was recently synthesized and found to have SIM properties by
some of us.’’ In the CP, there are two slightly different high-
spin seven-coordinated Co" ions, each coordinated by a
TODA and two CN~ ligands, in addition to a low-spin
(diamagnetic) six-coordinated Co™ ion. Cyanometallates have
been widely used as building blocks to give magnetic
materials.**?*~%¢ Fitting of direct current (DC) magnetic
susceptibility data of Co-TODA yielded D = 29.9 and 26.5
cm™! by the PHI and Anisofit2.0 programs, respectively.’’
Alternating current (AC) susceptibility data under $500 Oe
external dc field at 2.0—3.0 K gave the effective energy barrier
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Ue3f50: 12.6 cm™! and the relaxation time of, e.g., 130 us at 3.0
K.

We are interested in an in-depth understanding of the
magnetic properties of Co-TODA with the following aspects:
(1) Determination of the CP structure at 15(2) K (near 1.8—
3.0 K in which Co-TODA reveals the SIM properties) through
single-crystal X-ray diffraction to see if there is any phase
change from the reported crystal structure at 123 K;** (2)
Spectroscopic observations of inter- and intra-KD transitions
of Co-TODA to determine spin Hamiltonian parameters (D,
E, and g) of the CP by a combined use of HFEPR and FIRMS;
(3) Probe of the inter-KD magnetic transition and phonons by
INS with the help of a DFT-calculated INS spectrum; (4)
Study of the magnetic anisotropy through electronic structure
calculations by complete active space second-order multi-
configurational perturbation theory (CASPT2) and N~
electron valence second-order perturbation theory
(NEVPT2); (S) Calculations of spin densities in Co-TODA
to see, compared with other high-spin Co" compounds,
whether there is a correlation between the axial anisotropy (D)
values in the compounds (or the CP) and spin densities on the
Co" ions; and (6) Determination of spin—lattice (T;) and
spin—spin (T,) relaxation times for the intra-Kramers ¢, — ¢,
relaxation by pulsed EPR. Our studies are reported.

B EXPERIMENTAL SECTION

The polycrystalline sample of Co-TODA was prepared as
reported in the literature.”

FIRMS Experiment. FIRMS spectra were collected at the
National High Magnetic Field Laboratory (NHMFL, Talla-
hassee, Florida) using a Bruker Vertex 80v Fourier transform
infrared (FT-IR) spectrometer coupled with a 17.5 T vertical-
bore superconducting magnet. The experimental setup is
equipped with a mercury lamp and a composite silicon
bolometer (Infrared Laboratories), as an incoherent (sub)-
THz radiation source and detector, respectively. The THz
radiation is free-space propagating inside the optical beamline,
connecting the output of the spectrometer and top of the
sample probe. The radiation is then passed through the brass
light pipe over a distance of 2.5 m from room temperature to
the field center. The probe and beamline are evacuated to
eliminate strong parasitic absorptions of the air. The studied
samples are the mulls of n-eicosane and powder (~2 mg) of
each complex. Both the sample and the bolometer were cooled
by low-pressure helium gas to 5.3(3) K. The spectrum of the
THz radiation transmitted through the samples was measured
in the spectra between 10 and 720 cm™" (0.3—21.6 THz) with
a resolution of 0.3 cm™" (9 GHz), an acquisition time of 3 min,
and a scanner speed of S kHz. FIRMS spectra of Co-TODA
were collected four times with different samples, yielding
similar results.

HFEPR Experiment. HFEPR spectra were obtained at the
NHMEFL using the home-built spectrometer based on a 17-T
superconducting magnet described previously,”” and differs
from that description only by the use of a low-frequency (8—20
GHz) microwave source complemented by a cascade of
amplifiers and multipliers (Virginia Diodes, Charlottesville,
VA) to produce higher-frequency harmonics.

INS Experiment. For variable-temperature (VT) INS at
VISION, the sample (0.5 g) was sealed in an aluminum
container and placed inside the neutron beam at a Vibrational
Spectrometer (VISION) at Spallation Neutron Source (SNS),
Oak Ridge National Laboratory (ORNL, Oak Ridge,

Tennessee). INS spectra of Co-TODA were measured at
5.0(5), 25.0(5), 50.0(5), 75.0(5), 100.0(5), 125.0(S), and
150.0(5) K. The design at VISION offers two banks of
detectors for both forward (low 1Ql) and back (high IQI)
scattering of neutrons.”® The phonon population effect was
corrected by normalizing the INS intensity at energy transfer @

. ho '\ 99
with coth (_szT)'

Electronic Structure Calculations. Electronic structure
calculations were conducted by extracting two types of three-
core units from the 2D framework complex. For each unit,
there are two individual Co" fragments (Co2 and Co3 in
Figure S1) needed to be calculated while the neighboring Co™
ions are diamagnetic. Complete active space second-order
multiconfigurational perturbation theory (CASPT2) consider-
ing the effect of the dynamic electron correlation based on
complete active space self-consistent field (CASSCF) method
with MOLCAS 8.4 program package'*” was performed on the
basis of single-crystal X-ray-determined geometries of the
complex.

For the first CASSCF calculation, the basis sets for atoms are
atomic natural orbitals from the MOLCAS ANO-RCC library:
ANO-RCC-VTZP for magnetic center ion Co'; VTZ for close
N and O atoms; VDZ for distant atoms. The calculations
employed the second-order Douglas—Kroll-Hess Hamilto-
nian, where scalar relativistic contractions were taken into
account in the basis set. The effect of the dynamical electronic
correlation was applied using CASPT2 based on the first
CASSCEF calculation. After that, the spin—orbit coupling was
handled separately in the restricted active space state
interaction (RASSI-SO) procedure. The active electrons in §
+ 5’ active spaces considering 3d double-shell effect include all
d electrons [CAS(7 in 5 + §’)] in the CASSCF calculations.
To exclude all of the doubts, we calculated all of the roots in
the active space. We have mixed the maximum number of spin-
free states that was possible with our hardware (all from 10
quadruplets and 20 from 40 doublets). SINGLE ANI-
SO''™'% program was used to obtain zero-field splitting
parameters D(E) (cm™), g tensors, energy levels, magnetic
axes, etc, based on the above CASPT2/RASSI-SO calcu-
lations.

To deeply analyze the magnetic anisotropies, ORCA 4.2
calculations'** were performed with complete active space self-
consistent field calculations (CASSCF), followed by N~
electron valence second-order perturbation theory
(NEVPT2). 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 complex. The
NEVPT2'%™"% calculation both with seven 3d electrons in
five Co 3d-based orbitals [CAS(7, S + §’)] including 3d
double-shell effects was performed on Co2 and Co3. In the
calculations, the orbitals were determined for the average of 10
S =3/2and 40 S = 1/2 roots. All calculations were performed
with triple- with one polarization function def2-TZVP''*~'"*
basis set for all atoms.

DFT Calculations of INS Spectrum and Spin Densities.
Spin-polarized density functional theory (DFT) calculations of
the Co-TODA compound were performed using the Vienna
Ab initio Simulation Package (VASP).""” The calculation used
projector augmented wave (PAW) method''*'"” to describe
the effects of core electrons and Perdew—Burke—Ernzerhof

https://doi.org/10.1021/acs.jpcc.2c03083
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(PBE)"'" implementation of the generalized gradient approx-
imation (GGA) for the exchange-correlation functional. The
energy cutoff was 600 eV for the plane-wave basis of the
valence electrons. The lattice Earameters and atomic
coordinates from the original paper’® were used as the initial
structure. Ideally, the partial occupancy and structure disorder
should be accounted for by creating a supercell and assigning
the ligands to each possible configuration according to the
occupancy probability. This is, however, too costly for the
already large unit cell (volume >3500 A3). As an approx-
imation, this procedure was done within the unit cell, resulting
in the same periodicity with internal disorder (loss of
symmetry). The electronic structure was calculated at the I’
point only. The total energy tolerance for electronic energy
minimization was 10™® eV, and for structure optimization, it
was 1077 eV. The maximum interatomic force after relaxation
was below 0.001 eV A~ The optB86b-vdW functional''” for
dispersion corrections was applied, and a Hubbard U term of
3.32 eV'"® was applied to account for the localized 3d orbitals
of Co. The interatomic force constants were calculated by the
finite displacement method, and the vibrational eigenfrequen-
cies and modes were then calculated using Phonopy.'"” The
OCLIMAX software’® was used to convert the DFT-calculated
phonon results to the simulated INS spectra.

Pulsed EPR Experiment. Pulsed X-band EPR experiments
were performed on a Bruker E680 spectrometer (Billerica,
MA) operating at a microwave frequency of 9.5 GHz at the
NHMFL. Echo detection and T; and T, relaxation times were
collected using a dielectric ER4118X-MD-5 resonator
equipped with an Oxford CF-935 helium flow cryostat. The
temperature was controlled and monitored using an Oxford
Instrument ITCS03 temperature controller. The 4-mm outer-
diameter EPR tubes were used to load samples. The
experiments were conducted in the temperature range of
5(1)-30(1) K. Echo-detected field swept spectra were
obtained by measuring the Hahn echo intensity (7/
2—7—n—7—echo) as a function of transverse field. The time
delay (7) between two detection pulses was 200 ns. Echo
detection was swept from 100 to 10 000 G magnetic field. T
was measured using an echo-detected inversion recovery pulse
sequence (7—7,—n/2—7—n—7—echo). T, was measured using
a standard two-pulse Hahn echo sequence (7/2—7—7—7—
echo). The lengths of the 7/2 and 7 pulses were 16 and 32 ns
for all experiments, respectively.

B RESULTS AND DISCUSSION

Single-Crystal Structure of Co-TODA at 15(2) K.
Determination of the crystal structure of Co-TODA at 15(2)
K by X-ray diffraction was prompted by the following two
considerations: (1) Reported SIM behaviors of Co-TODA
(and many other SMMs) are displayed at 15(2) K or below,
while its reported crystal structure was determined at 123 K.*
(2) While the structure at 123(2) K shows two Co! centers,
neither FIRMS nor HFEPR, discussed below, resolved the
transitions from the two Co" centers in Co-TODA. Thus, it is
desirable to rule out a phase change between 123(2) and 15(2)
K.

The structure at 15(2) K determined by synchrotron X-ray
diffraction is similar to that at 123 K (Figure 2, right). The
shortest Co™--Co! distance is 7.52 A, while the longest Co'l...
Co" distance is 15.4 A with an interlayer separation of 9.18 A
between the Co' ions. Each diamagnetic Co™ ion acts as a
spacer between the Co" ions, making each Co" unit as a STM.

Both Co! ions, Co2 and Co3, are coordinated by the five
atoms (three N and two O atoms) of a TODA ligand and two
N atoms of the CN™ ligands in similar pentagonal bipyramidal
geometries. Continuous shape measures (CShM) were
performed on the two Co" centers in the 15(2) K structure
to determine their deviations from the ideal (Ds;) geometry.
The CShM values of Co2 and Co3 show deviations of 0.791
and 0.410 from 0, respectively. With similar geometries, the
magnetic properties of the two different Co are expected to be
comparable.

Additional plots of the 15(2) K crystal structure in Co-
TODA, showing its CP features, are given in the Supporting
Information (SI). Variable-temperature (VT) HFEPR was
performed to observe potential changes to the magnetic
properties between 5 and 150 K due to the potential phase
change. The VT-HFEPR results will be discussed below.

Studies of the Magnetic Transitions by FIRMS and
HFEPR to Determine Spin Hamiltonian Parameters.
FIRMS. As indicated earlier, the FIRMS experiment was used to
probe dominant inter-Kramers transitions from ¢, to ¢; and
¢4 (Figure 1). The experiments were performed several times
at 5.3(3) K under magnetic field ranging from 0.000(2) to
17.000(2) T with a 1 T step. Figure 3(top) shows a
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Figure 3. (Top) Transmittance line plot of FIRMS data at 5.3(3) K.
(Bottom) 2D FIRMS plot showing the zero-field magnetic transition
originating from 80.4(1.0) cm™' and its evolution at applied high
magnetic fields. The blue, red, and black lines are simulated
transitions, using EasySpin on MATLAB,"* when the magnetic
field is applied along the x-, y-, and z-axes of the [D,E] tensor,
respectively. The ZFS parameters used in the simulations are D =
+38.3(1.0) em™, IEl = 7.3(1.0) em™, and g = [2.33(6), 2.33(6),
2.06(6)], as discussed below in the HFEPR section. The 2D FIRMS
plot was obtained from data normalized to the reference spectrum,
which is the average spectrum for all magnetic fields.

https://doi.org/10.1021/acs.jpcc.2c03083
J. Phys. Chem. C 2022, 126, 13268—13283


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03083/suppl_file/jp2c03083_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03083/suppl_file/jp2c03083_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03083?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03083?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03083?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03083?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

321 GHz

—

Magnetic Field (T)

Magnetic Field (T)

Energy (cm™)

o 2 4.6 & 10 12 13
14
12
10
8
6
4
2- — B||z
i Blly
1 B||x
0 T T T T
0 100 200 300 400
Frequency (GHz)

Figure 4. (Left) HFEPR spectrum of Co-TODA at 10(1) K and 321 GHz (black trace) and its simulation (red trace) using the following SH
parameters: D = +38.3(1.0) cm™, IEl = 7.3(1.0) cm™, g = [2.33(6), 2.33(6), 2.06(6)]. (Right) 2D map (magnetic field vs frequency/energy) of
turning points in HFEPR spectra of Co-TODA at 10(1) K. Squares are experimental points, while lines were simulated using best-fit SH
parameters. (The D and E values were chosen such that 2D’ agrees with the ZFS transition that was found in FIRMS).

transmittance plot of the FIRMS data. The data were collected
at each magnetic field separately and then normalized to a
reference, which is an average of all transmission spectra. The
purpose of the normalization is to eliminate instrumental
arbitrations or artifacts as well as the nonmagnetic spectrum
background. A comparison of the 0 and 17 T transmittance
plots (Figure 3, top) did not clearly reveal a magnetic peak in
the 0 T plot. However, a major change of ~2% in intensity
between the 0 and 17 T spectra (Figure 3, top) is observed
around 80.4(1.0) cm ™', while spectra match each other beyond
this spectral range. In Figure 3 (bottom), a colored two-
dimensional (2D) FIRMS plot was obtained through a
normalization process. In this plot, the intensity in the blue
region reveals the magnetic transitions. The FIRMS and
HFEPR (discussed below) do not have enough resolution to
resolve the magnetic transitions from the two Co™ centers in
the CP in powder form. The blue region at ca. 78—83 cm™" is
broad, suggesting that transitions from both Co!! centers are in
the 2 cm™'-wide range. The transitions from two different Co"
centers in Co-TODA cannot be distinguished in Figure 3
(bottom) in part because the transition is weak. Repeated
FIRMS experiments to resolve the transitions from the two
Co" centers did not work. The energy separation between the
two Kramers doublets (Figure 1) is 2D’ = 80.4(1.0) cm™". The
result from FIRMS, combined with those from HFEPR, give
the SH parameters discussed below.

For S = 3/2 compounds (or CPs) with rhombic E (#0)
parameters, such as Co-TODA here, mixing of the two spin
states (Figure 1) makes both inter-KD transitions from ¢;, ¢,
— ¢; and ¢, — ¢@,, allowed inside a magnetic field. The zero-
field splitting is directly observed at 80.4(1.0) cm™" (Figure 3,
bottom). The simulated transitions in Figure 3 (bottom) were
generated using EasySpin'”’ on MATLAB and D = +38.3(1.0)
ecm™, IEl = 7.3(1.0) em™, and g = [2.33(6), 2.33(6), 2.06(6)].
As the magnetic field increases, the two transitions from
ground state ¢, — ¢; and ¢, — ¢, split, each along the B||x,
B|ly, and B||z directions of the magnetic anisotropy tensor.
One Bl|z transition is red-shifted to lower energy (Figure 3).
The other B||z transition and two B||x and B||y transitions
each are blue-shifted with increasing field. One B||x transition
matches an observed trace in Figure 3 (bottom) well. Another
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observed trace appears to follow one simulated B||y and B||z
transitions. These lines restrict the area of the resonance
frequencies, which are smeared in the magnetic field due to the
arbitrary orientation of the microcrystalline in the powder
sample. The FIRMS spectra and EasySpin simulations are
similar to the reported FIRMS spectra of Co(acac),(H,0),
and simulations of the spectra, which also give one redshift and
five blueshift traces for the ¢, = ¢b; and ¢, — ¢, transitions.””
The simulations in the current work gave reasonable fits to the
experimental data, which further support the direct observation
of the zero-field splitting at 80.4(1.0) cm™" as well as the
Zeeman splitting that occurs at a higher magnetic field.

No spin—phonon coupling was observed in FIRMS
involving the magnetic transitions from 80.4(1.0) cm™,
although there is a strong far-IR peak at ~98 cm™', which
may be too far from 80.4(1.0) cm™' to show spin—phonon
coupling at 0 T. The magnetic transition at 80.4(1.0) cm™" in
FIRMS is not strong. In addition, the CP structure leads to
unique vibrational/phonon features (which appear to be
different from those of molecular compounds).'”’ For
example, rotations of organic linkers in MOFs may be
hindered. Trampoline-like motions were observed recently in
a low-symmetry MOF, which was believed to be a potential
source of negative thermal expansion of the MOF."*' However,
to understand why spin—phonon coupling in Co-TODA was
not observed in FIRMS requires separate studies including
computations similar to those reported recently for ionic and
molecular compounds.®”'**7'

INS was also performed to determine the inter-Kramers
transition and phonon features in Co-TODA that are
discussed below.

HFEPR. The HFEPR experiment was used to probe intra-
Kramers transition ¢, to ¢, (Figure 1). For each frequency
used for a powder sample of Co-TODA, three peaks at
different magnetic fields: Bllx, Blly, and Bllz, are expected.

The experiment was conducted at 10(1) K with various set
frequencies and variable magnetic field. Co-TODA produced a
clear HFEPR pattern at any frequency, showing three peaks
(turning points) when pressed into a pellet with n-eicosane.
The spectrum was simulated using the SH parameters in the
caption of Figure 4 with the assumption of powder distribution
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of crystallites in the sample. The simulated spectrum agrees
very well with the experimental one. It is characteristic of a
high-spin Co!! ion with positive D, i.e., easy-plane anisotropy,
and pronounced rhombicity (E) of the ZFS tensor. Figure 4
(left) shows a spectrum at 10(1) K and 321 [or 321.000(2)]
GHz with its simulation.

The separation of B, and B, turning points in the HFEPR
spectra could also be a result of the g-anisotropy (g, not equal
to g,). However, simulations show that, for the g-anisotropy to
reproduce that separation, the g-values would have to be
physically unrealistic. The actual E parameter should thus be
understood as being 0 < IEl < 7.3(1.0) cm™ and D as
+38.0(1.0) £ D < +40.2(1.0) cm™". That is, the |El and D
values are much closer to 7.3(1.0) and +38.0(1.0) cm™,
respectively, than to 0 and +40.2(1.0) cm™.

Due to the large thombicity (E > 0) in Co-TODA, there is
a significant mixing of the Mg = +1/2 and +3/2 spin states,
giving, e.g.,, ¢; = —al—1/2) + bl+3/2) and ¢, = —al+1/2) —
bl—3/2) for the lower-energy KD [mixing coefficients: a =
cosff, b = sinf, tan2f8 = 4/3 (E/D)], as shown in Figure 1.
Thus, the Zeeman splitting is a function of both g and the
mixed spin states. Using the D’ = (D* + 3E2)Y? value from
FIRMS, a simulation of the 2D map of turning points in Figure
4 (right) gave the values of the spin Hamiltonian (SH)
parameters D, E, and g [g,, 8 g.)- The simulations assume that
the g-tensor is axial, which we do not know since E and g-
rhombicity are interrelated. We can only state that the |E/DI =
0.19 ratio represents the maximum value. With the combined
data from FIRMS and HFEPR, we were able to quantify the
values of D, E, and g in the spin Hamiltonian as well as
determine the inter-Kramers transition energy of the CP.

The single-crystal structure of Co-TODA at 123(2) K shows
two different Co" centers, while both FIRMS and HFEPR data
at 5—10 K, using powder samples, did not resolve the
transitions from the two Co" centers in Co-TODA. Repeated
attempts to synthesize the CP only yielded powders or small
crystals not large enough for single-crystal FIRMS and HFEPR
studies. The single-crystal structure of Co-TODA at 15(2) K,
discussed earlier, is similar to that at 123(2) K, ruling out a
phase change between the two temperatures. In other words,
the two different Co™ centers exist at both 15(2) and 123(2)
K. We have decided to conduct VI HFEPR at several
temperatures between 5(1) and 150(1) K to reveal potential
changes in the magnetic properties of the molecule at the
different temperatures. Figure 5 shows the VT HFEPR graph
at a set frequency of 273 [or 273.000(2)] GHz. The
characteristics of all three visible EPR patterns did not change
as the temperature decreased. The VI HFEPR results are
consistent with the single-crystal X-ray diffraction results,
which showed no phase transition between 5(1) and 150(1) K.
Therefore, there are no changes to the magnetic characteristics
of Co-TODA at the low temperature.

It is noted that both the current FIRMS/HFEPR spectros-
copies and earlier DC susceptibility data fitting”® show that
Co-TODA has the easy-plane anisotropy, although the current
spectroscopic studies give direct determination of the D and E
values. The easy-plane anisotropy (D > 0) obtained from
HFEPR here is supported by the ab initio calculations
discussed below. Easy-axis anisotropy (D < 0) was considered
to be an important criterion for SIMs because it favors high |
Mgl states energetically."*° In a classical picture, for molecules
with the easy-plane anisotropy, there is no (when E = 0) or a
small (when E # 0) barrier for spin reversal because of the

Frequency: 273 GHz

5K

10

20
40
80
150

Magnetic Field (T)

Figure 5. VT HFEPR spectra at 273 GHz with temperatures ranging
from 5(1) to 150(1) K. The narrow resonance at ca. 9.8 T is due to
an unidentified S = 1/2 impurity.

condition |El = D/3."*° In addition, spin tunneling rates are
expected to be high.'”® Both factors contribute to the loss of
magnetic memory. However, many complexes with the easy-
plane anisotropy,”*™* including Co-TODA here,” have
shown SIM behaviors with slow magnetic relaxation. Using
Co(acac),(H,0), (acac™ = acetylacetonate) as a model,
Gomez-Coca and co-workers have found that the slow
relaxation in such systems is a general consequence of time-
reversal symmetry that hinders direct spin—phonon processes
regardless whether the complexes have the easy-plane or easy-
axis anisotropy.'”® It is also noted that the reported AC
susceptibility measurements of Co-TODA at 2.0-3.0 K give
U = 11 em™,*" which is significantly lower than +38.0(1.0)
< D < +40.2(1.0) cm™" determined spectroscopically here.

INS Studies of the Inter-KD Transition and Phonon
Properties. INS spectra give complete phonon spectra of the
sample, which may help understand the phonon properties of
the CP. In addition, INS may show magnetic transitions in the
sample. There are generally two types of interactions between
incident neutrons and a sample in the INS process. The
neutrons interact with the atomic nuclei of the sample, leading
to the excitation of phonons. The neutrons (spin = 1/2) also
interact with the magnetic field of the sample created by its
unpaired electrons, leading to magnetic excitations.

Phonons of molecular crystals include both internal and
external modes.””'*”” Internal mode or (intramolecular)
vibration is caused by the distortion of atoms in a molecule
as well as a slight shift in the molecular center of mass. External
mode (or lattice vibration) is that of the lattice with little to no
internal distortion of the molecule. All phonon modes,
however, exhibit features of both internal and external
modes. Phonons in this study refer to both external and
internal modes in the solid. Variable-temperature (VT) INS
may be used to differentiate the magnetic and phonon
transitions. Because electrons and phonons are fermions and
bosons, respectively, they will have different temperature
profiles, making it possible to use Bose-corrected VT INS to
distinguish magnetic transitions from those of phonons.

Current INS studies were conducted using a vibrational
spectrometer (VISION) at ORNL. The INS work was
performed by sealing 0.5 g of sample in an aluminum
container under helium. The spectra were measured at
5.0(3), 25.0(5), 50.0(5), 75.0(5), 100.0(5), 125.0(5), and
150.0(S) K for 1 h at each temperature. Bose-corrected INS
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Figure 6. Bose-corrected INS spectra collected at VISION. (Left) Forward scattering; (right) Backscattering,

spectra of forward-scattering data and backscattering data are
given in Figure 6. Since phonons are bosons following the
Bose—Einstein statlstlcs,% S35467,70,7L128 4o Bose correction
applies a frequency- and temperature-dependent normalization
factor such that INS spectra measured at different temper-
atures are brought to a similar level for comparison. In other
words, the spectrum is divided by the phonon population
factor, which facilitates the comparison of the various spectra
collected at different temperatures.

Phonon features at different temperatures in Bose-corrected
spectra are expected to have similar profile and baseline
intensity. The magnetic transition from electrons, which are
fermions, does not follow the expected temperature depend-
ence for phonons. A broad peak was observed at ~75(2) cm™
in the INS spectrum at 5.0(S) K, which is more intense in the
forward scattering (Figure 6, left) than in the backscattering
spectrum at 5.0(5) K (Figure 6, right), when, e.g., compared
with the peak to its right [at ~94(1) cm™']. In INS, magnetic
transitions are stronger in the forward scattering (with smaller
magnitudes of the momentum transfers, QI = Ik; — k/, where k;
and k; refer to the momenta of the incoming and outgoing
neutrons, respectively) than in the backscattering spectra,
while phonon transitions are weaker in the forward-scattering
than in the backscattering spectra.”” Thus, it is likely that the
broad peak at ~75(2) cm™', extending to >82 cm™, contains
the contribution from the magnetic transition. That is,
overlapping peaks of magnetic and phonon transitions at
~75(2) cm™ make the peaks more intense in the forward-
scattering spectrum at 5.0(5) K than that in the backscattering
spectrum. However, the broad, likely overlapping peaks at
~75(2) em™ from a powder sample of Co-TODA prevents
definitive assignment of the magnetic contribution to the
peaks. The spectrum shows two phonon features between 70
and 100 cm™". The phonon features around the region of the
observed magnetic transition [80.4(1.0) cm™' from FIRMS]
can potentially lower the relaxation time of the spins due to the
phonon acting as an external perturbation to the system. Even
though phonons are found around the region of the magnetic
transition, no phonon coupling was observed in FIRMS.

Density functional theory (DFT) calculations of the phonon
INS spectrum of Co-TODA were conducted using VASP. The
goal of the calculations is to compare the calculated phonon
INS spectrum to the experimental one so a magnetic transition
in the experimental INS spectra, which is not in the calculated
phonon INS spectrum, may be revealed. Due to the complexity
of the crystal structure of the Co-TODA and the disorder of

13275

the TODA ligands, the symmetry of the CP was lowered to P1
in the calculations. Since the calculations were not conducted
in the original, higher symmetry of P2,/c (no. 14), phonon
modes were not assigned symmetries. The calculated INS
spectrum in the range of 10—4000 cm™" is given in Figure S17,
in comparison with the experimental INS at S K. The
calculated and experimental INS spectra match fairly well,
considering that the magnetic transition at 80.4(1.0) cm™
overlaps with phonon peaks around 75(2) cm™.

Computational Studies of the Magnetic Anisotropy
in Co-TODA. With the determination of the easy-plane
anisotropy in Co-TODA by both FIRMS/HFEPR spectros-
copies and DC susceptibility data fit, we have conducted ab
initio studies to understand the anisotropy.

There are two Col ions, Co2 and Co3, in the crystal
structure of Co-TODA, both coordinated by TODA ligands
(Figure 2). The calculated molecular structures of individual
Co" fragments are given in Figure S1. The energy differences
between the lowest two spin-free states (Table S1) of Co2 and
Co3 are both much larger than those between the lowest two
spin—orbit states (Table S2), and the compositions of the
ground spin—orbit states are almost entirely from the ground
spin-free states. Thus, we can use ZFS parameters D and E to
depict their magnetic anisotropies.

The calculated D, E (cm™'), and g (g,, g, g.) tensors for Co2
and Co3 using CASPT?2 and NEVPT2 with MOLCAS 8. 4%
and ORCA 4.2,"* respectively, are shown in Table S3, where
the D values obtained from NEVPT?2 are more consistent with
the experiments compared with those from CASPT2. Figure
S2 shows calculated orientations of the local magnetic axes (g,,
gy &) on Co2 and Co3 in their ground spin—orbit states using
CASPT2/RASSI-SO with MOLCAS 8.4. To analyze magnetic
anisotropies deeply, we gave the contributions of the excited
states to D values for Co2 and Co3 in Table S4 using NEVPT2
with ORCA 4.2. The dominant contributions to the positive D
values were from the two close quartet states, particularly the
third and fourth quartet states for both Co2 and Co3. The
calculations yield positive D values, which are consistent with
the geometries around the Co' ions and easy-plane
anisotropies (g, g > g.)- The molecular coordination frame
was chosen so that the Z axis is along the numerically largest
eigenvalue of the D-tensor and the X and Y axes accordingly to
the other two. The following discussion of Co d-atomic
orbitals (d-AOs) is classified in accordance with this frame.
The calculated relative energies (cm™') of ligand field one-
electron states (on the basis of d-AOs) for Co2 and Co3 using
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NEVPT2 with ORCA4.2 are shown in Table S5 according to
the ab initio ligand field theory (AILFT)'*”"** analysis. The
CASPT?2 calculations gave the D values for Co2 and Co3 as
30.5 and 43.0 cm™’, respectively. The experimental value of D
from HFEPR [+38.0(1.0) < D < +40.2(1.0) cm™'] is between
the calculated D values of Co2 and Co3 from CASPT2.

The magnetic susceptibility of Co-TODA was calculated
using CASPT2/RASSI-SO with MOLCAS 8.4. The calculated
plots of magnetic susceptibilities vs temperatures for both Co2
and Co3 are shown in Figure S3, giving the susceptibility value
of 1.5—1.7 cm® mol™" K near 0 K that plateaus around 2.5 cm®
mol™" K at 300 K. The calculated magnetic susceptibilities of
Co2 and Co3 are alike, supporting that the two Co! centers
have close characteristics. The calculated plots are similar to
those from the earlier experiments.”® For example, the
experimental magnetic susceptibility value, which does not
distinguish the contributions from Co2 or Co3, is 1.37 cm?®
mol™" K at 2 K, while plateauing around 2.48 cm® mol™! K at
room temperature. Therefore, the calculated magnetic
susceptibility values are agreeable with the experimental data.*

For Co2 and Co3, the most destabilized ligand field is the
singly occupied state composed of practically pure d;> AOs.
The orbital energies computed for the ground states are shown
in Figure S4, where the ground states for Co2 and Co3 are
both multideterminant with prevailing (62.2 and 84.1%,
respectively) contribution of (dyz)l(dxz)z(dxy)I(dxz_yl)z(dzl)1
and (d,.)'(d..)*(d,)"(d2_2)*(d2)", and are mixed with
another with the weightages of 13.3 and 12.1%, respectively.
For Co2, the major contributions to D are from the ground to
the third and fourth excited-state transitions (d,, = d,> and
dz2_» = d respectively). The positive sign of the D parameter
is attributed to these transitions that occur between orbitals
with different magnetic quantum number (m) values.””"*' In

the case of Co3, as it is similar to Co2, the largest
contributions to D are also from the ground to the third and
fourth excited-state transitions (dxz_},Z — d,, and dg_p — dp,
respectively). Since these orbitals also have different m, values,

the contributions to the D value are positive, in complete
agreement with the experiments.

The multideterminant wavefunctions of the selected excited
states having important contributions to D tensor are shown in
Figure SS, where all of the excited states are composed of
several configurations, indicating the presence of the
unquenched orbital angular momentum. The calculated yT
vs T plots are shown in Figure S3. The calculated orientations
of the g,, gy and g; in the ground spin—orbit states on Co" ions
of Co2 and Co3 are shown in Figure S2.

Calculated Spin Densities and a Correlation with the
D Parameter. Spin density calculations were performed using
Vienna Ab initio Simulation Package (VASP) with the
projector augmented wave (PAW)''#''>'3%133 method and
the local density approximation (GGA)''® + U (U = 44
eV)'**13° exchange-correlation functional. Spin density
calculation is used to study the localization of spin in the
metal jons as well as the ligands. The calculations do not
include the spin densities that reside in the bonds, but rather
just the densities in individual atoms. The range of spin
densities for each atom type is presented in Table 1. Detailed
spin densities are given in Table S9.

The results show that the spin densities are mostly
concentrated on the Co' ions, containing 2.68—2.69 (89.3—
89.7%) of the three unpaired electrons on the metal ions, while

Table 1. Calculated Spin Densities for Atoms in a Unit Cell
of Co-TODA”

atoms ranges of spin densities

Co! 2.69

Co'! 0.01

0 2.15 X 1072 to 3.57 X 107>

N of TODA 431 X 1072 to 4.33 X 107>

N of CN~ —1.14 X 10™* to —1.02 x 107*
211 X 107* to 1.92 X 1072

C of CN~ —2.03 X 107 to —1.18 x 107*
7.89 X 1075 to 7.23 X 1073

C of TODA —8.96 X 10™* to —2.89 x 107*
7.62 X 1075 to 1.81 X 1073

H —3.14 X 107* to —1.2 X 1077
2.00 X 1078 to 2.04 x 1073

total 17.616 (2.936 per SBU")

“Ranges of spin densities are listed for O, N, C, and H atoms due to
the large number of atoms present in the unit cell. bSBU = secondary
building unit.

Table 2. Correlation between Calculated Spin Densities on
the Co" Ions and ZFS Parameters of the Co" Complexes/
Ccp

spin densities on the Co" ions (and D’ values

complexes percentage of three unpaired electrons) (em™)
Co(PPhy),1, 2.553 (85.1%) 13.63(10)
Co(PPh,),Br, 2.570 (85.7%) 13.83(2)
Co(PPh,),Cl, 2.585 (86.2%) 14.89(2)
Co-TODA 2.68—2.69 (89.3—89.7%) 402
Co(acac),(H,0), 2.81 (93.7%) 57.0

the rest are dispersed on the ligands and the diamagnetic Co™

ions. We recently found that, among four Co" complexes
Co(PPh;),X, (X = I, Br, Cl) and Co(acac),(H,0), (acac =
acetylacetonate), the larger the spin density on a metal ion, the
larger the ZFS is in the complex,48 as summarized in Table 2.
Co-TODA in the current work [D’ = 40.2(1.0)] follows the
trend (Table 2). Its spin densities of 2.68—2.69 on the Co"
ions and D’ = 40.2(1.0) are both lower than those of
Co(acac),(H,0), but higher than those of Co(PPh;),X, (X =
I, Br, Cl) (Table 2).

In both Co(acac),(H,0), and Co-TODA, only light N and
O atoms (in the second row of the periodic table) are bound
to the Co' ions with six- and seven-coordination, respectively.
For Co-TODA, seven N,0O atoms (and other atoms in the
ligands) share the spin densities from the three unpaired
electrons, while in Co(acac),(H,0),, six O atoms bound to
the Co" ion (and other atoms of the ligands) share the spin
densities. Perhaps the different coordination numbers in
Co(acac),(H,0), and Co-TODA is one contributor to the
spin density differences between the two. In Co(PPh;),X, (X
=1, Br, Cl), the halogen atoms in the third, fourth, and fifth
rows of the periodic table have higher spin densities [6.69 X
1072 (Cl), 6.85 x 1072 (Br), and 6.01 X 107> to 6.39 X 107>
(I) in the three complexes, respective1y48] than, e.g., those on
N and O atoms in Co-TODA.

It should be pointed out that the number of complexes here
(five in Table 2) is limited, and different DFT programs may
give different calculated spin densities. Additional studies are
needed to see if there is a correlation between the spin
densities and magnitudes of ZFS.
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Figure 7. Graphs of the echo intensity from pulsed X-band EPR at S(1) K vs time: (left) echo inversion recovery experiment; (right) Hahn echo

decay experiment. External magnetic field = 3344(1) G.

Studies of Spin—Lattice (T;) and Spin—Spin (T,)
Relaxation Times in the Ground KD by Pulsed X-Band
EPR. Pulsed X-band EPR was used to probe the spin—lattice
and spin—spin relaxation times T; and T, after the Co" centers
are excited from ¢, to ¢b, (Figure 1). In other words, pulsed
EPR here provides relaxation times for the intra-KD transition
inside a magnetic field. The two relaxation times are intrinsic
magnetic properties of Co-TODA.

T, quantifies the time of energy transfer from the molecular
spin to the lattice.” Using the technique of echo inversion
recovery, a pulsed wave at 180° is applied inside a field,"**"*’
leading to the flipping of the magnetization (M,) from +z to
—z with a higher energy. Afterward, the flipped spin will
undergo spin—lattice relaxation to return to +z, releasing
energy to the environment through spin—lattice relaxation.
M,(t), magnetization along z at different times (t) after the
180° pulse, is measured. T| is the time for M,(t) to reach 63%
of its maximum value, M,(0), as shown in eq 2."**"*" T} is also
the time at which the spins relax back to the Boltzmann
equilibrium state at a given temperature after the removal of
the external magnetic field. T, is an important magnetic
property of a compound or CP, e.g,, for the relaxation from ¢,
to ¢, in Co-TODA.

M,(t) = M(0)[1 — 2 exp(—t/T))] )

where M,(0) and M,(t) are the axial components of the
magnetization vector at time = 0 and t, respectively, and T is
the spin—lattice relaxation time.

Spin—spin relaxation is the process where the transverse
component of the magnetization (M,,) dephases or decays.
According to Bloch, this process follows first-order kinetics
resulting in the exponential decay.'*® T, is the time it takes for
the traverse magnetization to fall to 37% of its initial value."*®
Hahn echo decay is typically used to study the spin—spin
relaxation, quantifying T,.*" A 90° pulse inside magnetic field
flips the magnetization to the x—y plane. Then, spins in
different environments begin to dephase at different speeds
due to the local magnetic field inhomogeneities. Next, a 180°
pulsed is used to flip the spin dephasing direction to remove
the inhomogeneous dephasing so as to detect the magnet-
ization. The process is repeated with different periods (t) of
dephasing before the echo.**'**

M,(t) = M, (0) exp(—t/T;) (3)
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where M,,(0) and M, (t) are the transverse components of the
magnetization vector at time = 0 and f, respectively, and T, is
the spin—spin relaxation time.

T, reflects the coherence time of the two spin states and thus
the effectiveness of qubits. Recently, metal complexes with a
long T, have been actively investigated as qubit candi-
dates.*”**™”' Finding a compound with a long T, is
challenging, as interactions of unpaired electron spins in a
compound with the local environment causes the rapid
collapse of the superposition state through decoherence.
Effects such as nuclear spin diffusion coupling to nearby
electrons, methyl rotation, and spin diffusion barrier are major
obstacles when it comes to prolonging the T,. Zadrozny and
co-workers have quantified ys-length T, of various d' V(IV)
compounds and compared the spin—spin relaxation times with
those of other well-known qubits such as the nitrogen-vacancy
(NV) center. For example, T, = ~1 ms for (Ph,P-
dy)2[V(CsSg)3] in CS, at 10 K, eclipsing the nitrogen-vacancy
center in nonisotopically enriched diamond.*”

Pulsed X-band EPR experiments of a powder sample of Co-
TODA (with no magnetic dilution of the Co" ions) were
performed at 5(1) K to give T, and T, times. Figure 7-Left
gives the echo inversion recovery graph, giving the T, value of
235(4) ps at S K. It is interesting to note that, for Co-TODA,
T, = 235(4) us at 5(1) K, the lowest temperature measured in
the current work, is in the same order as the relaxation time 7 =
130 ps at 3.0 K, the highest temperature probed by alternating
current (AC) susceptibility studies.”® Figure 7 (right) shows
the Hahn echo decay graph with the T, value of 0.513(4) us at
5(1) K. It should be noted that the Co-TODA sample used
here for the pulsed X-band EPR studies is 100% Co. The
relatively short T, value suggests the presence of inter-Co"
magnetic interactions in Co-TODA that may be reduced with
the use of diamagnetic Zn" dilution. The field swept echo
graphs in Figures S14 and S1S show one feature at 3344(1) G
or approximately 0.33 T. The feature suggested an EPR
observable intra-Kramers transition from ¢b; to ¢b,. Due to the
excitation bandwidth limitations, a pulsed X-band EPR
sequence can only excite a portion of the spin populations.
Moreover, not all spins can be flipped by a pulse at the same
angle. Therefore, only one such transition can be observed in
the spectra. T; and T, times at 10(1), 20(1), and 30(1) K were
also measured. The echo inversion recovery and the Hahn
echo decay graphs of the temperatures as well as the field
swept echo graphs are given in the Supporting Information.
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The T, time for Co-TODA is fairly long considering that
there is no magnetic dilution in the CP and that the shortest
Co"--Co" distance is 7.52 A in the CP, making Zn"-diluted
Co-TODA potential qubit candidates. The rigid and sturdy
structure of a CP and its unique phonon properties may
provide an environment for the qubit centers in the CP,
potentially prolonging T, times. Previous studies of the spin
coherence times of qubit candidates were reported for Cu",
Co", and VIV CPs."**~'*3 Yy, Freedman, and co-workers have
shown that a magnetically diluted Cu" porphyrin MOF at the
10, 40, and 100% levels has the phase memory time (T,,)
values of 0.645, 0.121, and 0.046 us, respectively.142 T, is the
measure of all processes contributing to spin decoherence,
including T,. In the nondiluted CP, the distance between two
nearest Cu'! centers is 13.595 A. T, of 0.467 us for Co-TODA
is thus comparable to T,, of the 100% Cu" porphyrin MOF,
showing that Co-TODA is a promising qubit candidate.
Another notable example is a Co" porphyrin-based MOF
investigated by Zadrozny, Freedman, and co-workers.'*! In the
nonmagnetically diluted MOF, the distance between the two
nearest Co"' neighbors is 13.643 A. Once magnetically diluted
to 7% of Co™ (with 93% of Zn"), the T, time was found to be
13.74(9) ps."*' The T, time is considerably longer than that of
Co-TODA that is likely a result of the dilution of the Co"
magnetic centers as well as longer distances between the
nearest Co' neighbor in the structure. Further studies with
Zn"-diluted Co-TODA are needed to see if the diluted CP has
qubit properties.

B CONCLUSIONS

The versatility and power of the spectroscopic techniques in
the characterization of molecular magnetism, especially the
determination of the SH parameters, are highlighted in the
current studies of powder samples of Co-TODA with field-
induced slow magnetic relaxation. From physical chemistry
perspectives, the current work demonstrates the power of
advanced optical (FIRMS, HFEPR, pulsed EPR) and neutron
(INS) spectroscopies in probing the magnetic properties of a
metal-containing network. Results from the spectroscopies,
combined with single-crystal X-ray diffraction at 15(2) K and
ab initio calculations, offer a rare opportunity to understand
the structure and properties of the CP in detail. FIRMS has
revealed the inter-KD magnetic transition, and, together with
HFEPR, led to a direct determination of the SH parameters
(D, E, and g). In other words, the combined use of FIRMS and
HFEPR is critical here for the deconvolution of the D’ into the
D and E values. Due to the large value of the E parameter, Co-
TODA exhibits significant mixing of states, as demonstrated in
the simulations of the FIRMS and HFEPR spectra. The
electronic structure calculations in the current work have
pointed out the origin of the magnetic anisotropy and the
magnetostructural correlations, giving calculated SH parame-
ters. The calculated SH parameters as well as the calculated
DC susceptibility data are in support of the experimental
findings, showcasing the utilities of the ab initio calculations.
INS studies have given calculated INS spectra, phonon
properties, and spin densities in the CP. The current work
has also showcased that pulsed EPR is a unique tool in
obtaining the magnetic relaxation times T and T, for the intra-
KD transition ¢p; — ¢,. The T, time for the Co-TODA was
found to be fairly long, with no magnetic dilution, compared to
T, times of other transition-metal MOFs. The evidence
suggested Co-TODA to be a potential qubit candidate. The
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calculated spin densities on the Co" ions in Co-TODA and
other high-spin Co" complexes reported earlier reveal that the
larger the spin density on a Co" ion, the larger the ZFS in the
complex.
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