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ABSTRACT: Molecular lanthanide (Ln) complexes are promising candidates
for the development of next-generation quantum technologies. High-symmetry
structures incorporating integer spin Ln ions can give rise to well-isolated crystal
field quasi-doublet ground states, i.e., quantum two-level systems that may serve
as the basis for magnetic qubits. Recent work has shown that symmetry lowering
of the coordination environment around the Ln ion can produce an avoided
crossing or clock transition within the ground doublet, leading to significantly
enhanced coherence. Here, we employ single-crystal high-frequency electron
paramagnetic resonance spectroscopy and high-level ab initio calculations to
carry out a detailed investigation of the nine-coordinate complexes, [HoIIIL1L2],
where L1 = 1,4,7,10-tetrakis(2-pyridylmethyl)-1,4,7,10-tetraaza-cyclododecane
and L2 = F− (1) or [MeCN]0 (2). The pseudo-4-fold symmetry imposed by the
neutral organic ligand scaffold (L1) and the apical anionic fluoride ion generates
a strong axial anisotropy with an mJ = ±8 ground-state quasi-doublet in 1, where mJ denotes the projection of the J = 8 spin−orbital
moment onto the ∼C4 axis. Meanwhile, off-diagonal crystal field interactions give rise to a giant 116.4 ± 1.0 GHz clock transition
within this doublet. We then demonstrate targeted crystal field engineering of the clock transition by replacing F− with neutral
MeCN (2), resulting in an increase in the clock transition frequency by a factor of 2.2. The experimental results are in broad
agreement with quantum chemical calculations. This tunability is highly desirable because decoherence caused by second-order
sensitivity to magnetic noise scales inversely with the clock transition frequency.

1. INTRODUCTION
The superiority of quantum computers for performing certain
computational tasks has been well established at the theoretical
level,1,2 while practical devices are getting ever closer to
attaining quantum advantage.3,4 However, many challenges
remain before the full potential of quantum information
science can be unleashed. Foremost among these challenges is
scalability, whereby large numbers of addressable quantum
bits, or qubits, can be integrated into complex circuitry capable
of implementing useful quantum algorithms with embedded
quantum error correction.5,6 Among the many qubit platforms
under consideration7 (e.g., solid state defects,8 quantum dots,9

photons,3 trapped atoms/ions,10,11 and superconducting
circuits4,12), electron and nuclear spins in molecules are
gaining interest.13−15 Molecular spins possess discrete energy
levels, while the associated quantum states can be tuned and
coherently manipulated using external electromagnetic
fields.16,17 Crucially, chemistry-inspired supramolecular or
self-assembly approaches are well-suited to tackling the issue
of scalability.18−20

Although several magnetic molecules have been shown to
possess excellent coherence properties, this invariably requires
extreme dilution in diamagnetic host matrices to minimize
potentially long-range spin−spin dipolar interactions that
represent a stubborn source of noise (i.e., decoherence);21 in

some cases, this has even involved the exclusion of most or all
magnetic nuclear isotopes.22,23 However, there is a fundamen-
tal contradiction between such approaches and the afore-
mentioned advantages associated with the bottom-up chemical
synthesis of scalable multiqubit assemblies.16 That is, dilution
would prohibit controlled through-bond interactions between
qubits that are essential to the operation of quantum gates,24

while exclusion of magnetic nuclei vastly restrict the chemical
toolbox that can be employed. To this end, there is an urgent
need to develop molecular spin qubits with built-in protection
against unwanted sources of magnetic noise. Recent work has
shown that this can be achieved by exploiting avoided Zeeman
level crossings25,26�so-called spin clock transitions (SCTs)�
where the dependence of the qubit transition frequency ( f) on
magnetic field (B0) is suppressed to the first order, i.e., df/dB0
= 0, thus generating an insensitivity to local magnetic field
fluctuations (noise). In particular, the spin states associated
with lanthanide ions have proven to be excellent targets.26−29
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For example, non-Kramers ions with integer spin−orbital
momentum, J, host tunable SCTs dictated by the local
coordination geometry, i.e., the crystal field (CF).26−32

Meanwhile, chemical control of the degree of s-orbital mixing
into the relevant spin-bearing orbital enables tuning of
hyperfine SCTs associated with half-integer angular momen-
tum Kramers ions.28,33

In the first molecular SCT example, [Ho(W5O18)2]9−, the
HoIII center resides in a slightly distorted square-antiprismatic
coordination environment with approximate D4d symme-
try.26,34 The action of the pseudo-axial CF on the aspherical
f-electron density lifts the degeneracy associated with the
corresponding J = 8 spin−orbital moment. However, subtleties
of the Hund’s rule 4f10 electronic configuration (possessing
both oblate and prolate character)35,36 coupled with the
disposition of the coordinating oxygens,30 which are oriented
close to the magic angle (54.7°) relative to the pseudo-C4 axis,
result in stabilization of the mJ = ±4 (projection of J) quasi-
doublet ground state as opposed to the maximal mJ = ±8
projection.37 A pure CF clock-transition would be strictly
forbidden for a 4f ion in a hypothetical D4d coordination
geometry, i.e., the mJ = ±4 Zeeman levels would have exact
degeneracies at their crossing points. This is due to the time-
reversal invariance of the spin−orbit coupling (SOC)
interaction that results in a spin Hamiltonian of higher (8-
fold rotational) symmetry in comparison to the corresponding
molecule (4-fold rotational symmetry in the ideal D4d case);

38

this degeneracy would result from restrictions on the allowed

off-diagonal 4f CF operators that are restricted to sixth order
(ignoring any covalency effects), therefore precluding 8-fold
rotational symmetries. Hence, the spin Hamiltonian would
have a cylindrical symmetry (C∞ point group) in this case.
However, an exact D4d molecular geometry is incompatible
with any of the 32 crystallographic point groups.30 Therefore,
minor distortions away from ideal D4d symmetry in the
[Ho(W5O18)2]9− example34 give rise to SCTs with correspond-
ing avoided crossing gaps, Δ/h = 9.2 GHz (≈0.3 cm−1).26

Consequently, the magnitudes of these gaps do not so much
reflect any tunable property of the ligand but are instead
related to unpredictable crystal-packing forces associated with
the low-symmetry P1̅ space group.
In this study, we demonstrate that by moving to more

tunable complexes, where the lanthanide ion (also HoIII in this
case) is encapsulated within a cage-like octadentate ligand
scaffold with an open (ninth) axial coordinate site, it is possible
to chemically engineer the ground state electronic config-
uration (mJ = ±8 versus ±4) and tune the corresponding SCT
frequencies over a wide range through variation of the axial
ligand. Crucially, the encapsulating nature of the ligand, where
it wraps around the lanthanide ion, precludes a rotoinversion
axis of symmetry, resulting in a pseudo-C4v coordination
geometry. Consequently, the molecular CF interaction
naturally generates spin Hamiltonian terms that give rise to
sizable SCTs of up to ∼250 GHz, regardless of crystal
symmetry. This tunability is highly desirable because second-

Figure 1. (a) Molecular structure of 1 viewed along the a-axis and (b) crystal-packing viewed along the C2-axis (∥ c-axis), displaying the two
magnetically equivalent sets of molecules related by 21 screw operations. (c) Asymmetric unit of 2 displaying the magnetically inequivalent
molecules, 2a and 2b, also shown, respectively, in (d,e), as viewed along their pseudo-C4 axes. Carbon (gray), holmium (gold), fluorine (green),
nitrogen (blue); hydrogens as well as the counterions and solvent molecules have been omitted for clarity.
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order sensitivity to magnetic noise scales inversely with SCT
frequency.29

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS
High-field EPR (HFEPR) studies were performed on HoIII members
of the 9-coordinate lanthanide complexes, [LnIIILF](CF3SO3)2·H2O
(1) and [LnIIIL(MeCN)](CF3SO3)3·0.5MeCN (2), where the neutral
ligand L = 1,4,7,10-tetrakis(2-pyridylmethyl)-1,4,7,10-tetraaza-cyclo-
dodecane;39 the molecular structures are shown in Figure 1.
Compound 1 was synthesized according to the procedure described
previously,40 while compound 2 was prepared by adaptation of a
previous method.41

Continuous-wave HFEPR measurements were performed on single
crystals of 1 and 2 using a 9-5-1 T vector magnet (Cryogenic Ltd.,
UK), with in situ two-axis rotation capabilities;42,43 all experiments
were performed at 2 K using the variable-flow 4He cryostat associated
with the vector magnet. Multifrequency spectra were recorded using a
cavity perturbation technique with a Millimeter-wave Vector Network
Analyzer (AB Millimetre, France) serving as a microwave source and
detector.44,45 Resonant microwave absorption is observed as dips in
the transmission through the cavity. A rod-shaped crystal of 1 with
approximate dimensions 0.5 × 0.5 × 3 mm3 was mounted horizontally
on the base plate of a cylindrical resonator. Angle-dependent studies
were then conducted by adjusting the polar angle, θ, of the applied
field, B0, from 0 to 180°, using the 9-5 T coils of the magnet
(maximum vector field of 4.5 T), where θ = 0° is coincident with the
vertical cylindrical (z-) axis of the resonator. Meanwhile, the
azimuthal angle ϕ was varied in 10° increments from 0 to 180° by
physically rotating the resonator about its cylindrical axis (see inset to
Figure 2a). Field sweeps from 0 to 4.5 T were recorded at each (θ,ϕ)
orientation at a single frequency of 259 GHz. The axial symmetry
direction (quantization axis) of the crystal was then determined after
careful study of the angle-dependent spectra, and a frequency
dependence was subsequently performed with the applied field
parallel to the symmetry axis over the range from 100−320 GHz.

A thin plate-like crystal of 2 was placed with the large face
perpendicular to the cylindrical axis of the resonator (θ = 0°). Angle-
dependent measurements for 2 were greatly complicated by the low-
symmetry space group, with two inequivalent molecules in the
asymmetric unit (vide infra), as well as some disorder in the structure
that contributes to increased resonance line widths.46−49 Therefore,
the main conclusions of this study are based on frequency dependence
measurements performed in the range from 100−309 GHz, which
enable an estimate of the zero-field SCT gap, Δ. All spectral
simulations were performed using EasySpin.50

Complete active space self-consistent field (CASSCF) calcula-
tions51,52 were performed using the ORCA package53 to understand
the electronic structure of the molecules as well as the EPR spectra.
The scalar relativistic second order Douglas−Kroll−Hess (DKH)
Hamiltonian54,55 was adopted for describing the heavy element Ho.
The active space was chosen as 10 electrons in 7 orbitals. Dynamical
correlation beyond the active space was added through the second-
order N-electron valence state perturbation theory (NEVPT2).56−59

The approach of domain-based local pair natural orbitals was applied
to speed up the NEVPT2 calculations.60 The resolution of the
identity approximation was not invoked in the CASSCF calculations.
The SARC2-DKH-QZVP basis set61 was chosen for the Ho atom, and
the DKH-DEF2-TZVP basis set62,63 was used for all the other atoms.
SOC was included via the quasi-degenerate perturbation theory, also
known as the state interaction method,64,65 which was based on the
35 lowest-energy spin-2 roots, the 105 lowest-energy spin-1 roots, and
the 21 lowest-energy spin-0 roots (511 states in total after spin
splitting). The second-order DKH transformation was applied for the
one-electron part of the SOC operator.66,67 The two-electron part of
the SOC operator was treated by the spin−orbit mean field
approximation.68 The SINGLE_ANISO program69,70 was used to
calculate the CF parameters and analyze the state composition.

3. RESULTS AND DISCUSSION
The high-symmetry [HoIIILF]2+ complex in 1 contains a
{HoIIIN8} cage with a distorted square antiprismatic geometry.
However, as seen in Figure 1a, the HoIII ion does not lie at the
center of the {N8} cage, being closer to the pyridine groups
and leaving space for further coordination with the electro-
negative anionic fluoride ligand. Overall, the structure is a
distorted capped square antiprism (pseudo-C4v symmetry).
The short Ho−F− bond [length = 2.129(4) Å] generates a
pronounced axial CF,40 giving rise to a maximal mJ = ±8
projection (vide infra) associated with the quasi-doublet
ground state (5I8) of the J = 8 (L = 6, S = 2) HoIII ion. The
complex crystallizes in the orthorhombic space group, P21212
(Figure 1b), meaning that the unit cell comprises two
molecules related by a 2-fold screw rotation. Accordingly,
each molecule has a C2 axis passing through the Ho−F bond,
which is reflected in four inequivalent Ho−N bond lengths

Figure 2. (a) 259 GHz HFEPR spectra of 1 recorded at 2 K as a
function of the polar angle, θ (see legend), for the ϕ = 70° plane of
rotation (see inset defining the experimental coordinates relative to
the rod-shaped sample resting horizontally on the circular end-plate of
the cylindrical cavity); the θ = 20° spectrum has been expanded ×3
vertically, and the resonances are indicated with red and blue dots
(see the main text for a further discussion). (b) Positions in magnetic
field of the eight hyperfine transitions (dips in transmission) observed
in (a) for each value of θ; the associated mI values are given in the
legend and the solid curves are simulations based on the spin-
Hamiltonian parameters given in Table 1 (see below). The inset
displays spherical false color plots of the pure electronic resonance
field, Bres(θ,ϕ), from two orthogonal perspectives (see the text for an
explanation); the crystal c-axis is shown (also by ×) and the dashed
lines denote the ϕ = 70° plane of rotation, with θ = 0 and 90°
indicated as points of reference.
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[2.680(5), 2.522(6), 2.529(6), and 2.663(6) Å], as opposed to
two. Although the point-group symmetry at each HoIII site is
strictly C2, departures from C4 are not discernible from these
HFEPR studies [vide infra and the Supporting Information].
Like 1, the HoIII ion in 2 resides within a distorted square

antiprismatic geometry imposed by the {N8} ligand cage, with
an additional nitrogen from the neutral MeCN ligand replacing
the axial F− ligand of 1. However, in contrast to 1, compound
2 crystallizes in the monoclinic space group, P21/c, with two
inequivalent molecules in the asymmetric unit. The axial Ho−
N (from MeCN) bond lengths are 2.499(10) Å (2a) and
2.542(8) Å (2b), which are close to the Ho−N distances of the
{N8} ligand cage atoms [2a: Ho−Ncage = 2.516(9)−2.620(10)
Å; 2b: Ho−Ncage = 2.501(9)−2.601(9) Å]. The axiality of the
CF is weaker for 2 in comparison to 1 due to both the
neutrality of the MeCN ligand and because of the longer axial
Ho−N bond when compared to the Ho−F− distance; this
results in low-lying CF states of mixed mJ = ±4 and ±3
character (vide infra), in contrast to the situation in 1. Figure
1c−e depicts the two molecules in the asymmetric unit: as can
be seen, not only are the pseudo-C4 axes of the
{HoN8(MeCN)} molecular cores tilted with respect to each
other by ∼48°, but the Ho−N−C−Me capping ligand is also
relatively well aligned with the pseudo-C4 axis in one case (2a),
whereas it is significantly bent in the other (2b). Consequently,
one expects differently aligned zero-field splitting (ZFS)
tensors for the two molecules as well as different overall ZFS
parametrizations. In addition, there is some disorder in the
structure of 2 that contributes to increased HFEPR line widths.
As will be seen, this complicates the single-crystal studies of 2
because there is no unique magnetic symmetry axis and the
resonances are broader in comparison to 1. For example, a
sharp eight-line pattern is observed in the spectra for 1 due to
hyperfine coupling with the I = 7/2 165Ho nucleus (100%
natural abundance), whereas such fine structures are not
resolved in the spectra for 2.
3.1. HFEPR of Complex 1. Figure 2 summarizes the

results of a full angle dependence study of the 259 GHz, 2 K
HFEPR spectrum of 1. Analysis proceeds along the same lines
as for the [Ho(W5O18)2]9− system described in ref 34. At
almost all orientations in Figure 2a, corresponding to rotation
in a single azimuthal plane, ϕ = 70° (see inset), a spectrum
with eight evenly spaced resonances is observed due to a single
electronic transition, with the splitting caused by the hyperfine
interaction with the I = 7/2 nuclear spin; indeed, each
resonance can be associated with a particular nuclear mI

projection ( + +, , . . . , ,7
2

5
2

5
2

7
2
, see Figure 2b). The

spectrum exhibits a pronounced angle-dependence, indicative
of a significant magnetic anisotropy. The positions of the eight
resonances are plotted as a function of the polar angle, θ, in
Figure 2b. The resonance positions diverge in the vicinity of θ
= 0 and 180°, which is why spectra are only displayed from θ =
20 to 160°; outside of this domain, the resonances lie beyond
of the maximum achievable vector field (4.5 T; see also the
Supporting Information). The even spacing of the eight
resonances enables a deconvolution of the electronic and
hyperfine contributions at each field orientation:34 the pure
electronic transition occurs at the center of the hyperfine
pattern, which can be deduced by averaging the positions of
the eight resonances. This procedure is then repeated for each
plane of rotation, and the false color spherical plots in the inset
of Figure 2b depict the electronic resonance field, Bres, as a

function of θ and ϕ, as viewed from two different perspectives.
Smaller (larger) values of Bres correspond to easier (harder)
magnetization directions, i.e., the resonance occurs at the
lowest (highest) Bres in the regions where it is easiest (hardest)
to Zeeman split the associated electronic levels. Thus, one can
immediately visualize the easy-axis nature of the magnetic
anisotropy, with the easy-axis at the dark-blue poles and the
hard-plane at the dark-red equator. At first glance, the
anisotropy also appears to be uniaxial, i.e., cylindrically, C∞,
symmetric (the scarring seen in some regions near the equator
is an artifact associated with the employed 2D mesh of θ and ϕ
angles). Further fitting of Bres(θ,ϕ) enables location of the
easy-axis at approximately (θ0,ϕ0) = (92 ± 1°,76 ± 1°), i.e.,
close to the horizontal cavity end-plate on which the rod-
shaped sample was mounted (inset to Figure 2a). Likewise, to
within the experimental uncertainty, ϕ = 76° is aligned with
the long edge of the crystal, i.e., the magnetic easy-axis (∥ c) is
approximately aligned with the long axis of the crystal.
Having located the magnetic easy-axis, a frequency-depend-

ent study was performed with the magnetic field applied along
this direction; the results are summarized in Figure 3. Magnetic
measurements performed on the DyIII analog of 1 demon-
strated single-molecule magnet (SMM) behavior,39 which is
attributed to the highly axial molecular structure. This results
in an isolated ground doublet with a maximal mJ = ±15/2
projection and a large barrier to magnetization reversal. The
Kramers nature of the ground state wave functions prevents

Figure 3. (a) HFEPR spectra of 1 recorded at 2 K as a function of
frequency (see legend), with the applied field parallel to the easy- (c-)
axis. (b) Frequency dependence of Bres determined from the spectra
in (a) [along with many more that are not shown], with a best fit
according to the Hamiltonian of eq 1 superimposed on the data (see
text for definition of Bres); the error bars reflect systematic
uncertainties in the determination of Bres due to distortions in the
resonance line shape. The inset shows a simulation of the hyperfine
levels associated with the mJ = ±8 quasi-doublet, revealing the
avoided level crossings, with 116.4 GHz SCTs indicated by red dots.
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their direct mixing, hence such species are nearly always EPR
silent.71 A similar effect due to an axial CF is expected for the
HoIII complex (1) with an mJ = ±8 quasi-doublet ground state
and a sizable separation to the mJ = ±7 excited states.
However, a key difference in the HoIII case is that it is not a
Kramers ion, meaning that the ±mJ states can mix to the first
order. In perfect C4v symmetry, the allowed off-diagonal terms
in a pure CF Hamiltonian are B4

±4Ô4
±4 and B6

±4Ô6
±4 (using the

Stevens operator formalism for the J multiplet).50 The ground-
state eigenvectors then comprise mixtures of the following mJ
basis states: (+8,+4,0,−4,−8) & (−8,−4,0,+4,+8). Both
functions have the same mJ composition but with different
coefficients for the linear combinations: the leading terms
having the largest coefficients, with smaller coefficients for
successive mJ states. The main consequence arises at B0 = 0:
the absence of CF terms that connect/mix the ground-state
eigenvectors in the DyIII (Kramers) case results in state
energies that cross (exact degeneracy and absence of quantum
tunneling), whereas in the HoIII case, off-diagonal CF terms
give rise to a degenerate perturbation and avoided level
crossings, i.e., SCTs.26 The degenerate perturbation maximally
mixes the (+8,+4,0,−4,−8) and (−8,−4,0,+4,+8) eigenvectors,
giving rise to symmetric and antisymmetric combinations right
at the SCT, for which parallel-mode (B1∥B0, where B1 is the
microwave field) EPR transitions are allowed.29 Indeed, the
fact that strong EPR spectra are observed is clear confirmation
for the presence of the B4

±4Ô4
±4 and/or B6

±4Ô6
±4 interactions in

the CF Hamiltonian of 1.
The situation is slightly more complicated upon inclusion of

hyperfine coupling. However, one may again reduce the
problem to the pure electronic case by averaging the positions
of the eight resonances (Figure 3a) and then plotting Bres
versus frequency.34 As can be seen in Figure 3b, such a plot
exhibits a finite gap of ≈116 GHz at zero magnetic field and a
nonlinear dependence on B0 thereafter. This gap corresponds
to the SCT frequency and is model-independent. One can
further reduce the physics of a pure electronic ground-state
quasi-doublet to that of an effective spin-1/2 subject to the
following Hamiltonian

= +H
2 2z x (1)

where ε = geff μBB0 denotes a diagonal Zeeman interaction,
while the second term represents an off-diagonal interaction
that causes an avoided crossing at B0 = 0, with a “tunneling” or
SCT gap Δ; σ̂z and σ̂x represent the corresponding Pauli
matrices, geff is the effective g-factor associated with the doublet
and μB is the Bohr magneton. The eigen energies, E±, and EPR
transition frequency, f, are then given, respectively, by

= ± +±E 1
2

2 2 and = +hf 2 2 , where h is Planck’s
constant. The solid red curve in Figure 3b is a fit to the second
expression, from which one can more precisely deduce Δ/h =
116.4 ± 1.0 GHz and geff = 18.97 ± 0.04. Such a large value of
geff is anticipated for HoIII with a dominant mJ = ±8
contribution to the ground-state doublet.72 Modifying the
expression for the Zeeman interaction, taking into account the
mJ composition of the ground-state eigenvectors, one obtains
geffμBB0 ≡ gμBB0δmJ, where δmJ is the change in mJ associated
with the EPR transition. Using the free-ion value for the Lande ́
factor, gJ = 1.25,72 one obtains δmJ = 15.2, which is close to the
maximum of 16 expected for the pure |8,+8⟩ and |8,−8⟩
eigenvectors. The slight reduction from δmJ = 16 is a clear

indication of state mixing brought about by off-diagonal terms
in the CF Hamiltonian [see eq 2 below], i.e., the ground-state
eigenvectors contain admixtures of even mJ basis states, with |
mJ| < 8 (assuming rigorous C2 symmetry). One can then
estimate the hyperfine coupling from the spacing between
resonances in the eight-line spectrum (Figure 3a). In the high-
field limit, this spacing is 46.8 ± 0.6 mT, which can be rescaled
to give A/h = 775 ± 10 MHz; again, this is reduced from the
expected free-ion value (810 mT)72 by about 4% due to state
mixing.
Starting from the parameters estimated via the effective two-

level description, we then attempt to simulate the results using
the effective spin Hamiltonian of eq 2,50 taking into account
the full Hilbert space associated with the J = 8 electron spin−
orbital and I = 7/2 nuclear moments

= + · + ·
= =

H B O AJ I g B J
k q k

k

k
q

k
qCF

2,4,6
B 0

(2)

where the double summation accounts for the CF interaction
in terms of extended Stevens operators, Ôk

q(J)̂, of rank k and
rotational order q, with associated Bk

q coefficients;73 the second
term parametrizes the electron−nuclear hyperfine interaction,
with J ̂ and I ̂ denoting the electron spin−orbital and nuclear
momentum operators, respectively; while the last term
represents the Zeeman interaction.
It is not possible to constrain the Bk

q coefficients on the basis
of the HFEPR study alone because the excited CF states are
way beyond the frequencies employed even in the highest
frequency EPR spectrometers.74 Therefore, we turn to
CASSCF calculations (see below) to aid in the simulation.
In the purely electrostatic case, approximate symmetry
considerations limit the orders of the dominant CF terms to
q = 0 and ±4, with k ≤ 6, i.e., the diagonal coefficients B2

0, B4
0 &

B6
0, and the off-diagonal ones, Ô4

±4 & Ô6
±4 [we note that the

CASSCF calculations also give rise to weak q = 2 terms,
reflecting the actual molecular C2 point group symmetry, but
these do not produce any discernible effects on the simulations
over the investigated field and frequency range (see the
Supporting Information)]. Given the approximate agreement
between the CASSCF calculations and experiment (vide infra),
we employ the diagonal coefficients B2

0, B4
0 & B6

0 for the
purposes of simulation (see Table 1). This ensures a realistic
separation of ∼100 cm−1 (≡ 3 THz, vide infra) between the mJ
= ±8 quasi-doublet ground state and the lowest lying excited
states. This gap is an order of magnitude larger than the
ground-state Zeeman splitting in the field range of interest, as

Table 1. Parameters Obtained for 1 from a Combined
HFEPR/CASSCF Analysis

parameter value (frequency units) value (cm−1)

B2
0 −29.6 GHza −9.88 × 10−1

B4
0 −68.7 MHza −2.29 × 10−3

B6
0 −0.840 MHza −2.80 × 10−5

B4
4 −1700 MHzb −5.68 × 10−2

Δ 116.4 ± 1.0 GHzc 3.88 ± 0.03
gz 1.23 ± 0.01
Az 800 ± 10 MHz −2.67 × 10−2

aConstrained directly from CASSCF calculations�hence no
associated uncertainty. bProxy for all allowed off-diagonal terms
(B4

±4 & B6
±4). cOnly parameter that is not model-dependent.
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determined by the highest employed microwave frequency, f =
317 GHz, and is consistent with the absence of any
experimental evidence for thermal population of excited CF
states over the investigated temperature range (<10 K).
Meanwhile, the similar forms of the Ô4

±4 & Ô6
±4 operators

[respectively proportional to (J+̂4 ± J−̂
4 ) and the symmetric

product with (11Jẑ
2 − {J(J + 1) + 38}^)]73 make it impossible

to determine their relative contributions to the SCT gap.
Therefore, for the purposes of simulation, we restrict the
adjustable parameters to a single off-diagonal CF term, B4

4Ô4
4,

along with the values of g and A; all other parameters are set to
zero.
The best simulation parameters are summarized in Table 1.

It should be noted that the anisotropy observed in Figure 2b is
governed by the axial CF interaction. This and the limited field
range of the angle-dependent data do not permit constraining
of the x and y components of g̃ and Ã. Therefore, for the
purposes of simulation, these are assumed to be isotropic [see
eq 2]; in essence, the HFEPR study constrains only the z-
components of the full g̃ and Ã tensors (hence, only the z-
components are given in Table 1). It should also be cautioned
that there is an interdependence between B4

4 and the diagonal
(q = 0) CASSCF parameters because they all influence the mJ
composition of the ground-state eigenvectors and, thus, affect
the SCT gap, Δ. Nevertheless, use of the CASSCF results
allows for a comparison between the B4

4 parameter estimated
for 1 and the well-studied [Ho(W5O18)2]9− compound, for
which B4

4 = 3.14 × 10−3 cm−1,26 i.e., a factor ×18 smaller. Of
course, the diagonal (q = 0) CF terms are also very different in
the two cases, but the much larger B4

4 value for 1 is consistent
with an order of magnitude increase in the SCT frequency.
There is also a weaker interdependency between gz, Az and the
CF parameters, meaning that the values given in Table 1 are
somewhat dependent on the CASSCF results. However, as
discussed previously,42 this interdependence diminishes as the
ground-state doublet becomes more isolated. Consequently,
the gz and Az values given in Table 1 should be quite reliable.
Importantly, the values of gz and Az are very close to the
expected free-ion values of 1.25 and 810 MHz, respectively;72

the <2% reduction may be indicative of weak covalency (see
the Supporting Information for more detailed discussion).75

The parametrization in Table 1 gives rise to eight 116.4 ±
1.0 GHz SCTs, four on either side of zero-field, at positions
B0
SCT = ±23.5, ±70.6, ±117.6, ±164.7 mT (see Figure 3b

inset). These are remarkably similar to those determined for
the [Ho(W5O18)2]9− complex (±23.6, ±70.9, ±118.1, ±165.4
mT),26 indicating that the hyperfine interactions measured in
magnetic field units are almost identical for the two
compounds; the hyperfine parameters given in frequency
units differ by about 4% (830 MHz for [Ho(W5O18)2]9−),
potentially reflecting differences in covalency for the two
compounds.75 It should be noted that the SCT positions, B0

SCT,
and the gap, Δ, are robust parameters obtained directly from
this investigation without dependence on any model. The
latter is more than an order of magnitude larger than the gap
for the [Ho(W5O18)2]9− complex. This has important
consequences in terms of the second-order sensitivity to
magnetic noise, where recent quantum dynamics simulations
suggest that this could be limiting the coherence time, T2, at
the SCT for the [Ho(W5O18)2]9− molecule.29 The second-
order sensitivity scales as d2f/dB0

2 = γe2/Δ, where γe is the
electron gyromagnetic ratio, meaning that second-order

sensitivity to magnetic noise is expected to be at least an
order of magnitude weaker in compound 1. Unfortunately,
because of the large magnitude of the SCT gap, it is presently
unfeasible to determine T2 for compound 1 due to the lack of
any known pulsed EPR spectrometers operating exactly in the
right frequency range.
Lastly, we return to the issue of local symmetry at each HoIII

site in 1. There is no clear evidence for a 4-fold (or a 2-fold)
symmetry from the false color plots in the inset to Figure 2b.
This suggests that (a) the off-diagonal CF terms that give rise
to the SCT have no discernible influence on the azimuthal (ϕ)
angle-dependence of the HFEPR spectra below 4.5 T, in
contrast to observations for several well-known SMMs,47,48 and
(b) any C2 symmetric deviations in the HoIII coordination
environment away from exact C4v point group symmetry also
do not influence the spectra appreciably; we come back to this
issue in discussing the CASSCF results (see below) where the
C2 symmetry is clearly apparent. Closer scrutiny of the
hyperfine splitting patterns at the most extreme polar angles (θ
< 30° and θ > 150°) reveal more than eight resonances (see
expanded view of θ = 20° spectrum in Figure 2a). Overall, the
spectra at these extreme angles have the appearance of two
overlapping eight-line patterns that are slightly shifted relative
to each other. Hence, the resonances at the extremes have half
the intensity (blue dots�Figure 2a) relative to those in the
main part of the spectrum (red dots�Figure 2a). Moreover,
there is a clear interference between the overlapping
(incommensurate) hyperfine patterns, with resonances on
the low-field side being well-resolved, whereas those on the
high-field side are not. This could indicate two populations of
molecules either having slightly different CF parameters or a
weak azimuthal (ϕ-) variation in the polar angle- (θ-)
dependence of the HFEPR spectra, an effect that would be
most pronounced as θ approaches the hard- (ab-) plane. The
time-reversal invariance of the spin−orbit interaction dictates
that the two molecules in the unit cell that are related by the 21
screw operation have identical spin-Hamiltonian parameters.
Therefore, the only explanation for two or more populations of
molecules would involve discrete disorder47,48 or crystal
twinning in the ab-plane. We note, however, that while there
are θ-dependent variations of the spectra close to the hard
plane, there is no obvious two- or fourfold periodicity in ϕ.
3.2. HFEPR of Complex 2. Figure 4 summarizes both the

angle- and frequency-dependent results. A broad angle-
dependent feature is observed at a frequency of 290 GHz
(Figure 4a). However, the characteristic eight-line 165Ho
pattern is not observed. We presume that the hyperfine
structures are not resolved due to disorder in this sample. In
spite of this, the angle-dependent behavior strongly suggests
that the HFEPR signal is due to an anisotropic HoIII species,
i.e., the resonance shifts with angle in a similar fashion to the
data in Figure 2, occurring at ∼1 T at θ = 90° and moving to
∼2 T at θ = 27°. In fact, at the lowest fields, one can resolve
two broad features that likely correspond to the two differently
oriented molecular species within the unit cell of compound 2.
Unfortunately, it is not possible to separately follow the angle-
dependence of these broad resonances, from which one could
deduce the relative orientations of the corresponding species
(2a and 2b). We therefore focus on the frequency dependence
for the case where the resonance field is at a minimum (Figure
4b), which corresponds to reasonable alignment (to within
<30°) of the applied magnetic field with the pseudo-4-fold axes
of one or both species. For frequencies above 250 GHz, a pair
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of resonances is observed that move to higher field with
increasing frequency. Below 250 GHz, the sensitivity of the
spectrometer only improves, yet no evidence for EPR
absorption is found (including for all of the frequencies
employed in Figure 3a). This strongly suggests that the sample
is EPR silent below this frequency; i.e., there is an ∼250 GHz
SCT gap within the lowest-lying quasi-doublet (effectively a
pair of singlets) associated with the J = 8 ground state of 2.
Because of the limited frequency range over which

resonances are observed for 2, it is not possible to constrain
the effective Lande ́ factor, geff, on the basis of eq 1. In turn, this
means that it is not possible to determine the dominant mJ
composition of the ground-state quasi-doublet. However, the
clear tendency of the resonances to move toward zero-field
with decreasing frequency, and the occurrence of a broad 261.4
GHz absorption right at zero-field, strongly suggests a SCT gap
in the vicinity of 250 GHz. Therefore, these results
demonstrate a systematic tuning of the SCT frequency in
this family of compounds by varying the strength of the axial
CF, thus supporting the original hypothesis. In this example,
HoIII coordination to neutral MeCN at the axial position is
expected to result in a weaker CF compared to the negatively
charged F− ion of 1,76 which also forms a shorter Ho−F bond.
In turn, the weaker CF will result in reduced energy
separations within the manifold of 2J + 1 = 17 mJ projection
states, leading to greater admixing among the two lowest-lying
basis states (see below for a greater insight), causing increased
level repulsion and a pronounced increase in the SCT gap, Δ.
3.3. CASSCF Results. Figure 5 depicts the theoretical state

compositions of the 17 lowest energy eigenvectors for
compounds 1 and 2b under zero magnetic field (see
Supporting Information Figure S1 for comparison between
2a and 2b). The first thing to note is the very different

compositions of the lowest-lying states for the two compounds
(the state compositions for 2a and 2b are similar, see the
Supporting Information): the lowest doublet for 1 is nearly a
50:50 mixture of |8,−8⟩ and |8,8⟩ (hereon, we denote such
time-reversed pairs as |8,±mJ⟩) with successively weaker
admixtures of |8,±4⟩ and |8,0⟩; meanwhile, the lowest four
levels of 2 (see also Figure 6) consist of almost equal mixtures
of |8,±4⟩ and |8,±3⟩, with the |8,±8⟩ states lying much higher
in energy. One may rationalize this behavior with reference to
the aspherical Hund’s rule 4f10 charge density.36 The mJ = ±3,
±4, and ±5 states have similar shapes, with nodes oriented
toward the magic angle, thereby naturally accommodating a
square antiprismatic coordination. It is for this reason that
these states lie lowest in energy for the [Ho(W5O18)2]9−

complex37 (also compound 2). The mJ = ±8 states also
possess a node close to the magic angle, albeit less pronounced.
However, more importantly, these states possess a very sharp
node at the axial position. For this reason, we hypothesize that
the addition of the very strong anionic F− ligand at the axial
position in 1 stabilizes the mJ = ±8 ground states relative to all
others. This reasoning can also be used to rationalize several
other observations for compound 1. For example, the mJ = ±7
charge densities possess a pronounced maximum at the axial
position (as do mJ = 0, ±1, and ±6), explaining their location
at much higher energies for 1. Meanwhile, the mJ = ±3, ±4, ±5
states lie in order above the mJ = ±8 ground state for 1,
punctuated only by the lower half of the mJ = ±2 quasi-
doublet, which is massively split due to the dominant

Figure 4. Angle- (a) and frequency- (b) dependent HFEPR spectra
recorded at 2 K for compound 2, with the same experimental
geometry as depicted in the inset to Figure 2a; see legends for
additional parameters.

Figure 5. Relative contributions of the basis states of the Jẑ operator
to the lowest 17 eigenstates of the Hamiltonian of eq 2, in zero
magnetic field (neglecting the hyperfine interaction), for compounds
1 (a) and 2b (b) [see the Supporting Information for a comparison
between 2a and 2b]; mJ is the projection of J along the pseudo-C4 axis
of the molecules. Note that the maximum projection of any basis state
for time-reversed pairs (quasi-doublets) is 50%, hence the much
stronger projection of mJ = 0 for state 14 for 1, which is a singlet in
nature.
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transverse Ô4
4 CF interaction, i.e., the center-of-mass of this

pair lies much higher in energy. By contrast, replacing F− with
a much weaker neutral ligand (essentially a coordinating
solvent) in 2 destabilizes the mJ = ±8 pair, favoring instead
low-lying mixed mJ = ±3 and ±4 states, with ±5 just above.
This illustrates the fact that it is the nodes in the charge density
close to the magic angle that dominate the low-energy state
ordering for compound 2 due to the absence of the strong
anionic axial ligand. Meanwhile, states with maxima in their
charge density at these angles (e.g., ±6 and ±7) lie much
higher in energy.
Figure 6 displays Zeeman energy level diagrams (for B0

parallel to the pseudo-4-fold axes) corresponding to the full
manifold of 17 eigenstates for compounds 1 and 2b (see
Supporting Information Table S1 for zero-field eigenvalues and
Figure S2 for comparisons between 2a and 2b), including
expanded views of the low energy SCTs. The J = 8 manifold
spans 428 cm−1 for compound 1 and an average of 335 cm−1

for compound 2. Again, the larger overall splitting in 1 is
expected due to the stronger axial F− ligand in comparison to
the neutral coordinating acetonitrile molecule of 2. As
discussed above, a well isolated mJ = ±8 quasi-doublet ground
state is found for 1, with a theoretical SCT gap of 1.87 cm−1

(56.1 GHz). The situation in 2 is more complex (Figure 6d),
with four low-lying mixed states and multiple clock-like
transitions between them (an additional fifth state lies not
far above). The lowest lying zero-field SCTs between states 1
(blue curve) and 2 (red curve) have gaps of 3.11 and 3.39
cm−1 (93.3 and 102 GHz), respectively, for 2a and 2b (see
Supporting Information); we note that all of the theoretical
SCTs occur exactly at B0 = 0, as the hyperfine interaction is not
considered in the CASSCF calculations. The theoretical SCT
gaps are 2× to 2.5× smaller than the experimental ones, most
likely due to the perturbation treatment of the SOC
interaction.77 However, the calculations support the hypothesis

that replacing the axial F− ligand with the much weaker
acetonitrile ligand will lead to a reduction in the overall axial
anisotropy and a corresponding increase in the SCT gap. The
calculated increase in the SCT gap is in the range from 1.7× to
1.9× for 2a and 2b, which compares favorably with the factor of
2.2× estimated from the experiments on 1 and 2.
The pseudo-C4v symmetry of 1 results in the q = ±4 CF

terms dominating the state mixing (Bk
q coefficients deduced

from the CASSCF calculations are tabulated in the Supporting
Information for both compounds�see Tables S2 and S3).
This can be seen in Figure 5a, where the visible ground-state
compositions are a mixture of the mJ = ±8, ±4, and 0 basis
states. However, the calculations also generate weak q = ±2
and ±6 CF terms (generally 1−2 orders of magnitude smaller
than the q = ±4 terms of same rank, for q ≤ 6), reflecting the
actual C2 point group symmetry of 1. Theoretical simulations
of the spherical plots shown in the inset to Figure 2b do reveal
evidence for the C2 and C4v symmetries (Supporting
Information Figure S3), albeit only above ∼15 T, i.e., the
lack of evidence for these symmetries over the field range
explored in the HFEPR investigations does not contradict the
theoretical predictions. The absence of symmetry in 2 means
that there are no restrictions on the allowed Bk

q coefficients.
The CASSCF calculations also predict CF terms with 6 < q ≤
12 (Supporting Information Table S3). These interactions,
which are forbidden for a purely electrostatic CF, do make
small but measurable contributions to the eigenvalues,
suggesting some degree of covalency.75

Finally, we note that minor variations in the structures of 2a

and 2b result in very significant differences in the Zeeman
splitting of the two lowest-lying eigenstates at magnetic fields
below 5 T (see Supporting Information Figure S2): the lowest
level exhibits marked zero-field curvature for 2a and less so for
2b; meanwhile, for 2a, the second level exhibits three turning
points due to the closer approach of (and interaction with) the
third level, whereas such behavior is less apparent for 2b. These
differences likely explain the complex double-peaked EPR
spectra observed for compound 2 and probably also the much
broader line widths in comparison to 1 on account of an
extreme sensitivity to minor changes in structure, i.e., disorder,
which is significant in 2. Chemical tuning of the relative
spacing between these low-lying states might lead to a situation
in which the multiple turning points merge to a single point at
B0 = 0, resulting in a vanishing of both the first and second
derivatives, df/dB0 and d2f/dB0

2, leading to a second order SCT
where both first and second order sensitivity to magnetic noise
vanishes; indeed the situation in 2b appears to be very close to
this limit. This could represent an additional strategy toward
greatly enhanced coherence in molecular spin qubits.

4. CONCLUSIONS
We have carried out detailed single-crystal HFEPR inves-
tigations of the nine-coordinate lanthanide compounds
[HoIIILF](CF3SO3)2·H2O (1) and [HoIIIL(MeCN)]-
(CF3SO3)3·0.5MeCN (2). The experimental results are
augmented by detailed CASSCF calculations. The encapsulat-
ing nature of the octadentate ligand L, whereby it wraps
around the lanthanide ion, precludes a rotoinversion axis,
resulting in pseudo-C4v symmetry for both compounds. In 1,
the ligation is completed by an electronegative fluoride ion at
the apical position, resulting in a highly axial CF with an easy-
axis anisotropy and an mJ = ±8 quasi-doublet ground state that
is well separated from excited CF states. More importantly, a

Figure 6. Zeeman energy level diagrams for compounds 1 (a) and 2b

(b), with the applied magnetic field parallel to the local easy-axis,
based on the spin Hamiltonian parametrized by the CASSCF
calculations with DKH and dynamical correlation corrections (see
the Supporting Information where comparisons are also made
between 2a and 2b). The low-lying levels and SCTs highlighted by
the red squares in (a,b) are magnified in (c,d), respectively.
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significant off-diagonal (primarily tetragonal) CF interaction
gives rise to a giant 116.4 ± 1.0 GHz SCT (avoided crossing)
within this doublet, as determined by frequency-dependent
HFEPR measurements. The CASSCF calculations reproduce
the tetragonal CF interaction, with weaker rhombic terms
reflecting the orthorhombic crystal structure of 1; the
predicted SCT gap (56.1 GHz) is within a factor of 2.1× of
the experimental one. Although angle-dependent HFEPR
studies are unable to detect either C4 or C2 symmetry-breaking
interactions (the spectra are cylindrically symmetric), the
theoretical results indicate that their effects should be
observable only at much higher magnetic fields.
The apical coordination site occupied by the fluoride ion in

1 provides opportunities for tuning the strength of the axial
CF. In turn, this influences the degree of state mixing within
the ground quasi-doublet, which ultimately dictates the
magnitude of the SCT gap. In this way, we demonstrate
systematic engineering of the SCT frequency by varying the
identity of the axial ligand. The negatively charged fluoride ion
of 1 generates a strong axial CF in comparison to that of the
nitrogen associated with the neutral MeCN ligand of 2. In
turn, the weaker axiality in 2 results in greater state mixing and
an increase in the SCT frequency by more than a factor of 2
relative to 1. This contrasts the situation for the only other
HoIII clock qubit that has been studied extensively to
date,17,26,29,34 where the SCT gap is dictated by minor
departures from ideal D4d coordination geometry caused by
unpredictable crystal packing forces associated with low-
symmetry structure.
The rational design principles demonstrated in this study are

highly desirable because second-order sensitivity to magnetic
noise scales as γe2/Δ, suggesting a means for further enhancing
the low-temperature coherence of molecular clock qubits
relative to those that have been studied up to now.26,28,33

Future work will aim to test this hypothesis by tuning the SCT
frequency into ranges accessible with state-of-the-art pulsed
HFEPR spectrometers, e.g., the 94 ± 0.5 GHz achievable with
the HiPER spectrometer78,79 at the US National High
Magnetic Field Laboratory. Finally, we note that the strategy
of employing an encapsulating ligand with an open
coordination site is likely to be more robust when molecules
are deposited on surfaces or integrated into devices.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c09353.

Further details of the computational studies, including
tables with numerical eigenvalues, the computed Bk

q

coefficients and g̃-tensors for all compounds; compar-
isons between different levels of theory for 1; and figures
comparing 2a with 2b and calculations of the angle-
dependent HFEPR spectra (PDF)

Accession Codes
CCDC 2117098 and 2288974 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors
Angelos B. Canaj − School of Chemistry, University of

Glasgow, Glasgow G12 8QQ, U.K.; Present Address: The
University of Edinburgh, School of Chemistry, David
Brewster Road, Edinburgh EH9 3FJ, United Kingdom;
orcid.org/0000-0002-4944-7909;

Email: tsanai.angelos@gmail.com
Mark Murrie − School of Chemistry, University of Glasgow,

Glasgow G12 8QQ, U.K.; orcid.org/0000-0001-7297-
2878; Email: mark.murrie@glasgow.ac.uk

Stephen Hill − National High Magnetic Field Laboratory,
Florida State University, Tallahassee, Florida 32310, United
States; Department of Physics, Florida State University,
Tallahassee, Florida 32306, United States; Center for
Molecular Magnetic Quantum Materials, University of
Florida, Gainesville, Florida 32611, United States;
orcid.org/0000-0001-6742-3620; Email: shill@

magnet.fsu.edu

Authors
Robert Stewart − National High Magnetic Field Laboratory,

Florida State University, Tallahassee, Florida 32310, United
States; Department of Physics, Florida State University,
Tallahassee, Florida 32306, United States; Center for
Molecular Magnetic Quantum Materials, University of
Florida, Gainesville, Florida 32611, United States;
orcid.org/0000-0002-4797-035X

Shuanglong Liu − Center for Molecular Magnetic Quantum
Materials, University of Florida, Gainesville, Florida 32611,
United States; Department of Physics, Northeastern
University, Boston, Massachusetts 02115, United States;
orcid.org/0000-0003-3253-5491

Emma Regincós Martí − School of Chemistry, University of
Glasgow, Glasgow G12 8QQ, U.K.; orcid.org/0000-
0002-5814-7596

Anna Celmina − School of Chemistry, University of Glasgow,
Glasgow G12 8QQ, U.K.

Gary Nichol − EastCHEM School of Chemistry, The
University of Edinburgh, Edinburgh EH9 3FJ Scotland, U.K.

Hai-Ping Cheng − Center for Molecular Magnetic Quantum
Materials, University of Florida, Gainesville, Florida 32611,
United States; Department of Physics, Northeastern
University, Boston, Massachusetts 02115, United States;
orcid.org/0000-0001-5990-1725

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3c09353

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The UK Engineering and Physical Sciences Research Council
(grant ref EP/N01331X/1) and the University of Glasgow are
thanked for the financial support. The spectroscopic studies
were supported by the Center for Molecular Magnetic
Quantum Materials (M2QM), an Energy Frontier Research
Center funded by the US Department of Energy, Office of

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c09353
J. Am. Chem. Soc. 2024, 146, 11083−11094

11091

https://pubs.acs.org/doi/10.1021/jacs.3c09353?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c09353/suppl_file/ja3c09353_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2117098&id=doi:10.1021/jacs.3c09353
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2288974&id=doi:10.1021/jacs.3c09353
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angelos+B.+Canaj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4944-7909
https://orcid.org/0000-0002-4944-7909
mailto:tsanai.angelos@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Murrie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7297-2878
https://orcid.org/0000-0001-7297-2878
mailto:mark.murrie@glasgow.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+Hill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6742-3620
https://orcid.org/0000-0001-6742-3620
mailto:shill@magnet.fsu.edu
mailto:shill@magnet.fsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Stewart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4797-035X
https://orcid.org/0000-0002-4797-035X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuanglong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3253-5491
https://orcid.org/0000-0003-3253-5491
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emma+Reginco%CC%81s+Marti%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5814-7596
https://orcid.org/0000-0002-5814-7596
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Celmina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gary+Nichol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai-Ping+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5990-1725
https://orcid.org/0000-0001-5990-1725
https://pubs.acs.org/doi/10.1021/jacs.3c09353?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c09353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Science, Basic Energy Sciences under Award DE-SC0019330.
The computational studies employed resources of the
University of Florida Research Computing as well as the
National Energy Research Scientific Computing Center
(NERSC), a U.S. Department of Energy Office of Science
User Facility located at Lawrence Berkeley National Labo-
ratory, operated under Contract no. DE-AC02-05CH11231
using NERSC award BES-ERCAP0022828. Work performed at
the National High Magnetic Field Laboratory is supported in
part by the National Science Foundation (under DMR-
1644779 and DMR-2128556) and the State of Florida.

■ REFERENCES
(1) Shor, P. W. Polynomial-Time Algorithms for Prime Factoriza-
tion and Discrete Logarithms on a Quantum Computer. J. Comput.
1997, 26, 1484−1509.
(2) Grover, L. K. A fast quantum mechanical algorithm for database
search. Proceedings of the Twenty-Eighth Annual ACM Symposium on
Theory of Computing, 1996; pp 212−219. .
(3) Madsen, L. S.; Laudenbach, F.; Askarani, M. F.; Rortais, F.;
Vincent, T.; Bulmer, J. F. F.; Miatto, F. M.; Neuhaus, L.; Helt, L. G.;
Collins, M. J.; Lita, A. E.; Gerrits, T.; Nam, S. W.; Vaidya, V. D.;
Menotti, M.; Dhand, I.; Vernon, Z.; Quesada, N.; Lavoie, J. Quantum
computational advantage with a programmable photonic processor.
Nature 2022, 606, 75−81.
(4) Kim, Y.; Eddins, A.; Anand, S.; Wei, K. X.; van den Berg, E.;
Rosenblatt, S.; Nayfeh, H.; Wu, Y.; Zaletel, M.; Temme, K.; Kandala,
A. Evidence for the utility of quantum computing before fault
tolerance. Nature 2023, 618, 500−505.
(5) Divincenzo, D. P. The Physical Implementation of Quantum
Computation. Fortschr. Phys. 2000, 48 (9−11), 771−783.
(6) Piveteau, C.; Sutter, D.; Bravyi, S.; Gambetta, J. M.; Temme, K.
Error Mitigation for Universal Gates on Encoded Qubits. Phys. Rev.
Lett. 2021, 127, 200505.
(7) Ladd, T. D.; Jelezko, F.; Laflamme, R.; Nakamura, Y.; Monroe,
C.; O’Brien, J. L. Quantum computers. Nature 2010, 464, 45−53.
(8) Anderson, C. P.; Glen, E. O.; Zeledon, C.; Bourassa, A.; Jin, Y.;
Zhu, Y.; Vorwerk, C.; Crook, A. L.; Abe, H.; Ul-Hassan, J.; Ohshima,
T.; Son, N. T.; Galli, G.; Awschalom, D. D. Five-second coherence of
a single spin with single-shot readout in silicon carbide. Sci. Adv. 2022,
8, No. eabm5912.
(9) Gilbert, W.; Tanttu, T.; Lim, W. H.; Feng, M.; Huang, J. Y.;
Cifuentes, J. D.; Serrano, S.; Mai, P. Y.; Leon, R. C. C.; Escott, C. C.;
Itoh, K. M.; Abrosimov, N. V.; Pohl, H.-J.; Thewalt, M. L. W.;
Hudson, F. E.; Morello, A.; Laucht, A.; Yang, C. H.; Saraiva, A.;
Dzurak, A. S. On-demand electrical control of spin qubits. Nat.
Nanotechnol. 2023, 18, 131−136.
(10) Monroe, C.; Kim, J. Scaling the ion trap quantum processor.

Science 2013, 339, 1164−1169.
(11) Zhang, J.; Pagano, G.; Hess, P. W.; Kyprianidis, A.; Becker, P.;
Kaplan, H. B.; Gorshkov, A. V.; Gong, Z.-X.; Monroe, C. Observation
of a many-body dynamical phase transition with a 53-qubit quantum
simulator. Nature 2017, 551, 601−604.
(12) Devoret, M. H.; Schoelkopf, R. J. Superconducting circuits for
quantum information: an outlook. Science 2013, 339, 1169−1174.
(13) Ardavan, A.; Rival, O.; Morton, J. J. L.; Blundell, S. J.;
Tyryshkin, A. M.; Timco, G. A.; Winpenny, R. E. P. Will spin-
relaxation times in molecular magnets permit quantum information
processing? Phys. Rev. Lett. 2007, 98, 057201.
(14) Aromí, G.; Aguila,̀ D.; Gamez, P.; Luis, F.; Roubeau, O. Design
of magnetic coordination complexes for quantum computing. Chem.
Soc. Rev. 2012, 41, 537−546.
(15) Wedge, C. J.; Timco, G. A.; Spielberg, E. T.; George, R. E.;
Tuna, F.; Rigby, S.; McInnes, E. J. L.; Winpenny, R. E. P.; Blundell, S.
J.; Ardavan, A. Chemical engineering of molecular qubits. Phys. Rev.
Lett. 2012, 108, 107204.
(16) Gaita-Ariño, A.; Luis, F.; Hill, S.; Coronado, E. Molecular spins
for quantum computation. Nat. Chem. 2019, 11, 301−309.

(17) Liu, J.; Mrozek, J.; Ullah, A.; Duan, Y.; Baldoví, J. J.; Coronado,
E.; Gaita-Ariño, A.; Ardavan, A. Quantum coherent spin-electric
control in a molecular nanomagnet at clock transitions. Nat. Phys.
2021, 17, 1205−1209.
(18) Pedrini, A.; Poggini, L.; Tudisco, C.; Torelli, M.; Giuffrida, A.
E.; Bertani, F.; Cimatti, I.; Otero, E.; Ohresser, P.; Sainctavit, P.;
Suman, M.; Condorelli, G. G.; Mannini, M.; Dalcanale, E. Self-
Assembly of TbPc2 Single-Molecule Magnets on Surface through
Multiple Hydrogen Bonding. Small 2018, 14, 1702572.
(19) Atzori, M.; Sessoli, R. The Second Quantum Revolution: Role
and Challenges of Molecular Chemistry. J. Am. Chem. Soc. 2019, 141,
11339−11352.
(20) Wasielewski, M. R.; Forbes, M. D. E.; Frank, N. L.; Kowalski,
K.; Scholes, G. D.; Yuen-Zhou, J.; Baldo, M. A.; Freedman, D. E.;
Goldsmith, R. H.; Goodson, T., III; Kirk, M. L.; McCusker, J. K.;
Ogilvie, J. P.; Shultz, D. A.; Stoll, S.; Whaley, K. B. Exploiting
chemistry and molecular systems for quantum information science.
Nat. Rev. Chem 2020, 4, 490−504.
(21) Moro, F.; Kaminski, D.; Tuna, F.; Whitehead, G. F. S.; Timco,
G. A.; Collison, D.; Winpenny, R. E. P.; Ardavan, A.; McInnes, E. J. L.
Coherent electron spin manipulation in a dilute oriented ensemble of
molecular nanomagnets: pulsed EPR on doped single crystals. Chem.
Commun. 2014, 50, 91−93.
(22) Bader, K.; Dengler, D.; Lenz, S.; Endeward, B.; Jiang, S.-D.;
Neugebauer, P.; van Slageren, J. Room temperature quantum
coherence in a potential molecular qubit. Nat. Commun. 2014, 5,
5304.
(23) Zadrozny, J. M.; Niklas, J.; Poluektov, O. G.; Freedman, D. E.
Millisecond Coherence Time in a Tunable Molecular Electronic Spin
Qubit. ACS Cent. Sci. 2015, 1, 488−492.
(24) Nguyen, T.; Shiddiq, M.; Ghosh, T.; Abboud, K.; Hill, S.;
Christou, G. Covalently linked Dimer of Mn3 Single-Molecule
Magnets and Retention of its Structure and Quantum Properties in
Solution. J. Am. Chem. Soc. 2015, 137, 7160−7168.
(25) Wolfowicz, G.; Tyryshkin, A. M.; George, R. E.; Riemann, H.;
Abrosimov, N. V.; Becker, P.; Pohl, H.-J.; Thewalt, M. L. W.; Lyon, S.
A.; Morton, J. J. L. Atomic clock transitions in silicon-based spin
qubits. Nat. Nanotechol. 2013, 8, 561−564.
(26) Shiddiq, M.; Komijani, D.; Duan, Y.; Gaita-Ariño, A.;
Coronado, E.; Hill, S. Enhancing coherence in molecular spin qubits
via atomic clock transitions. Nature 2016, 531, 348−351.
(27) Giménez-Santamarina, S.; Cardona-Serra, S.; Clemente-Juan, J.
M.; Gaita-Ariño, A.; Coronado, E. Exploiting clock transitions for the
chemical design of resilient molecular spin qubits. Chem. Sci. 2020, 11,
10718−10728.
(28) Kundu, K.; White, J. R. K.; Moehring, S. A.; Yu, J. M.; Ziller, J.
W.; Furche, F.; Evans, W. J.; Hill, S. A 9.2-GHz clock transition in a
Lu(II) molecular spin qubit arising from a 3,467-MHz hyperfine
interaction. Nat. Chem. 2022, 14, 392−397.
(29) Kundu, K.; Chen, J.; Hoffman, S.; Marbey, J.; Komijani, D.;
Duan, Y.; Gaita-Ariño, A.; Stanton, J.; Zhang, X.; Cheng, H.-P.; Hill,
S. Electron-nuclear decoupling at a spin clock transition. Commun.
Phys. 2023, 6, 38.
(30) Sørensen, M. A.; Weihe, H.; Vinum, M. G.; Mortensen, J. S.;
Doerrer, L. H.; Bendix, J. Imposing high-symmetry and tuneable
geometry on lanthanide centres with chelating Pt and Pd metal-
loligands. Chem. Sci. 2017, 8, 3566−3575.
(31) Collett, C. A.; Ellers, K.-I.; Russo, N.; Kittilstved, K. R.; Timco,
G. A.; Winpenny, R. E. P.; Friedman, J. R. A Clock Transition in the
Cr7Mn Molecular Nanomagnet. Magnetochemistry 2019, 5, 4.
(32) Rubín-Osanz, M.; Lambert, F.; Shao, F.; Rivier̀e, E.; Guillot, R.;
Suaud, N.; Guihéry, N.; Zueco, D.; Barra, A.-L.; Mallah, T.; Luis, F.
Chemical tuning of spin clock transitions in molecular monomers
based on nuclear spin-free Ni(II). Chem. Sci. 2021, 12, 5123−5133.
(33) Zadrozny, J. M.; Gallagher, A. T.; Harris, T. D.; Freedman, D.
E. A Porous Array of Clock Qubits. J. Am. Chem. Soc. 2017, 139,
7089−7094.
(34) Ghosh, S.; Datta, S.; Friend, L.; Cardona-Serra, S.; Gaita-Ariño,
A.; Coronado, E.; Hill, S. Multi-Frequency EPR Studies of a

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c09353
J. Am. Chem. Soc. 2024, 146, 11083−11094

11092

https://doi.org/10.1137/S0097539795293172
https://doi.org/10.1137/S0097539795293172
https://doi.org/10.1145/237814.237866
https://doi.org/10.1145/237814.237866
https://doi.org/10.1038/s41586-022-04725-x
https://doi.org/10.1038/s41586-022-04725-x
https://doi.org/10.1038/s41586-023-06096-3
https://doi.org/10.1038/s41586-023-06096-3
https://doi.org/10.1002/1521-3978(200009)48:9/11<771::AID-PROP771>3.0.CO;2-E
https://doi.org/10.1002/1521-3978(200009)48:9/11<771::AID-PROP771>3.0.CO;2-E
https://doi.org/10.1103/PhysRevLett.127.200505
https://doi.org/10.1038/nature08812
https://doi.org/10.1126/sciadv.abm5912
https://doi.org/10.1126/sciadv.abm5912
https://doi.org/10.1038/s41565-022-01280-4
https://doi.org/10.1126/science.1231298
https://doi.org/10.1038/nature24654
https://doi.org/10.1038/nature24654
https://doi.org/10.1038/nature24654
https://doi.org/10.1126/science.1231930
https://doi.org/10.1126/science.1231930
https://doi.org/10.1103/PhysRevLett.98.057201
https://doi.org/10.1103/PhysRevLett.98.057201
https://doi.org/10.1103/PhysRevLett.98.057201
https://doi.org/10.1039/C1CS15115K
https://doi.org/10.1039/C1CS15115K
https://doi.org/10.1103/PhysRevLett.108.107204
https://doi.org/10.1038/s41557-019-0232-y
https://doi.org/10.1038/s41557-019-0232-y
https://doi.org/10.1038/s41567-021-01355-4
https://doi.org/10.1038/s41567-021-01355-4
https://doi.org/10.1002/smll.201702572
https://doi.org/10.1002/smll.201702572
https://doi.org/10.1002/smll.201702572
https://doi.org/10.1021/jacs.9b00984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-020-0200-5
https://doi.org/10.1038/s41570-020-0200-5
https://doi.org/10.1039/C3CC46326E
https://doi.org/10.1039/C3CC46326E
https://doi.org/10.1038/ncomms6304
https://doi.org/10.1038/ncomms6304
https://doi.org/10.1021/acscentsci.5b00338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.5b00338?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b02677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2013.117
https://doi.org/10.1038/nnano.2013.117
https://doi.org/10.1038/nature16984
https://doi.org/10.1038/nature16984
https://doi.org/10.1039/D0SC01187H
https://doi.org/10.1039/D0SC01187H
https://doi.org/10.1038/s41557-022-00894-4
https://doi.org/10.1038/s41557-022-00894-4
https://doi.org/10.1038/s41557-022-00894-4
https://doi.org/10.1038/s42005-023-01152-w
https://doi.org/10.1039/C7SC00135E
https://doi.org/10.1039/C7SC00135E
https://doi.org/10.1039/C7SC00135E
https://doi.org/10.3390/magnetochemistry5010004
https://doi.org/10.3390/magnetochemistry5010004
https://doi.org/10.1039/D0SC05856D
https://doi.org/10.1039/D0SC05856D
https://doi.org/10.1021/jacs.7b03123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2dt31674a
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c09353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Mononuclear Holmium Single-Molecule Magnet Based on the
Polyoxometalate [HoIII(W5O18)2]9−. Dalton Trans. 2012, 41,
13697−13704.
(35) Sievers, J. Asphericity of 4f-Shells in Their Hund’s Rule Ground
States. Z. Phys. B: Condens. Matter. 1982, 45, 289−296.
(36) Rinehart, J. D.; Long, J. R. Exploiting single-ion anisotropy in
the design of f-element single-molecule magnets. Chem. Sci. 2011, 2,
2078−2085.
(37) AlDamen, M. A.; Cardona-Serra, S.; Clemente-Juan, J. M.;
Coronado, E.; Gaita-Ariño, A.; Martí-Gastaldo, C.; Luis, F.; Montero,
O. Mononuclear Lanthanide Single Molecule Magnets Based on the
Polyoxometalates [Ln(W5O18)2]9− and [Ln(β2-SiW11O39)2]13− (LnIII
= Tb, Dy, Ho, Er, Tm, and Yb). Inorg. Chem. 2009, 48, 3467−3479.
(38) Liu, J.; Hill, S. Magnetization Quantum Tunneling and
Improper Rotational Symmetry. Polyhedron 2013, 66, 147−152.
(39) Canaj, A. B.; Singh, M. K.; Regincós Marti, E.; Damjanovic,́ M.;
Wilson, C.; Céspedes, O.; Wernsdorfer, W.; Rajaraman, G.; Murrie,
M. Boosting axiality in stable high-coordinate Dy(III) single-molecule
magnets. Chem. Commun. 2019, 55, 5950−5953.
(40) Regincós Martí, E.; Canaj, A. B.; Sharma, T.; Celmina, A.;
Wilson, C.; Rajaraman, G.; Murrie, M. Importance of an Axial LnIII-F
Bond across the Lanthanide Series and Single-Molecule Magnet
Behavior in the Ce and Nd Analogues. Inorg. Chem. 2022, 61, 9906−
9917.
(41) Natrajan, L. S.; Khoabane, N. M.; Dadds, B. L.; Muryn, C. A.;
Pritchard, R. G.; Heath, S. L.; Kenwright, A. M.; Kuprov, I.; Faulkner,
S. Probing the Structure, Conformation, and Stereochemical
Exchange in a Family of Lanthanide Complexes Derived from
Tetrapyridyl-Appended Cyclen. Inorg. Chem. 2010, 49, 7700−7709.
(42) Komijani, D.; Ghirri, A.; Bonizzoni, C.; Klyatskaya, S.; Moreno-
Pineda, E.; Ruben, M.; Soncini, A.; Affronte, M.; Hill, S. Radical-
Lanthanide Ferromagnetic Interaction in a TbIII Bis-Phthalocyaninato
Complex. Phys. Rev. Mater. 2018, 2, 024405.
(43) Marbey, J.; Gan, P.-R.; Yang, E.-C.; Hill, S. Magic angle effects
in a trigonal cluster: deconstruction of a single-molecule magnet. Phys.
Rev. B 2018, 98, 144433.
(44) Mola, M.; Hill, S.; Goy, P.; Gross, M. Instrumentation for
Millimeter-wave Magnetoelectrodynamic Investigations of Low-
Dimensional Conductors and Superconductors. Rev. Sci. Instrum.
2000, 71, 186−200.
(45) Takahashi, S.; Hill, S. Rotating cavity for high-field angle-
dependent microwave spectroscopy of low-dimensional conductors
and magnets. Rev. Sci. Instrum. 2005, 76, 023114.
(46) Lawrence, J.; Yang, E.-C.; Edwards, R.; Olmstead, M. M.;
Ramsey, C.; Dalal, N. S.; Gantzel, P. K.; Hill, S.; Hendrickson, D. N.
Disorder and Intermolecular Interactions in a Family of Tetranuclear
Ni(II) Complexes Probed by High-Frequency Electron Paramagnetic
Resonance. Inorg. Chem. 2008, 47, 1965−1974.
(47) Hill, S.; Anderson, N.; Wilson, A.; Takahashi, S.; Chakov, N. E.;
Murugesu, M.; North, J. M.; Dalal, N. S.; Christou, G. A spectroscopic
comparison between several high-symmetry S = 10 Mn12 single-
molecule magnets. J. Appl. Phys. 2005, 97, 10M510.
(48) Hill, S.; Anderson, N.; Wilson, A.; Takahashi, S.; Petukhov, K.;
Chakov, N. E.; Murugesu, M.; North, J. M.; del Barco, E.; Kent, A. D.;
Dalal, N. S.; Christou, G. A comparison between high-symmetry Mn12
single-molecule magnets in different ligand/solvent environments.
Polyhedron 2005, 24, 2284−2292.
(49) Chakov, N. E.; Lee, S.-C.; Harter, A. G.; Kuhns, P. L.; Reyes, A.
P.; Hill, S.; Dalal, N. S.; Wernsdorfer, W.; Abboud, K. A.; Christou, G.
The Properties of the [Mn12O12(O2CR)16(H2O)4] Single-Molecule
Magnets in Truly Axial Symmetry: [Mn12O12(O2CCH2Br)16(H2O)4]·
4CH2Cl2. J. Am. Chem. Soc. 2006, 128, 6975−6989.
(50) Stoll, S.; Schweiger, A. EasySpin, a comprehensive software
package for spectral simulation and analysis in EPR. J. Magn. Reson.
2006, 178, 42−55.
(51) Roos, B. O.; Taylor, P. R.; Sigbahn, P. E. M. A complete active
space SCF method (CASSCF) using a density matrix formulated
super-CI approach. Chem. Phys. 1980, 48, 157−173.

(52) Siegbahn, P.; Heiberg, A.; Roos, B.; Levy, B. A. A Comparison
of the Super-CI and the Newton-Raphson Scheme in the Complete
Active Space SCF Method. Phys. Scr. 1980, 21, 323−327.
(53) Neese, F.; Wennmohs, F.; Becker, U.; Riplinger, C. The ORCA
quantum chemistry program package. J. Chem. Phys. 2020, 152,
224108.
(54) Douglas, M.; Kroll, N. M. Quantum electrodynamical
corrections to the fine structure of helium. Ann. Phys. 1974, 82,
89−155.
(55) Hess, B. A. Applicability of the no-pair equation with free-
particle projection operators to atomic and molecular structure
calculations. Phys. Rev. A 1985, 32, 756−763.
(56) Angeli, C.; Cimiraglia, R.; Evangelisti, S.; Leininger, T.;
Malrieu, J. P. Introduction of n-electron valence states for multi-
reference perturbation theory. J. Chem. Phys. 2001, 114, 10252−
10264.
(57) Angeli, C.; Cimiraglia, R.; Malrieu, J.-P. N-electron valence
state perturbation theory: a fast implementation of the strongly
contracted variant. Chem. Phys. Lett. 2001, 350, 297−305.
(58) Angeli, C.; Cimiraglia, R.; Malrieu, J.-P. n-electron valence state
perturbation theory: A spinless formulation and an efficient
implementation of the strongly contracted and of the partially
contracted variants. J. Chem. Phys. 2002, 117, 9138−9153.
(59) Schapiro, I.; Sivalingam, K.; Neese, F. Assessment of n-Electron
Valence State Perturbation Theory for Vertical Excitation Energies. J.
Chem. Theory Comput. 2013, 9, 3567−3580.
(60) Guo, Y.; Sivalingam, K.; Valeev, E. F.; Neese, F. SparseMaps�
A systematic infrastructure for reduced-scaling electronic structure
methods. III. Linear-scaling multireference domain-based pair natural
orbital N-electron valence perturbation theory. J. Chem. Phys. 2016,
144, 094111.
(61) Aravena, D.; Neese, F.; Pantazis, D. A. Improved Segmented
All-Electron Relativistically Contracted Basis Sets for the Lanthanides.
J. Chem. Theory Comput. 2016, 12, 1148−1156.
(62) Pantazis, D. A.; Chen, X.-Y.; Landis, C. R.; Neese, F. All-
Electron Scalar Relativistic Basis Sets for Third-Row Transition Metal
Atoms. J. Chem. Theory Comput. 2008, 4, 908−919.
(63) Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7,
3297−3305.
(64) Malmqvist, P.-Å.; Roos, B. O. The CASSCF state interaction
method. Chem. Phys. Lett. 1989, 155, 189−194.
(65) Malmqvist, P.-Å.; Roos, B. O.; Schimmelpfennig, B. The
restricted active space (RAS) state interaction approach with spin-
orbit coupling. Chem. Phys. Lett. 2002, 357, 230−240.
(66) Neese, F.; Wolf, A.; Fleig, T.; Reiher, M.; Hess, B. A.
Calculation of electric-field gradients based on higher-order
generalized Douglas-Kroll transformations. J. Chem. Phys. 2005, 122,
204107.
(67) Sandhoefer, B.; Neese, F. One-electron contributions to the g-
tensor for second-order Douglas-Kroll-Hess theory. J. Chem. Phys.
2012, 137, 094102.
(68) Heß, B. A.; Marian, C. M.; Wahlgren, U.; Gropen, O. A mean-
field spin-orbit method applicable to correlated wavefunctions. Chem.
Phys. Lett. 1996, 251, 365−371.
(69) Chibotaru, L. F.; Ungur, L. Ab initio calculation of anisotropic
magnetic properties of complexes. I. Unique definition of pseudospin
Hamiltonians and their derivation. J. Chem. Phys. 2012, 137, 064112.
(70) Ungur, L.; Chibotaru, L. F. Ab Initio Crystal Field for
Lanthanides. Chem. Eur. J. 2017, 23, 3708−3718.
(71) Mavragani, N.; Kitos, A.; Hruby, J.; Hill, S.; Mansikkamäki, A.;
Moilanen, J.; Murugesu, M. Strong magnetic exchange coupling in
Ln2 metallocenes attained by the trans-coordination of a tetrazinyl
radical ligand. Inorg. Chem. Front. 2023, 10, 4197−4208.
(72) Abragham, A.; Bleaney, B. Electron Paramagnetic Resonance of

Transition Ions; Oxford, 1970.
(73) Altshuler, S. A.; Kozyrev, B. M. Electron Paramagnetic Resonance

in Compounds of Transition Elements, 2nd ed.; Wiley, 1974.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c09353
J. Am. Chem. Soc. 2024, 146, 11083−11094

11093

https://doi.org/10.1039/c2dt31674a
https://doi.org/10.1039/c2dt31674a
https://doi.org/10.1007/BF01321865
https://doi.org/10.1007/BF01321865
https://doi.org/10.1039/c1sc00513h
https://doi.org/10.1039/c1sc00513h
https://doi.org/10.1021/ic801630z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801630z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic801630z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.poly.2013.03.018
https://doi.org/10.1016/j.poly.2013.03.018
https://doi.org/10.1039/c9cc00965e
https://doi.org/10.1039/c9cc00965e
https://doi.org/10.1021/acs.inorgchem.2c00556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c00556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.2c00556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic100447m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic100447m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic100447m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevMaterials.2.024405
https://doi.org/10.1103/PhysRevMaterials.2.024405
https://doi.org/10.1103/PhysRevMaterials.2.024405
https://doi.org/10.1103/PhysRevB.98.144433
https://doi.org/10.1103/PhysRevB.98.144433
https://doi.org/10.1063/1.1150182
https://doi.org/10.1063/1.1150182
https://doi.org/10.1063/1.1150182
https://doi.org/10.1063/1.1852859
https://doi.org/10.1063/1.1852859
https://doi.org/10.1063/1.1852859
https://doi.org/10.1021/ic701416w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic701416w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic701416w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1851433
https://doi.org/10.1063/1.1851433
https://doi.org/10.1063/1.1851433
https://doi.org/10.1016/j.poly.2005.03.079
https://doi.org/10.1016/j.poly.2005.03.079
https://doi.org/10.1021/ja060796n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja060796n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja060796n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1016/0301-0104(80)80045-0
https://doi.org/10.1088/0031-8949/21/3-4/014
https://doi.org/10.1088/0031-8949/21/3-4/014
https://doi.org/10.1088/0031-8949/21/3-4/014
https://doi.org/10.1063/5.0004608
https://doi.org/10.1063/5.0004608
https://doi.org/10.1016/0003-4916(74)90333-9
https://doi.org/10.1016/0003-4916(74)90333-9
https://doi.org/10.1103/PhysRevA.32.756
https://doi.org/10.1103/PhysRevA.32.756
https://doi.org/10.1103/PhysRevA.32.756
https://doi.org/10.1063/1.1361246
https://doi.org/10.1063/1.1361246
https://doi.org/10.1016/S0009-2614(01)01303-3
https://doi.org/10.1016/S0009-2614(01)01303-3
https://doi.org/10.1016/S0009-2614(01)01303-3
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1063/1.1515317
https://doi.org/10.1021/ct400136y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400136y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4942769
https://doi.org/10.1063/1.4942769
https://doi.org/10.1063/1.4942769
https://doi.org/10.1063/1.4942769
https://doi.org/10.1021/acs.jctc.5b01048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct800047t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1016/0009-2614(89)85347-3
https://doi.org/10.1016/0009-2614(89)85347-3
https://doi.org/10.1016/S0009-2614(02)00498-0
https://doi.org/10.1016/S0009-2614(02)00498-0
https://doi.org/10.1016/S0009-2614(02)00498-0
https://doi.org/10.1063/1.1904589
https://doi.org/10.1063/1.1904589
https://doi.org/10.1063/1.4747454
https://doi.org/10.1063/1.4747454
https://doi.org/10.1016/0009-2614(96)00119-4
https://doi.org/10.1016/0009-2614(96)00119-4
https://doi.org/10.1063/1.4739763
https://doi.org/10.1063/1.4739763
https://doi.org/10.1063/1.4739763
https://doi.org/10.1002/chem.201605102
https://doi.org/10.1002/chem.201605102
https://doi.org/10.1039/D3QI00290J
https://doi.org/10.1039/D3QI00290J
https://doi.org/10.1039/D3QI00290J
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c09353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(74) Baker, M. L.; Blundell, S. J.; Domingo, N.; Hill, S. Spectroscopy
Methods for Molecular Nanomagnets. Struct. Bonding 2014, 164,
231−291.
(75) Manvell, A. S.; Pfleger, R.; Bonde, N. A.; Briganti, M.; Mattei,
C. A.; Nannestad, T. B.; Weihe, H.; Powell, A. K.; Ollivier, J.; Bendix,
J.; Perfetti, M. LnDOTA puppeteering: removing the water molecule
and imposing tetragonal symmetry. Chem. Sci. 2024, 15, 113−123.
(76) Bodizs, G.; Raabe, I.; Scopelliti, R.; Krossing, I.; Helm, L.
Synthesis, structures and characterisations of truly homoleptic
acetonitrile Ln3+ complexes in solid state and in solution. Dalton
Trans. 2009, 2009, 5137−5147.
(77) Zhai, H.; Chan, G. K.-L. A comparison between the one- and
two-step spin-orbit coupling approaches based on the ab initio density
matrix renormalization group. J. Chem. Phys. 2022, 157, 164108.
(78) Cruickshank, P. A. S.; Bolton, D. R.; Robertson, D. A.; Hunter,
R. I.; Wylde, R. J.; Smith, G. M. A kilowatt pulsed 94 GHz electron
paramagnetic resonance spectrometer with high concentration
sensitivity, high instantaneous bandwidth, and low dead time. Rev.
Sci. Instrum. 2009, 80, 103102.
(79) Subramanya, M. V. H.; Marbey, J.; Kundu, K.; McKay, J. E.;
Hill, S. Broadband Fourier-Transform Detected EPR at W-band. Appl.
Magn. Reson. 2023, 54, 165−181.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c09353
J. Am. Chem. Soc. 2024, 146, 11083−11094

11094

https://doi.org/10.1007/430_2014_155
https://doi.org/10.1007/430_2014_155
https://doi.org/10.1039/D3SC03928E
https://doi.org/10.1039/D3SC03928E
https://doi.org/10.1039/b822322j
https://doi.org/10.1039/b822322j
https://doi.org/10.1063/5.0107805
https://doi.org/10.1063/5.0107805
https://doi.org/10.1063/5.0107805
https://doi.org/10.1063/1.3239402
https://doi.org/10.1063/1.3239402
https://doi.org/10.1063/1.3239402
https://doi.org/10.1007/s00723-022-01499-3
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c09353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

