Downloaded via FLORIDA STATE UNIV on July 7, 2026 at 14:08:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Magnetic Anisotropy in the Homoleptic [CoX,]*~ (X = Cl, Br, 1) Series:
Spectroscopic Determination and Ligand Field Studies

Adiat A. Fakolujo, Michael J. Jenkins, J. Krzystek, You Song, Xiaoping Wang, Yonggiang Cheng,
Luke L. Daemen, Mykhaylo Ozerov, Joshua Telser, Zhao-Bo Hu, and Zi-Ling Xue*

Cite This: Inorg. Chem. 2026, 65, 12818—12834 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Four-coordinate transition metal complexes with Deviation from Ta and Magnetic Anisotropy
unpaired electrons (S > 1) typically exhibit structures deviated
from perfect T, geometry, leading to magnetic anisotropy.
(NEt,),[CoX,] (X = Cl, Co—Cl; Br, Co—Br; I, Co—I) with
pseudotetrahedral structures are an ideal series to explore how
deviation from perfect T; geometry is reflected in magnetic
anisotropy. This work presents comprehensive studies of Co-X,
including single-crystal X-ray diffraction of Co—Cl and Co-I,
measurements of DC and AC magnetic susceptibilities, inelastic
neutron scattering (INS), far-infrared magneto-spectroscopy (FIRMS), and high-frequency and -field electron paramagnetic
resonance (HFEPR). Both [CoCl,]*” and [CoBr,]*” ions have crystallographically imposed D,; symmetry, while the [Col,]*~ ion
adopts slightly distorted tetrahedral geometry approximating D,; symmetry. Magnetic anisotropy increases from Co—Cl to Co—L.
Also, only Co—Cl and Co—Br show field-induced SMM behaviors. FIRMS of Co—TI reveals spin-phonon couplings, suggesting that
these couplings may lead to fast magnetic relaxation and the lack of SMM behavior. Ligand field theory calculations indicate that an
increase in spin-orbit couplings (SOC) from Co—Cl to Co—Br and to Co—I leads to increased magnetic anisotropy. These
compounds provide insight into how crystal fields, crystallographic symmetries, and SOC affect magnetic anisotropy and spin
relaxation in a well-defined series of homoleptic complexes.

B INTRODUCTION unpaired electrons as a result of second-order spin-orbit
coupling (socC).'®

If D > 0, magnetization of the compound occurs along the
%,y plane, and the anisotropy is called easy-plane. If D < 0,
magnetization is along the z axis, and the anisotropy is called

Single-molecule magnets (SMMs) have been proposed as a
new generation of data storage materials and for qubit
applications, because SMMs are magnetically bistable with

spin reversal barriers (U).'~"” For many complexes, zero-field : :
splitting (ZFS) parameters D and E govern magnetic easy-axis. For the former, quantum tunneling occurs more

anisotropy with the simplified spin Hamiltonian inside applied readily than for the latter, because the trf;’;étions within the
magnetic fields (eq 1): ground KD (Mg = +1/2) is allowed. ™™ Transverse or

rhombic parameter E shows anisotropy between the x and y
axes and manifests when the crystallographic symmetry of the
metal site is lower than 3-fold (x # y # z). This further splits

—~ ~ 1 ~ ~
g, = D(sf - S5+ 1)) + B8, ~8)) + mg B.S,
the KD, and consequently, mixes KDs,*! leading to faster

+ ”BgyBySy + #p8,B:S, (1) relaxation, which is typically not desirable in SMMs. Magnetic
PP anisotropies in several types of materials have been
where S, S, S, = spin operators in the x, y, and z directions; yg studied.>?236

= electron Bohr magneton; g, g, g = g-factor components; B High-spin (S = 3/2) Co?" is a commonly investigated ion for

= (B, B, B,), applied magnetic field vector. D, E, g,, 8y &, are SMM applications.l0’37_39 In tetrahedral Co** complexes, the
called spin-Hamiltonian parameters.

ZFS refers to the splitting of the spin microstate degeneracy
in § > 1 compounds in the absence of an applied field. The 2§ -
+ 1 (= 4 for high-spin Co** complexes, 3d’, S = 3/2) ReC?WEd: January 22, 2026
degeneracy is lifted in such systems mainly due to lowered Revised: ~ May S, 2026
molecular symmetry from cubic: octahedral O, or tetrahedral Accepted: - May 11, 2026
T,.'”"® The degeneracy is removed when the ligand along the Published: June 4, 2026
z-axis is different from those in the «x, y directions, producing
Kramers doublets (KDs) in compounds with odd numbers of

ground electronic *F state of the free Co®* ion is split into *A,,
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Figure 1. ZFS splitting energy diagram for tetrahedral Co*" complexes with D > 0 and E # 0. a = cos f and b = sin /3 are mixing coefficients
described by the mixing angle f that depends on the rhombicity as tan 2 = \/ 3 (E/D).*°

*T,, and *T}, with the*A, as the ground state (Figure 1).*’ This
*A, ground state serves as an ideal system for examining how
deviations from perfect tetrahedral geometry influence
magnetic anisotropy, owing to quenched orbital angular
momentum of this state. In comparison, five and six-coordinate
Co®* complexes may have an appreciable orbital contribution
to their magnetic anisotropy, giving large magnetic anisotropy
(e.g, hundreds of cm™) and substantial g anisotropy. In
tetrahedral complexes, D-values are typically small, and g-
values are relatively isotropic (larger than 2.0),"® because of the
second-order SOC.

[Co(SPh),]*” with an easy-axis anisotropy (D = =70 cm™")
reported by Long and co-workers’' demonstrates slow
relaxation without an applied field. Several pseudotetrahedral
Co®* complexes show slow magnetic relaxation under applied
fields with field-induced SMM behaviors.”>**~* Dunbar and
co-workers studied ligand effects on axial ZFS parameters of
Co(quinolone),I, and Co(EPh;),I, (E = P, As),”” showing an
increase in D for those with heavier donor atoms, particularly
between P and As.*® Some of us have studied Co(PPh,),X, (X
= Cl, Br, I) (Cy)* and Co(AsPh;),I, (C,,) by both far-
infrared magneto-spectroscopy (FIRMS) and inelastic neutron
scattering (INS), observing transitions between KDs and
determining spin-Hamiltonian parameters for the complexes.
(NEt,)[Co(PPh;)X;] (X = Cl, Br) (C;,) has also been studied
by DC and AC magnetometry and high-frequency and -field
electron paramagnetic resonance (HFEPR) to determine their
spin-Hamiltonian parameters.”” These tetracoordinate Co(II)
complexes, except [Co(SPh),]*", are all heteroleptic with
pnictogen (group 15) and halide (group 17) ligands. We focus
here on simpler, homoleptic halide complexes [CoX,]*” (X =
Cl, Br, I) to explore how the degree of deviation from perfect
T, geometry leads to magnetic anisotropy. Characterization
techniques such as UV-visible and IR spectra, phase changes,
and crystal structures in complexes with the [CoX,]*” anions
but different cations, including the current NEt,*, have long
been reported.""”"> Magnetic anisotropies have also been
probed in several [CoX,]*~ with different cations.”””"’
Gerloch and co-workers in 1972 measured single-crystal
magnetic susceptibility of Co—Cl and Co—Br and predicted
their ZFS values,”' showing that the magnetic anisotropy is
mostly affected by the distortion of the X-Co-X bond angles
from perfect tetrahedral geometry and SOC. Styczen and co-
workers have reported the crystal structure of Co—Br at room
temperature and its DC magnetic susceptibility and EPR
properties.”® These results showed that there are no unusual
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short-range intermolecular interactions in the crystal lattice,
and the fitting of the magnetic susceptibility data showed a
negative zJ value of —0.22 cm™' (2] = intermolecular
interaction parameter), indicative of weak antiferromagnetic
interactions within the lattice. Their fit of the DC susceptibility
gave D = +4.11 cm™". In addition, crystal structures of Co—Cl
(with no cif file),”” Co—Br at room temperature,”*** and Co—
I at 100 K*' have been reported, all showing disorders of the
NEt," cations. Despite all this prior work, the nature of
magnetic anisotropy in (NEt,),[CoX,] complexes and their
potential as SMMs are still not clear. These homoleptic Co-X
complexes ([CoX,]>", X = Cl, Br, I), which lack the
complication of Jahn—Teller distortions, can provide insight
into how crystal field, SOC, crystallographic point group
symmetry, and crystal packing forces influence magnetic
anisotropy and spin-lattice relaxation.

ZFS parameters are commonly estimated by fitting DC
magnetic susceptibility data. However, this method is indirect
and susceptible to significant errors. More precise determi-
nation of ZFS parameters can be achieved through advanced
spectroscopic techniques, such as HFEPR, FIRMS, INS, and,
less often, Raman magneto-spectroscopy (RaMS).>»23082-84

In this study, we have investigated the magnetic anisotropy
and relaxation mechanisms of (NEt,),[CoX,] complexes (X =
Cl, Co—Cl; Br, Co—Br; I, Co—I) using advanced spectro-
scopic techniques, including HFEPR, FIRMS, INS, and
SQUID magnetometry, both direct current (DC) and
alternating current (AC) measurements. Additionally, single-
crystal X-ray structures were determined for Co—Cl and Co—I
at 100 K and for Co—Br at 295 K. Ab initio ligand field theory
calculations (AILFT) and ligand field theory (LFT) calcu-
lations have been performed to elucidate the origin of the
observed magnetic anisotropy. This work examines the
tetrahedral complexes that deviate slightly from the ideal T,
symmetry, each with local D,; symmetry but crystallizing in
different space groups, to elucidate how packing and symmetry
govern magnetic anisotropy and relaxation, supported by
advanced spectroscopic techniques that yield accurate
transition energies and spin-relaxation parameters.

B RESULTS AND DISCUSSION

Crystal Structures and SHAPE Analysis

Single-crystal structures of Co—Cl, Co—I at 100(2) K, and
Co—Br at 295(2) K have been determined in the current work.
Two independent crystal structures of Co—Br at room
temperature were reported in 2010.%% We obtained a

https://doi.org/10.1021/acs.inorgchem.6c00405
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Figure 2. Anion structures of Co—Cl reported Co—Br, and Co—1. Blue, green, brown, and purple represent Co, Cl, Br, and I atoms, respectively.
All four chlorides in Co—Cl and bromides in Co—Br are crystallographically equivalent.

Table 1. Crystal Data for Co—Cl, Co—Br, Co—I, and the Reported Co—Br

compound Co—Cl Co—Br (reported)” Co—Br (current)? Co-1
space group tetragonal, P4,/nmc (No. tetragonal, P4,/nmc (No. tetragonal, P-42,c (No. orthorhombic, P2,2,2 (No. 18)
137) 137) 114)
temperature (K) 100(2) 295(2) 295(2) 100(2)
a (A) 8.7426(3) 8.9856(6) 8.9864(13) 13.633(3)
b (A) 8.7426(3) 8.9856(6) 8.9864(13) 13.683(3)
c (A) 15.2212(6) 16.0006(8) 15.955(3) 14.800(3)
Co—X bond lengths (A) 2.2771(14) 2.4007(9) 2.3957(8) 2.41665(8)‘{)2.7857(10) (average:
2.6191

ra?%e of X—Co—X bond angles 100.82(17)—113.96(9)

shortest Co—Co distance (A)  9.805 10.216
SHAPE analysis (CShM) 0.710 0.00S

108.49(6)—109.97(3)

108.75(5)—109.83(3) 106.38(4)—114.32(3)

8.9864 10.056
0.004 0.459

“Crystal structure of Co—Br at room temperature was reported in ref 80 [295(2) K] and ref 78 [293(2) K]. The former structure with a lower R-

factor is cited here. “Current work.

different Co—Br structure with a lower residual error (R =
4.76%) compared to the reported (6.73%° and 7.03%"%). We
also collected single-crystal X-ray diffraction data of Co—Br at
100 K, but the structure at this low temperature was too
disordered to be solved. We also collected single-crystal X-ray
diffraction data of Co—Cl and Co-I at 295(2) K, but they
were also too disordered to be solved. The crystal structures of
Co-X, including a reported Co—Br (with R = 6.73%)," are
summarized and compared in Figure 2 and Table 1, including
selected bond angles and lengths for Co-X.

Both Co—Cl at 100(2) K and Co—Br at 295(2) K crystallize
in the tetragonal space group P4,/nmc (No. 137) with one
unique molecule in the unit cell. The crystal of Co—I is in the
orthorhombic P2,2,2 space group with one unique molecule in
the unit cell. Although the [CoCl,]*” anion in Co—Cl is
disordered, both [CoX,]*” (X = Cl, Br) anions are in
tetragonally compressed D,; symmetry. All four Co—CI bond
lengths are equal at 2.2771(14) A. Among the six CI-Co—Cl
bond angles, four are at 113.96(9)° and the other two are at
100.82(17)°. Similarly, in the [CoBr,]*” structure in Co—Br,
lengths of the four Co—Br bonds are at 2.3957(8) and 0.1186
A longer than the Co—Cl bond. Four of the Br—Co—Br bond
angles are at 109.83(3)°, while the remaining two angles are at
108.75(5)°. The orthorhombic P2,2,2 (No. 18) space group
in Co—I makes the four Co—I bond lengths different
[2.4165(8) A, 2.6083(9) A, 2.6657(11) A, and 2.7857(10)
A; Average = 2.6191 A]. In other words, the [Col,]*” anion is
in the C, point group with no symmetry. The average Co—I
bond length of 2.6191 A is 0.2234 and 0.3420 A longer than
those of Co—Br and Co—Cl bonds, respectively. The six I—

Co—I bond angles are different from each other in the
106.38(4)°—114.32(3)° range with average of 109.43°. The
above-described crystal structures (Figure 2) provide metrics
that can be used for ligand field theory, specifically the angular
overlap model (AOM).”>* For the AOM, we define in each
complex four ligands at idealized ¢ values of 0, 90, 180, and
270°. The variation is in their € values, which are 58.79°
(121.21°) for Co—Cl, 59.50° (120.50°) for Co—Br, and
57.88° (122.12°) for Co—I. This last case represents an
idealized D, situation for Co—I so that all three complexes are
treated equivalently by the AOM. These 6 values represent an
axial compression from the ideal tetrahedral (T,) situation
with z defined along the S, axis of 6 = 54.74° (125.26°).
SHAPE analyses of Co—Cl and Co—I at 100(2) K and Co—
Br at 293(2) K reveal the degrees to which the three structures
are deviated from the perfect tetrahedron, giving Continuous
Shapes Measure (CShM) values of 0.710, 0.00S, and 0.459,
respectively. Note that the value of Co—Br is very small
compared to those of Co—Cl or Co—I. However, the Co—Br
structure, giving its small CShM value, was determined at
293(2) K, while Co—Cl and Co—1I structures were obtained at
100(2) K. At 293(2) K, the Co—Br structure is more equalized
to ideal T,; These structure-temperature correlations are
consistent with previous studies.*>®” Specifically, Nover and
Schmidtke extensively investigated tetrahedral complexes,
including (NEt,),[CoX,] (Co-X), and found from a single-
crystal optical spectroscopic measurement at 2 K that the
anion is more distorted from tetrahedral geometry than at
room temperature.’® Far-IR spectra of a Co—Cl single crystal
at room temperature and 105 K by Dunsmuir and Lane

12820 https://doi.org/10.1021/acs.inorgchem.6c00405
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showed changes in the lattice vibrations owing to distortion
from tetrahedral geometry.””

Magnetic Susceptibility Studies

Direct-current (DC) susceptibility measurements of the
compounds were taken at 0.1 T applied magnetic field in the
range of 1.8—300 K. These complexes are paramagnetic, giving
values of y,T at room temperature of 2.56 (Co—Cl), 2.63
(Co—Br), and 2.70 (Co—1I) cm® mol™" K which are larger than
the calculated spin-only value (y)T = 1.87 cm® mol™' K, 3.87
pg for S = 3/2 with g = 2.0), but they are consistent with
reported values for tetrahedral Co(II) complexes with orbital
contributions to the magnetic moment.***” The y,T plots
(Figure 3) gradually decrease with temperature due to ZFS™
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Figure 3. DC magnetic susceptibilities: (a) Co—Cl; (b) Co—Br; (c)
Co—1. Fit lines use the parameters given in Table 2.

and reach the smallest value at about 1.8 K, the lowest
temperature possible in the magnetometer, in the three
complexes. Fitting of the DC data using the PHI program
yielded D, E, and g values listed in Table 2 with additional
details such as zJ and TIP (temperature-independent para-
magnetism) data given in Table S2 in SL.”"** For Co—Cl and
Co—I, both D values are positive and increase from +2.3(3)
ecm™! for Co—Cl to +7.5(1) ecm™ for Co—I, indicating that
these two complexes have easy-plane magnetic anisotropy. The
results are consistent with those from HFEPR discussed below.
For Co—Br, even though the fitting of the DC data gives D =
+4.7(4) em™, |El = 1.3(3) cm™ and |E/DI = 0.28(9), HFEPR

gives D = 4.515(10) cm™’, IEl = 1.505(10) cm™" and |IE/DI =
0.333(3). Since |IE/DI = 1/3 (maximally rhombic) for Co—Br,
the simple easy-axis vs easy-plane classification is no longer
appropriate. The 2D’ [= 2(D* + 3E*)"/?] values from the DC
data fittings are 4.8(8) cm ™" for Co—Cl, 10.4(7) cm™" for Co—
Br, and 15.0(1) cm™ for Co—L

Determination of Spin-Hamiltonian Parameters by HFEPR

HFEPR has been used extensively to probe molecular
magnetism,17’33’34’47’93_104 including determining ZFS. The
approximate energy range of HFEPR for this determination is
<33 cm™' in non-Kramers (S = integers) and <15 cm™ in
Kramers (S = half integers) complexes with the magnetic field
of up to 16 T for the facilities at the US National High
Magnetic Field Laboratory (NHMFL).

HFEPR spectra of these compounds were obtained using the
EMR facility at NHMFL. Simulations of the spectra using spin-
Hamiltonian parameters in Table 2 reveal good fits to the
experimental spectra. Complex Co—Cl (Figure 4a) measured
at 4.5 K and 148 GHz shows a near-ZFS frequency of the inter-
Kramers transition between the two lowest Kramers doublets,
which immediately yields the approximate 2D’ value. This
frequency corresponds to an energy of 4.9 cm™'. Complex
Co—Br (Figure 4b) also gave an excellent EPR response at 4.5
K and 310 GHz, which exactly corresponds to the frequency of
the ZFS transition between the two lowest Kramers doublets.
This frequency corresponds to an energy of 10.3 cm™’, which
immediately yields the approximate 2D’ value. There is a
maximum E value of 1.505(10) cm™ [IE/DI = 0.333(3)] for
Co—Br, even though its crystal structure at 295(2) K is in a
tetragonal space group with D,; point group symmetry (with
2-fold degeneracy x = y). Since HFEPR was taken at 4.5 K, we
believe there is a phase change(s) between room temperature
and the liquid helium temperature, leading to significant
deviations from the D,; symmetry and giving the rhombic ZFS
parameter observed by HFEPR at 4.5 K. Serious distortion of
the Co—Br structure at 100(2) K from our single-crystal X-ray
diffraction data, which we could not solve, supports this view.

The EPR response of Co—I was much weaker in terms of
signal amplitude than those of its two congeners described
above (Figure 4c). This is due to the extremely broad line
width of the turning points, about an order of magnitude larger
than those of the Co—Cl and Co—Br compounds. As a result,
we were only able to register spectra at a few of the available
frequency harmonics, specifically those that produced the most
sub-THz wave power. For that reason, no field vs frequency
maps could be constructed, and the SH parameters are only
estimates obtained from single-frequency spectra. The fitting of
single-frequency spectra of all the compounds showed positive
D values.

No conventional (e.g, X-band) EPR spectra were recorded
for any of the three Co-X complexes, given the availability of
HFEPR and FIRMS. But effective g’ values (i.e, S’ = 1/2)
were calculated using perturbation theory equations'®® and are
given in Table S7. Simulated X-band (9.5 GHz, 77 K) EPR
spectra are shown in Figure S16. The difference in spectral
appearance between Co—Cl and Co—Br with perfectly
rhombic ZFS and Co—I with essentially axial ZFS is readily
apparent.

INS Studies
In INS spectroscopy, the sample is bombarded with incident

neutrons, leading to magnetic and phonon excita-
. 30,94,106—120
tions. ? Phonons here refer to both external
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Table 2. Spin-Hamiltonian Parameters of Co-X Determined by Different Methods Including Ab Initio Ligand Field Theory
(AILFT) and Ligand Field Theory (LFT) Calculations

method D (cm™) IEl (cm™)
Co—CI DC susceptibility ~ +2.3(3) 0.4(5)
HFEPR +2.48(1) 0.0840(10)
LFT
[CoCl,]>~ without cations”  AILFT-CASSCF  +26.58
AILFT-NEVPT2 +20.44
Co—Br DC susceptibility ~ +4.7(4) 1.3(3)
HFEPR 4.515(10)°  1.505(10)
INS
AILFT-CASSCF +6.97
AILFT-NEVPT2 +4.42
LFT
Co-1 DC susceptibility ~ +7.5(1) 0.11(10)
HFEPR/ +6.1(5) 0.60(15)
INS
AILFT-CASSCF +9.70
AILFT-NEVPT2 +7.24

LFT

|E/DI 2D’ (ecm™) g 8 8, 8

02(2) 4.8(8) 2.257(1)

0.0339(5)  4.96(1) 2.32(1), 2.34(1), 2.309(5)
4.98," 4.97°

0.099 2.255, 2.557, 2.617

0.106 2.206, 2.431, 2.482

0.28(9) 10.4(7) 2.299(1)

0.333(3) 10.43(2) 2.384(2), 2.36(1), 2.47(5)
10.1(3)

0.055 2.437, 2.501, 2.509

0.107 2.316, 2.361, 2.373
10.40,” 10.33°

0.01(3) 15.0(1) 2.295(2)

0.10(3) 12.3(7) 2.55(10), 2.55(10), 2.35(10)
12.5(5)

0.197 2.482, 2.581, 2.627

0.193 2.335, 2.406, 2.437

12.35,% 12.37°

“The magnetic transition (at the 2D’ value) for Co—Cl could not be confirmed in INS spectra, as it is at/below the detection limit (10 cm™) of the
INS spectrometer VISION. “Calculated using e, and e, parameters derived by comparison with experiments in ref 86. Complete parameters are
provided in SI. “Calculated using e, and e, parameters derived from AILFT calculations in ref 72, as discussed in the text. The result is provided in
comparison with that in Footnote d. Complete parameters are provided in SIL. dCrystal structure of (NEt,),[CoCl,] (Co—Cl) is too disordered to
be used for AILFT calculations. Thus, the calculations were only conducted on the [CoCl,]*” anion in Co—Cl. “HFEPR results gave |[E/DI = 0.333
for Co—Br. Thus, the simulated spectra for D > 0 and D < 0 are the same, as indicated in Figure 4 caption. No sign is given for D here. IThe error
values for spin-Hamiltonian parameters obtained by HFEPR are estimated from the line width for Co—I, unlike for Co—Cl and Co—Br.

(a) (b) (c)
D<0
. D<0
=
[<
-] Exp
g )
s Exp Sim
% Ex|
; D>0 :
S | D>0
T T T M T T M T T M T T T T T T T T T T T T
0 2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14

Magnetic Field (T)

Figure 4. HFEPR spectra: (a) Co—Cl at 4.5 K and 148 GHz; (b) Co—Br at 4.5 K and 310 GHz; (c) Co—I at 4.5 K and 418 GHz. Since E/D =
0.333 for Co—Br, the simulated spectra for D > 0 and D < 0 are the same. dX/dH is the first derivative of the absorption X vs magnetic field H.

(intermolecular) and internal (intramolecular) vibrational
modes in the solid states. Internal modes are molecular
vibrations in which the molecules maintain almost no
displacement of the mass center. External modes are lattice
vibrations, when molecules vibrate primarily as a whole with
little internal distortion and typically with much lower
frequencies than internal modes. Internal and external modes
are often coupled as they originate from the same governing
equations. Thus, we do not distinguish external and internal
modes in the current work and refer to all vibrations as
phonons.

Variable-temperature (VT) INS spectra may distinguish
magnetic from phonon transitions, as they have different
temperature dependencies. Electrons (spin = 1/2) are
fermions that follow the Boltzmann distribution (or
Maxwell—Boltzmann statistics) at a given temperature. In
contrast, phonons/vibrations (spin = 0) are bosons that follow
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Bose—Einstein statistics with temperature. In other words,
magnetic and phonon peaks in VT INS spectra follow different
temperature profiles. Bose correction of the INS spectra will
bring phonon spectra at different temperatures to similar levels,
thus helping reveal magnetic transitions.”*'?® Unlike IR and
Raman spectroscopies, each with different selection rules to
give IR-allowed and Raman-allowed transitions, respectively,
INS has no symmetry-based selection rules for phonons.
Hence, all phonon transitions are allowed in INS.”>"*!

INS experiments were conducted using Vibrational Spec-
trometer (VISION) at the Spallation Neutron Source (SNS),
Oak Ridge National Laboratory (ORNL).”*'*° Variable-
temperature INS can be used to distinguish between magnetic
and phonon peaks due to their different temperature
dependences. Bose correction of the VI INS spectra makes
the intensities of phonon peaks relatively constant, helping to
reveal magnetic peaks. Intensities of magnetic peaks decrease
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with increasing temperature, as the excited Kramers doublet in
Figure 1 is increasingly thermally populated at the expense of
the ground Kramers doublet.

VISION is an indirect-geometry INS spectrometer with its
schematic shown in Figure 5. Such INS spectrometers have

Analyzers JA_
A
C— #, Sample

4

Neutron beam with /
»
broad energies I

.
(-]

Detectors

Figure S. Schematic of VISION, an indirect-geometry INS
spectrometer.

been reviewed.”*'?° An incident neutron beam (with energy
E;) with a broad range of energies (e.g., “white” beam) is used
to irradiate the sample. The E; is determined using the time the
neutron reaches the detector through time-of-flight (TOF).
Two banks of analyzers for forward- and backscattering of
neutrons, respectively, are used to give spectra. Forward-
scattering analyzers catch scattered neutrons with low Q (with
respect to the incident neutron beam; Q = length of the vector
of momentum transfer between the incident and outgoing
neut1'ons).94’106 Backscattering analyzers receive scattered
neutrons with high Q. Magnetic transitions are more
pronounced in forward-scattering with low Q, because their
intensities decrease with increasing Q.'° VT Bose-corrected
forward scattering INS spectra of Co—Br (Figure 6a) show a
prominent magnetic transition at 10.1(3) cm™', which is in
good agreement with the HFEPR results. INS spectra of Co—I
in (Figure 6c) reveal a broad magnetic transition at 12.5(5)
cm™ as opposed to a sharp transition in the INS spectra of
Co—Br. The broadness of the peak in Co—I suggests the
embedding of low-lying vibrations/phonons near the magnetic
transition that could lead to spin-phonon couplings and fast
relaxation as observed in the out-of-phase signal in AC
susceptibility data for Co—I discussed below. The magnetic
transition of Co—Cl at 4.5 cm™ (from HFEPR) is below the

lower detection limit of VISION (10 cm™).°*'°° INS also
gives phonon (vibrational) spectra, which are presented for
Co—Cl, Co—Br, and Co—1I in Figures S8—S11 in SI over the
range of 10—4000 cm™'. These spectra show all phonon
transitions, as INS has no symmetry-based selection rules.”>"*!
As discussed below, DFT calculations give phonon energies in
Co—I and their symmetries.

Ab Initio Ligand Field Theory (AILFT) Calculations

AILFT calculations have been performed using ORCA'** to
explore the electronic structures and magnetic anisotropies of
the current compounds. Computational details are provided in
SI. Due to the crystallographic disorders in the crystal
structures of (NEt,),[CoX,] (X = Br, Co—Br; I, Co—I), two
calculations were conducted with and without the cation
NEt,*, i.e., on (NEt,),[CoX,] and [CoX,]*, respectively. For
(NEt,),[CoCl,] (Co—Cl), its crystal structure is too
disordered to be used for AILFT calculations. Thus, we only
conducted AILFT calculations on the [CoCl,]*” anion based
on its structure in Co—Cl. Earlier, Vassilyeva and co-workers
also conducted AILFT calculations on the [CoCl,]*~ fragment
in the structure of (C;;H;,N;),[CoCl,] (C3H,,N;" = 2-
methyl-3-(pyridin-2-yl)imidazo[ 1,5-a]pyridinium).'**  Results
of the current AILFT calculations are summarized in Table
S3 in SI Additional AILFT calculations have also been
performed on [CoBr,]*” and [Col,]*” anions, giving results
summarized in SI (Table S6).

For Co—Br and Co-1I, the calculated results are in good
agreement with the experimental results. A pronounced effect
of NEt," on anisotropy was observed in Co—Br and was
minimal in the case of Co—1. The dominant contributions to
the positive D values in (NEt,),[CoX,] (Co—Br and Co-I)
are from the first and second quartet states. In the case of Co—
Br, the ground state consists 99.96% of *A, in D, point group.
In contrast, the ground and excited states of Co—I show
several configurations, suggesting orbital contributions from
the excited states. The relative energy orders of ligand field d-
orbital splitting for Co—Br and Co—I were extracted according
to ab initio ligand field theory (AILFT) analysis using
NEVPT?2 (Table S5).
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Figure 6. (a) VT forward-scattered, Bose-corrected INS spectra of Co—Br showing inter-Kramers (Ms = +1/2 — +3/2) magnetic transition at
10.1(3) ecm™". (b) Calculated magnetic peaks in Bose-corrected INS spectra of Co—Br with 2D’ = 10.1 cm™" and the E/D ratio of 0.333 from
HFEPR. (c) VT forward-scattered, Bose-corrected INS spectra of Co—I showing inter-Kramers (Ms = #1/2 — #3/2) magnetic transition at
12.5(5) cm™. (d) Calculated magnetic peaks in Bose-corrected INS spectra of Co—I with 2D’ = 12.5 cm™" and the E/D ratio of 0.1 from HFEPR.
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from LFT calculation.

The AILFT calculations on the [CoCl,]*” fragment in the
structure of (C;3H,N;),[CoCl,] by Vassilyeva et al. gave a
small and positive D value (3.96 cm™') with a moderate
rthombic component (E/D = 0.12)."** The ZFS obtained was
small compared to that from experimental magnetometric
determination, because it was based on a simple isolated ion
model extracted from the ionic solid.'"** In current work, the
overestimated D value of [CoCl,]*™ is likely associated with
the high disorder in the crystal structure. However, E/D and g
values show reasonable agreement with the experimental
results. In an attempt to obtain a reasonable D value, the
second d-shell (CAS 7,10) calculations were also conducted, in
addition to using the Douglas—Kroll-Hess Hamiltonian
(DKH) relativistic method. This still gave the same value as
the one in Table 2. Thus, we think the overestimation of D is
due to severe disorder in the crystal structure of Co—CL

Ligand Field Theory (LFT) Calculations of the Electronic
Structures and ZFS Parameters

The origin of ZFS in these compounds was also probed with
the semiempirical Angular Overlap Model (AOM) using the
Ligfield program by J. Bendix,'** and the locally written (J.
Telser) program DDN.'** Nover and Schmidtke reported the
NIR (near IR) spectra of the three compounds from single
crystals at 2 K and assigned Kramers components of the three
quartet excited states, which in T, are (in increasing energy):
*T,(F), *T,(F), and *T(P). These states are split by spin-orbit
coupling (SOC) and lower symmetry in the crystal. Assign-
ment of electronic levels was by comparison with results from
AOM calculations performed for various subgroup symme-
tries.*® In the D, point group symmetry, the ground electronic
state of Co—X is *B;, derived from the parent *A,(F) term in
T, symmetry (e*t,’ configuration). The quartet excited states
are *Ty(F) (e4,"), *T\(F) (&4,°), and *Ty(P) (¢'1,*) in T,
symmetry and each split into *B, and *E for (*T,) or *A, and
*E (for *T,) states. Transitions to the states derived from *T,
and those derived from *T|(F, P) are in the NIR and visible

region, respectively, and have been reported from both
experimental and theoretical perspectives.’® These states are
given in Figure 7a, showing the symmetry descent for the
Co(II) ion from a free ion, first to a hypothetical tetrahedral
[CoX,]>” ion, and then to a hypothetical tetragonally
compressed [CoX,]*” ion in the present studies (6, >
54.5°) (Table S8a). The perturbation equation in eq 2, based
on the second-order SOC and similar to the one given by Van

Stapele et al., applies'*®

=(3¥]

where ¢ is the SOC constant for Co*" ion, E(*B, — *B,) is the
energy difference between the *B, and *B, states, and E(*E —
*B,) is the energy difference between the *E and *B, states.
Angular overlap model (AOM) parameters e, and e, for the
Co—Cl and Co—Br complexes were taken directly from
Benelli and Gatteschi.*> For Co—1, e, and e, were not reported
and were therefore determined in two ways: (a) e, = 2800, e,
= 820 cm™' were treated as adjustable parameters and
optimized jointly with the SOC constant { to reproduce the
experimental ZFS, while preserving the expected spectrochem-
ical trend of a weaker ligand field for iodide; (b) e, and e, were
extrapolated by scaling with the halide ionic radii (1.96 A for
Br~ and 2.20 A for I”; scaling factor = 1.122), which yields e,
=3478 cm™, e,/ = 870 cm™, using e, = 3100 and e, = 775
cm™!. The Racah parameter B for Co—Br (695 cm™') was
adopted from Schmidtke,*® whereas B for Co—Cl (700 cm™)
and Co—I (690 cm™) was adjusted to reflect the expected
nephelauxetic trend of decreasing interelectronic repulsion
along Cl < Br < I; the corresponding C = ~4.3B values were
then scaled, together with B, to approximately 70% of the Co**
free-ion value (B = 988.6 cm™')'”” to account for overall
metal—ligand covalency. Spin-orbit coupling was included via
effective one-electron SOC constants §, which were adjusted
for each Co—X complex to reproduce the experimental ZFS

1 1
E(4E - 4Bl) E(4Bz - 431)

)
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Figure 8. (a) Frequency-dependent out-of-phase AC susceptibility at 1.8—2.6 K under 0.1 T static DC field for Co—Cl. (b) In 7 vs In T plot for
Co—Cl. The red solid line represents the fit by the Raman relaxation process.

parameters (Table 2); relative to the Co* free-ion value ({ge.
= 533 cm™!),"*® the fitted ¢ values are 243 cm™' (Co—Cl,
46%), 300 cm™ (Co—Br, 56%), and 385 cm™ (Co—1, 72%).
These calculated ZFS values with a positive sign corroborate
the HFEPR results for the compounds (Table 2). The ZFS
values increase with an increase in the (second-order) SOC, a
decrease in the crystal field parameters (Figure 7b), and the ¢
bond strength (e,) Cl > Br > I, which are in agreement with
the spectrochemical series.'”” In addition to the sign and
magnitude of ZFS, the calculations also gave the single d-
orbital energy splitting in Figure 7b. AOM parameters e, and
e, obtained from AILFT by Buchhorn, Deeth, and Krewald
were also employed as an independent theoretical reference
set.”” Using these AILFT-derived AOM parameters, together
with the Racah parameters and { values defined above and the
experimental geometries, leads to an overestimation of the axial
ZFS parameter 2D’. However, a good agreement with the
experimental 2D’ was achieved by reducing (, such that the
required { values amount to 38, 47, and 63% of the free-ion
value (533 cm™") for Co—Cl, Co—Br, and Co—1I, respectively
(Tables S8—S10). The systematic increase in the fitted SOC ¢
from CI to Br to I reflects the larger atomic spin-orbit coupling
of the heavier halides and is consistent with their higher
covalency, as expected from the nephelauxetic effect. The
calculations using the AILFT-based parameters show the
plausible B, C, and { ranges to give 2D’ values comparable with
those from HFEPR experiments.

Dynamic Magnetic Properties

Spin-lattice relaxation refers to the process by which the spin
system of magnetic ions or complexes equilibrates with the
lattice vibrations (phonons) at thermal equilibrium, which may
be influenced by the crystallographic symmetry of the material.
A long relaxation time to spin reversal is desired for SMMs in
data storage applications. The spin and lattice systems are the
components of SMMs, and interactions between them are
often termed spin-phonon couplings, leading to relaxations.'®
Equation 3 shows the three types of spin-lattice relaxation
mechanisms:

™ = AH"T + CT™ + 75 'exp™ /b7 3)
where the first term represents the direct process, the second
term is Raman process, and the third term describes the
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thermally activated Orbach process. 77" = rate of spin reversal;
A = direct process constant; H = magnetic field; T =
temperature; C = Raman constant; 7, = relaxation time; U =
energy to spin reversal; kg = Boltzmann constant.

The dynamic magnetic properties of the compounds were
probed by AC susceptibility studies at 10 kHz frequency under
an applied 0.1 T DC field. The applied DC field is required to
quench quantum tunneling and to give an observable out-of-
phase signal, which is often used for Co(II) complexes.'”” The
results showed that both Co—Cl and Co—Br exhibit SMM
properties. Due to the 10 kHz frequency limit for the current
state-of-the-art SQUID instrument, Co—Cl shows three
maxima points below 10 kHz (Figure 8a). Maxima points at
two additional temperatures (2.4, 2.6 K) were also obtained
based on the data <10 kHz using the CCFit2 program.'*"'**
Since these two maxima points were essentially obtained
through extrapolation, their use in Figure 8b should be viewed
with caution. In addition, the temperature range of 1.8—2.6 K
is small, potentially leading to large errors. The In 7 vs In T plot
in Figure 8b gives a linear fit (R* = 0.997) with C = 8.8(9) x
10* s' and n, = 2.41(10). The relaxation dynamics is
interpreted using the Raman mechanism, since the data points
were obtained at lower temperatures. n, is lower than 9
expected for the Raman pathway, but it is consistent with the
presence of the phonon-bottleneck effect. Cole—Cole plots for
Co—Cl are given in Figure S5a in the SI. However, Co—Br
shows only one data point below 10 kHz (Figure S3), which is
not sufficient to fit the Debye equation.

Co—1I (with the largest D value) does not show an out-of-
phase signal in the AC measurements. Co—I crystallizes in the
orthorhombic P2,2,2 (No. 18) space group with the D, point
group symmetry (x # y # z),"”’ while Co—Cl and Co—Br
crystals are in the tetragonal space group P4,/nmc (No. 137)
and P-42;c (No. 114) with the D,, and D,; point group
symmetries (x = y # z), respectively.”** Thus, phonons have
the degenerate E, and E, modes for Co—Cl or the E mode for
Co—Br, while those in Co—I have no degenerate modes (only
A or B, B, B;, Table S13 in SI). In other words, there are
fewer phonon modes in Co—Cl and Co—Br due to their
degeneracy than in Co—I. We speculate that, as a result, spin-
phonon couplings are more likely in Co—I, leading to its
magnetic relaxation.
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Spin-Phonon Couplings in FIRMS and Selected Phonons in
Co-I by VASP Calculations

FIRMS is far-IR spectroscopy inside magnetic fields, a crucial
technique for investigating magnetic properties and spin-
phonon interactions. In the experiments, far-IR spectra at
different magnetic fields are collected, revealing how Zeeman
splitting shifts magnetic transitions.'”*>**/*#1357198 15y the
present case, it provides direct measurements of 2D’ values for
S = 3/2 spin state, and may reveal spin-phonon couplings
typically as avoided crossings, offering insight into the spin
relaxation process.”* Earlier research by Brackett, Richards,
and co-workers demonstrated that transitions between ZFS
states are magnetic dipole-allowed, with the transition moment
operator (R, R, R)."¥

Magnetic transitions of the three Co—X compounds (at 2D’
in Table 2) are either outside or at the low detection limit
(typically 12 cm™) of the FIRMS instrument at NHMFL.**"*
Thus, FIRMS did not directly show the magnetic transitions in
Co—X at 0 T. However, in the FIRMS of Co—I (Figure 9),
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Figure 9. (a) Far-IR spectra of Co—I at 0 and 17 T, the lowest and
highest magnetic field, respectively, revealing changes in the spectrum
by the fields. (b) Contour plot of the normalized far-IR spectra at 0—
17 T (step: 1 T; normalization by the average of all spectra), showing
spin-phonon couplings with the Maple software. White lines indicate
fittings from eq 4 corresponding to coupling of the magnetic
transition A to phonons B, C, D, and E. Fitting parameters are shown
in Table 3. The brown line shows the blue-shift of the magnetic
transition.

several spin-phonon couplings were observed involving low-
energy phonons. Observation of these couplings, demonstrated
as avoided crossings, is consistent with the faster spin-
relaxation observed in Co—I than in Co—Cl and Co—Br by
dynamic (AC) susceptibility. The Mg = —1/2 to Mg = +3/2
magnetic transition, which is extrapolated to 12.5 cm™' at 0 T
and labeled A in Figure 9, undergoes a blue-shift (i.e,, shift to
higher energies) with magnetic field increase. Due to the
presence of transverse or rhombic anisotropy E leading to
admixture of states shown in Figure 1, this transition has the
Mg=-1/2 - Mg=—1/2 (AM; = 0) component and is spin-
allowed. In FIRMS of Co—Br (Figure S12 in SI), a similar M;
—1/2 to Mg = +3/2 magnetic transition, extrapolated to 10.4
cm™ at 0 T (2D’), is also observed. This transition undergoes
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a blue shift with magnetic field increase, although no spin-
phonon coupling is obvious in the plots (Figure S12).

In FIRMS of Co—I (Figure 9), the interaction of magnetic
transitions (spin) with a phonon is observed as an avoided
interaction with the magnetic transition taking up phonon
character and the phonon becoming magnetic with an increase
in field. When the energy of a phonon is close to the magnetic
excitation, spin-phonon coupling occurs, in which the phonon
peak appears to be “pushed” away from the magnetic peak.
Such coupling is often expressed with a simple Hamiltonian in
eq 4:

E,

A E,

A

(4)

Understanding spin-phonon interaction is a crucial aspect of
developing better SMMs. This requires simulation of the
interaction between magnetic transition and possible phonons
which can be performed using the given Hamiltonian in Maple
software. This method yields the diagonal matrix element
corresponding to the expected shift in magnetic and phonon
transitions with the field, and the off-diagonal element, A,
corresponding to the spin-phonon coupling constant.

In Co—I, four phonons, labeled B, C, D, and E in Figure 9,
were found to interact with the magnetic transition, resulting in
a Hamiltonian as a § X 5 matrix representation in eq S under
the assumption that there is no phonon—phonon interaction.
Fitting eq 5 gives the simulated spin-phonon lines in Figure 9
and the four spin-phonon coupling constants Ag—Ag in Table
3. Phonon B at 25 cm™' initially shows magnetic field

Table 3. Energies of Phonons B, C, D, and E in Co—I, Their
Symmetries, and Spin-Phonon Coupling Constants Ag—Ag

A
(spin) B C D E
energy (cm™) 123 259 302 356 408
VASP-calculated phonons 2599 3076 3585  40.34
(Cm71)£]
symmetry of the calculated B, B, B, B,
phonons
coupling constants Ay, Ac, 0.5 0.5 0.5 0.5
Ap, Ag (cm™

“These VASP-calculated, IR-active phonons are the closest in energy
to Phones B—E. However, they are not necessarily Phones B—E.

dependence until ~4 T, when it begins to exhibit avoided
crossing behavior, acquiring magnetic character, while the
magnetic transition correspondingly becomes phonon-like.
This coupled state then continues as a magnetic excitation
until it interacts with Phonon C at 30 cm™" at ~8 T, leading to
another avoided crossing. C gradually becomes a phonon,
while Phonon D takes more magnetic character, blue-shifting
to the right. The process repeats at about 10 T, when D

undergoes a third avoided crossing with Phonon E at 42 cm™L

E, Ay Ac Ny A
Ay Eyg 0 0 0
H=|Ac 0 Euc 0 0
Ap 0 0 Eyp O
Ag 0 0 0 Eyg s)
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Figure 10. Molecular structure of Co—I with labels of C (gray color), N (blue), H (orange), Co (pink), and I (purple) atoms for the discussion of

phonons, including the movies given in SI.

VASP (Vienna Ab initio Simulation Package) calculations
using density functional theory (DFT)"™’ can provide the
phonon symmetries and energies for a given compound as well
as phonon movies.”**”*%**>% The VASP calculations were
only conducted on Co—I, as the NEt," cations in the crystal
structures of both Co—Cl and Co—Br are too disordered to be
used in the calculations. Calculated phonon symmetries and
energies are listed in Table S14 in SI. Since B, B,, and B;
modes are IR-active in D, point group (Table S13), and
Phonons B, C, D, and E in FIRMS are in the energy range of
25—42 cm™, 21 VASP-calculated movies of B;, B,, and B,
modes in 20—45 cm ™" are presented in SI. These movies show
the IR-active phonons within the crystallographic unit cell,
including both intra- and intermolecular vibrations. In
addition, four of the 21 calculated IR-active phonons, whose
energies (at 25.99, 30.76, 35.85, and 40.34 cm™') are the
closest to Phonons B, C, D, and E, respectively, are selected for
discussion below. Their movies of intramolecular vibrations
(with just one molecule in the cell similar to that in Figure 10)
are also given in SI for the discussion of phonon features.

The calculated phonon at 25.99 cm™ with B; symmetry is
close in energy to Phonon B. This vibrational mode is
primarily localized on the NEt," cations, particularly in the
terminal CHj; groups. Asymmetric C—H stretching and
torsional motions are observed in CHj groups attached to
C1 and C3 atoms, which twist in the same direction but with
different magnitudes. This contrasts with the CH; stretching of
C7 and C11 atoms, which move in the opposite directions.
The N—C framework exhibits slight bending toward the metal
center. A wagging motion of the Co—I bonds is also evident,
confirming that this mode involves distortion of the first
coordination sphere around the Co center.

The calculated phonon at 30.76 cm™" with B, symmetry is
close in energy to Phonon C. In this vibration, the torsional
and wagging of the CHj; groups attached to C1 and C3 atoms
are still the same as the phonon at 25.99 cm™, except that the
CHj; groups of C9, C11, and C16 atoms are in the opposite
directions with a larger amplitude. The wagging of the Co—I
core is observable.

The calculated phonon at 35.85 cm™" with By symmetry is
close in energy to Phonon D. This vibration represents a

symmetric wagging of the ethyl groups on each of the NEt,*
cations, with opposing displacements at the two N centers.
The Co—I stretching is weaker than that of phonon at 30.76
em™

The calculated phonon at 40.34 cm™" with B, symmetry is
close in energy to Phonon E. This molecular vibration involves
the bending (scissor-like) motion of the alkyl substituents. The
deformation propagates through the C—C and C—N frame-
work, which acts as a hinge, resulting in collective NEt,"
distortion. The Co—I core has a minimal wagging motion.

B CONCLUSIONS

The current work provides detailed studies of magnetism in
the (NEt,),[CoX,] series (X = Cl, Co—CI; X = Br, Co—Br; X
=1, Co—I). These compounds with near T, geometry about
the Co(II) ions provide an insight into how the crystal field
and crystallographic point groups impact their ZFS values and
spin relaxation. An increase in D values was observed from
Co—Cl to Co—I due to a rise in spin-orbit coupling (SOC)
and a decrease in crystal field splitting in the complexes,
allowing for more mixing of d-orbitals and increased ZFS. The
crystallographic point groups and molecular structures in the
crystals appear to be prominent factors in spin relaxation. Co—
Cl and Co—Br are in more symmetric tetragonal space groups,
while Co—I is in a less symmetric orthorhombic group, leading
to more complicated splitting, the largest ZFS, and the fastest
spin relaxation. This observed trend was also validated from
INS and FIRMS data, with INS data showing a broad peak and
FIRMS showing several avoided spin-phonon couplings in
Co—I. Additionally, the primary mass effect, Co—Cl < Co—Br
< Co—1I, becomes appreciable, leading to potentially more low-
lying phonons that could interact with the spins, leading in
turn to an increase in relaxation in the series. Data from
HFEPR, DC magnetic susceptibility fitting, and AILFT and
LFT calculation gave a reasonable agreement. The results from
this work on a simple series of homoleptic complexes can give
an insight into the factors to manipulate toward making a good
candidate for SMM applications.
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B EXPERIMENTAL SECTION

Synthesis of Co-X Complexes

The complexes (NEt,),[CoX,] (Co-X; X = Cl, Br, I) were prepared
by the literature methods.'*" The UV—vis spectra were recorded at
room temperature in acetonitrile using an Agilent UV—visible
spectrometer.

Single-Crystal X-ray Diffraction

Single-crystal X-ray diffraction data were collected using a Bruker D8
Venture at 100 K with Mo K, radiation using ¢ and @ scans. Data
collection and integration were completed using APEX 4 programs,
reduced using Bruker SAINT, and corrected for absorption using the
SADABS multiscan program.'*>'** Molecular structure models were
solved using SHELXT and refined with SHELXL, using the OLEX2—
1.5 interface.'>*~%¢

DC/AC Magnetic Susceptibility Measurements

Magnetic measurements were performed using a vibrating sample
magnetometer (VSM) of the Quantum Design MPMS SQUID-VSM
system. Variable-temperature DC susceptibility data of these
compounds were collected under a field of 0.10 T in the range of
1.8—300 K. Alternating-current (AC) susceptibility measurements
were carried out on a vibrating sample magnetometer (VSM) of
Quantum Design PPMS system with an oscillating AC field of 1000
Oe for Co—Cl and Co—Br and 3000 Oe for Co—1I, respectively, at
frequencies ranging from 10 to 10,000 Hz. All magnetic susceptibility
data were corrected for the diamagnetic contributions of the sample
holder as well as for the diamagnetism of the sample using Pascal’s
constants."*”

The DC and AC data were processed using the PHI program”" and
the CCFit2 program,"*"'** respectively.

HFEPR and FIRMS Measurement

HFEPR was performed at the EMR facility at NHMFL. The facility
operates a transmission spectrometer described elsewhere,'>® which
was modified by the use of Virginia Diodes Inc. (VDI, Charlottesville,
VA, USA) sources, generating sub-THz radiation in the 50—640 GHz
frequency range. The spectrometer is associated with a 15/17 T
warm-bore superconducting magnet. The samples were measured
both “as is” which allowed them to orient (torque) in the magnetic
field, or as pellets mixed with n-eicosane. About 30—60 mg of the
powder samples were used in each measurement.

FIRMS spectra were recorded at the National High Magnetic Field
Laboratory (NHMFL) using a Bruker Vertex 80v FT-IR spectrometer
with a 17.5 T superconducting magnet. A mercury lamp and a
composite silicon bolometer served as the THz radiation source and
detector. The radiation traveled through an evacuated optical
beamline and a brass light pipe to minimize air absorption, reaching
the sample at the field center. Samples, prepared as n-eicosane mulls
with ~2 mg of powder, were cooled to ~5 K alongside the bolometer
using helium gas. Spectra were measured from 10 to 720 cm™" (0.3—
21.6 THz) with 0.3 cm™ resolution, a 4 min acquisition time, and a
scanner speed of 20 kHz.

Inelastic Neutron Scattering (INS)

Variable-temperature inelastic neutron scattering (INS) spectra were
recorded using the Vibrational Spectrometer (VISION) at the
Spallation Neutron Source (SNS), ORNL. Approximately 0.5 g of
powdered sample was sealed in an aluminum can, mounted on a
sample holder, and positioned within the neutron beam. INS spectra
at S, 25, 50, 75, 100, and 125 K were collected and analyzed. INS
spectra of Co—X in the 10—4000 cm™' range at 5 K is shown in
Figures S8—S11. The magnetic regions of the variable-temperature
(VT) INS spectra of Co—Br and Co—1I are given in Figure 6.

Ab Initio Ligand Field Theory (AILFT) Calculations

AILFT calculations were carried out using the ORCA software
package (version 5.0.4)."*” Computational models were based on
crystallographic structures of Co—Cl, Co—Br, and Co—I obtained in
the current work. Zora-def2-TZVP was used for Co and X = Cl, Br,
while sarc-zora-def2 was used for I. The resolution of identity and

chain of sphere (RIJCOSX) approximations'®® were applied in
conjunction with the appropriate auxiliary basis sets.'®' The core
orbitals were not frozen. For the three complexes, the CAS(7,5) active
space and 10 quartets and 40 doublets were calculated. Dynamic
electron correction was incorporated using N-electron valence state
second-order perturbation theory (NEVPT2).'®* Parameters related
to spin-orbit coupling (g-values and ZFS) were calculated by calling
the SINGLE ANISO program.

Ligand Field Theory (LFT) Calculations

LFT calculations were obtained using Ligfield software by Bendix
and the locally written DDN software by Telser."”® The experimental
data were satisfactorily fitted using the AOM parameters in SI. For
simplification, halide ligands were considered equivalent across all
compounds and were assumed to exhibit cylindrical z-donating
interactions. The DDN software can incorporate the effects of an
external magnetic field. Applying a magnetic field of 300 mT, like that
used in conventional X-band EPR, helps reveal the spin states of the
compounds and provides information about the sign of D, and can
also get the g values from the slope of the lines with multiple fields.

The DDN software can also take as input the single electron d
orbital energies (either as the five pure d orbitals or the 5 X § d orbital
matrix) and these values were taken from the AILFT calculations to
calculate ZFS in the Co—X series (Table S12).

DFT Phonon Calculations

124

Modeling by spin-polarized Density Functional Theory (DFT) was
performed using the Vienna Ab initio Simulation Package (VASP).'*®
The calculation used Projector Augmented Wave (PAW) meth-
0d"®*1%° o describe the effects of core electrons, with an energy
cutoff of 800 eV for the plane-wave basis of the valence electrons. The
lattice parameters and atomic coordinates from the CIF file, generated
by the single-crystal X-ray diffraction measurement of Co—I at 100 K,
were used as the initial structure. Given the relatively large unit cell
(252 atoms), the electronic structure was calculated on the I-point
only. The total energy tolerance for electronic energy minimization
was 1078 eV, and 1077 €V for structure optimization. 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 Co 3d orbitals. The vibrational eigenfrequencies and modes
were then calculated using VASP and Phonopy.'® The OClimax
software'”® was used to convert the DFT-calculated phonon results to
the simulated INS spectra.
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