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Effect of Spin-Orbit Coupling on Phonon-Mediated Magnetic
Relaxation in a Series of Zero-Valent Vanadium, Niobium, and
Tantalum Isocyanide Complexes

Khetpakorn Chakarawet, Mihail Atanasov, John E. Ellis, Wayne W. Lukens Jr., Victor G. Young Jr.,
Ruchira Chatterjee, Frank Neese*, and Jeffrey R. Long*

ABSTRACT: Spin-vibronic coupling leads to spin relaxation in paramagnetic molecules, and understanding factors that contribute
to this phenomenon is essential for designing next generation spintronics technology, including single-molecule magnets and spin-
based qubits, wherein long-lifetime magnetic ground states are desired. We report spectroscopic and magnetic characterization of
the isoelectronic and isostructural series of homoleptic zerovalent transition metals triad M(CNDipp)s (M =V, Nb, Ta; CNDipp =
2,6-diisopropylphenyl isocyanide), and show experimentally the significant increase in spin relaxation rate upon going from V to
Nb to Ta. Correlated electronic calculation and first principle spin-phonon computation support the role of spin-orbit coupling in
modulating spin-phonon relaxation. Our results provide experimental evidence that increasing magnetic anisotropy through spin-
orbit coupling interactions leads to increased spin-vibronic relaxation which is detrimental to long spin lifetime in paramagnetic

molecules.

Introduction

Spin relaxation in paramagnetic molecules is a fundamental
phenomenon that plays an important role in diverse fields such
as magnetic resonance imaging,1 single-molecule magnctism,2
and quantum information technology.3 There are many possi-
ble mechanisms through which spin relaxation can occur. For
systems with total electron spin S > '/,, relaxation may occur
from a thermal excited state via a mechanism known as the
Orbach process.* The corresponding relaxation rate exhibits an
Arrhenius temperature-dependence with an activation energy
determined by the thermal barrier to spin inversion, U, which
is governed by zero-field splitting (for transition metal com-
plexes)4 or ligand field splitting (for lanthanide complexes).5
At very low temperatures where thermal energy kg7 << U, the
molecular spin can be trapped in its ground state, resulting in
magnetic polarization akin to bulk magnets, a property of so-
called single-molecule magnets.’

Slow magnetic relaxation in single-molecule magnets falls
within two classes, namely spin-phonon relaxation, such as
Orbach, Raman, direct, and local mode processes, and spin-
spin relaxation, such as hyperfine-mediated and dipole-
mediated quantum tunneling of the magnetization.7 All of the-
se relaxation mechanisms ultimately result in loss of spin po-
larization that is necessary for the proposed applications for
single-molecule magnets,” and thus research has focused ex-
tensively on increasing U and/or minimizing the other relaxa-
tion pathways in these molecules. Spin-spin relaxation, espe-
cially quantum tunneling of the magnetization, has been ex-
tensively studied in molecular systems,9 and application of a
magnetic field'"” or dilution of magnetic molecules in diamag-
netic matrix'' are key strategies for suppressing this process.
On the other hand, spin-phonon relaxation, which is mediated

by coupling of electron spin to phonon modes of the solid, is
more difficult to control, apart from the well-understood Or-
bach process.

Recent studies have suggested that intramolecular vibrations
are responsible for mediating spin-phonon relaxation in most
mononuclear magnets in the temperature regime of interest
(~tens of K), hereafter referred to as spin-vibronic relaxation,
also known as local mode process.lz’17 It should be noted that
such spin-phonon coupling has recently been applied to de-
scribe Raman relaxation process as well.'"™"” Despite such
knowledge, spin-vibronic relaxation nonetheless remains diffi-
cult to control experimentally. The elimination of low-
frequency molecular vibrational modes has been proposed as
one strategy to minimize spin-vibronic relaxation,” but sys-
tematic experimental investigations validating this approach
are lacking, in large part due to the challenges inherent in
achieving systematic control over molecular vibrations while
maintaining the electronic structure of the metal center. For
example, it has been shown that replacing the tet-
ra(isopropyl)cyclopentadienyl ligand in [Dy(Cp"P“‘)z]+ with
tetra(isopropyl)methylcyclopentadienyl results in a substantial
increase in the 100-s magnetic blocking temperature from 17
K in [Dy(Cp™™),]" to 62 K in [Dy(Cp™*),]", the result being
attributed to the elimination of C—H bending modes that are
responsible for mediating spin relaxation.”’ Similarly, replac-
ing the tri(fert-butyl)cyclopentadienyl ligand with pen-
ta(isopropyl)cyclopentadienyl and pen-
ta(methyl)cyclopentadienyl ligands results in an increase in
the 100-s blocking temperature from 53 K in [Dy(Cp™),]" to
65 K in [Dy(Cp"")(Cp"*)]".*"** However, changes to the
steric and electronic environment upon ligand substitution
complicate an in depth analysis of this effect. As such, it has



been proposed that isotopic substitution is perhaps the only
rigorous way to prove the effect of spin-vibronic coupling;
however, this idea has not yet been experimentally realized.”

Lunghi, Sessoli, and coworkers derived a spin-vibronic relaxa-

tion time given by eqn (1):
hw

2KpT

(1

T= E—Z’exp (

where w is the angular frequency of the vibrational mode cou-
pling to the spin transition, ¥ is the spin-vibronic coupling
strength, ky is the Boltzmann constant, T is the temperature,
and h is Planck’s constant.'>" It is immediately evident from
this equation that increasing the vibrational frequency, o,
should increase the relaxation time, and thus rigid molecular
magnets with high vibrational frequencies should be targeted.
On the other hand, spin relaxation time can be controlled by
spin-vibronic coupling strength, V¥, which is modulated by
structural changes affecting magnetic anisotropy.23 Foran S =
' system, magnetic anisotropy arises from the anisotropy of
the g factor, which is proportional to &6, where  is the effec-
tive spin-orbit coupling constant and J is the excited state en-
ergy separation.24 For § > '/, magnetic anisotropy arises from
zero-field splitting, given by D « &/6> This implies that V'
scales with &6 (for an S = '/, system) or &/6 (for an § > A
system). Thus, it follows from eqn (1) that relaxation time
should be proportional to (&/8) > for an S = ' system and
(&/0)* for an S > Y system. Therefore, the ability to tune the
spin-vibronic relaxation time via the spin-orbit coupling con-
stant would present a valuable new handle for manipulating
spin relaxation in paramagnetic molecules.

We previously reported the first paramagnetic zero-valent
transition metal isocyanide complex V(CNXyl)s (CNXyl =
2,6-dimethylphenyl isocyanide)26 and more recently the syn-
thesis of paramagnetic Nb(CNDipp)s and Ta(CNDipp)s com-
plexes (CNDipp = 2,6-diisopropylphenyl isocyanide),”’28 the
first zero-valent niobium and tantalum isocyanide analogs of
the highly unstable molecules Nb(CO)s and Ta(CO)s. These
complexes possess low-spin (S = 1/2) d’ electron configurations
that provide a platform for studying spin-vibronic relaxation
without complications from relaxation through magnetic ex-
cited states. Access to an isostructural series of 3d, 4d, and 5d
metal ions would further enable an unprecedented study of the
impact of varying spin-orbit coupling strength on this relaxa-
tion. Herein, we report the synthesis of V(CNDipp)s and the
spectroscopic and magnetic study of the isostructural, isoelec-
tronic triad M(CNDipp)s M =V (1), Nb (2), Ta (3)), and
show that all three complexes exhibit slow magnetic relaxation
of molecular origin. To the best of our knowledge, this result
marks the first observation of slow magnetic relaxation in
niobium and tantalum molecular complexes.zg More im-
portantly, our results highlight the influence of spin-orbit cou-
pling interaction on spin-vibronic relaxation, and we find that
the spin-vibronic relaxation time is inversely proportional to
the square of the magnitude of the spin-orbit coupling.

Results and Discussion
Synthesis and Structural Characterization. The synthesis of

V(CNDipp)s (1) was carried out via a similar route to that
reported previously for the synthesis of V(CNXyl)s.”® Briefly,

V(C0H;Me), (C;oH,Me = I-methylnaphthalenide) was gen-
erated in situ from the reaction of NaC,H,-Me and
VCI3(THF); (THF = tetrahydrofuran), and subsequent reaction
with CNDipp in THF afforded 1 as a golden-brown microcrys-
talline solid. The compounds Nb(CNDipp)s (2) and
Ta(CNDipp)s (3) were prepared as previously described.””?®
Single crystals of compound 1 were grown from a THF solu-
tion layered with pentane and stored at —10 °C. Single-crystal
X-ray diffraction characterization revealed that 1 crystallizes
in the space group R—3 (Figure 1) and is isostructural to 2 and
3, with an asymmetric unit that contains one sixth of the metal
atom and one CNDipp ligand. Consequently, all three mole-
cules adopt a perfect trigonal antiprismatic D3, symmetry, as
dictated by the crystallographic three-fold rotational axis and
inversion center. The compounds can also be viewed as dis-
torted octahedra that are axially compressed along the three-
fold axis. The C—-M-C angles where the two C atoms are relat-
ed by a three-fold rotation are 94.67(6), 95.46(6), and
93.93(5)° for 1, 2, and 3, respectively.”**

For a low-spin, octahedral d complex, the (tzg)5 electronic
configuration with 2T2g electronic state is subject to Jahn-
Teller distortion. Compression along the three-fold axis (z
axis) causes destabilization of the a; orbital, resulting in a
(e)4(a1)1 electronic configuration and a ZAlg electronic ground
state. Interestingly, a trigonal distortion of the isolobal V(CO);
complex to D;,; symmetry was computationally predicted and
spectroscopically detected at 4 K, but the molecule is highly
fluxional at elevated '[emperature.m31 Given that complexes 1—
3 all adopt D3, symmetry in the solid state, they are expected
to have a larger Jahn-Teller energy stabilization (see below).

Cyclic voltammograms collected for 1-3 in 1,2-
difluorobenzene revealed reversible, one-clectron reduction
events at —2.15, —2.01, and —2.03 V vs. [FeCp,]™, respective-
ly, corresponding to the generation of stable 18-electron
[M(CNDipp)s] species (Figure S5), of which the Ta congener
has been previously isolated.” Cyclic voltammograms collect-
ed for 1 and V(CNXyl)s also feature two oxidation events at
more positive potentials, suggesting that stable V(I) and V(II)

Figure 1. Solid-state structure of V(CNDipp)s (1) determined at
173 K. Orange, blue, and gray spheres represent V, N, and C at-
oms, respectively. A gray vertical line denotes the crystallograph-
ic ¢ axis (-3 axis). The disordered component and H atoms are
omitted for clarity. Selected bond distances and angles: V-C1
2.0138(16) A, C1-V-C1' 94.67(6)°, C1'-V-C1" 85.33(6)°, V-
C1-NI1 169.0(4)°, where ' denotes a three-fold rotation and " de-
notes an inversion operation, respectively.



species may be accessible (Figure S6). Indeed, [V(CNXyl)s]™
and [V(CNXyl)s]" have previously been isolated.”

Electron Paramagnetic Resonance Spectroscopy. EPR
spectra collected on microcrystalline powder samples of 1-3
feature axial signals as a result of the Jahn-Teller compression
along a trigonal axis (Figure 2). For a low-spin d’ complex in
trigonal symmetry, the g factor can be expressed as:**

1+3n/2
go=1+—"22 )

3(1-n/2

gy =-1+% An/) 3)
where n = £/ is the ratio of spin-orbit coupling constant (&)
to the trigonal energy splitting of the t, orbitals (), and

A =J1—1n+992/4>" The g values increase from 2.065 to
2.168 to 2.372, while the g, values decrease from 2.002 to
1.966 to 1.642 in going from V to Nb to Ta. The trend in the
g and g values for 1-3 reveals the expected increase in spin-
orbit coupling as the atomic number increases from V to Ta.
The n ratio deduced from experimental g factors and from
eqns (2) and (3) unambiguously shows this increase in spin-
orbit coupling (Figure 2 inset and Table 1). We note that devi-
ation of experimental g values from the calculated values may
be attributed to covalency due to significant metal-ligand
nt backbonding (see below).

The EPR spectra of crystalline samples of 1-3 only exhibit
broad features with no evidence of hyperfine interactions be-
tween the unpaired electron and metal nuclear spins, which
may be explained by exchange narrowing.32 Exchange narrow-
ing is further implicated by the observed lineshapes, which
appear to be Lorentzian and are not well modeled away from
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Figure 2. X-band EPR spectra of crystalline samples of 1-3.
Spectra of 1 and 2 were measured at 5 K, and that of 3 at 3 K.
Experimental spectra are shown as black lines, and simulation are
plotted in red. Inset: Dependence of the g factors on n according
to Eqns. (2) and (3) (red and blue lines, respectively). Experi-
mental g values are plotted in open circles.

Table 1 EPR Simulation Parameters for Complexes 1-3
and the Corresponding Spin-Orbit Coupling Constant and
Energy Splitting Ratios

g| gL n=4go
V(CNDipp)s (1) 2.002 2.065 0.02
Nb(CNDipp)s (2) 1.966 2.168 0.09
Ta(CNDipp)s (3) 1.642 2372 0.26

the resonance field by the fitting program, which uses a Pil-
brow (Gaussian) lineshape. In contrast, EPR spectra obtained
for frozen toluene solutions of 1-3 exhibit the expected split-
ting due to hyperfine interactions with My = 7/2), Nb (=
9/2), and "'Ta = 7/2) nuclei, respectively (Figs. S7-S9).
However, the simulated g-values for the solution state spectra
(Table S5) differ from those in the solid-state, indicating that
the complexes adopt different geometries in solution. Conse-
quently, the frozen solution EPR spectra will not be discussed
further. Additionally, although the diamagnetic congeners
M'(CNDipp)s (M’ = Cr,”> W**) of complexes 1 and 3 are
known, they crystallize in different space groups and with
packing schemes. Thus, dilution via co-crystallization in a
diamagnetic matrix would involve a structural change non-
native to the pristine solid samples, preventing further EPR
experiments. Finally, we note that the analogous V(CNXyl)e
complex was found to be EPR silent at 293 K in toluene solu-
tion due to fast paramagnetic relaxation associated with the
low-spin d’ conﬁguration.26 The EPR spectrum of the complex
was re-investigated in this work, and a signal was observed at
the much lower temperature of 25 K (Figure S10).
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Figure 3. Variable-temperature out-of-phase magnetic suscepti-
bility data for 1 (top) and 2 (center) collected under Hy. = 2500
Oe, and 3 (bottom) collected under Hy. = 2000 Oe. Solid lines are
fit to the data according to a generalized Debye model.*

Magnetic Measurements. Dc magnetic susceptibility data
were collected for microcrystalline powder samples of 1 and 2
under an applied field of 1000 Oe. Static magnetic susceptibil-
ity data previously reported for 3°* are also discussed here for
comparison. At 2 K, the yu7 products of 1, 2, and 3 are 0.434,
0.336, and 0.387 cm’K/mol, respectively (Figure S11), con-
sistent with an orbital singlet ZAlg ground state of a statically
Jahn-Teller distorted octahedral complex (mI = 0.375
cm’K/mol). Deviations from the expected value are likely due
to the anisotropic g factors of these complexes, magnetic tor-
quing of the samples, and possible small errors associated with
measurements of sample mass and corresponding diamagnetic
corrections, which will be more significant in low-spin com-
pounds bearing large diamagnetic ligands. For all compounds,
xwmT increases linearly with temperature (with slight deviation
of unknown origin for 2), which is characteristic of tempera-
ture-independent paramagnetism, consistent with the presence
of low-lying excited states with large orbital contributions.”
The 2Eg electronic excited states in 1, 2, and 3 are calculated to
be 1912, 1902, and 1143 cm™' above the ground state, respec-
tively (see below). This low-lying excited state bearing orbital
angular momentum mixes significantly with the ground 2A1g
state in 1-3, creating anisotropy in the g factor as observed in
the EPR spectra. This result further suggests that slow magnet-
ic relaxation might be observed in these complexes due to
anisotropy from excited state orbital degeneracy.’ Indeed, ac
magnetic susceptibility data collected for 1-3 under optimal dc
fields of 2000 or 2500 Oe feature temperature-dependent sig-
nals in the out-of-phase susceptibility (yy"’), confirming slow
magnetic relaxation of molecular origin via spin-phonon pro-
cesses (Figure 3).
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Figure 4. Plots of the relaxation time, 7 (log scale) versus temper-
ature (log scale) for 1 (blue) and 2 (green), measured under Hy, =
2500 Oe, and 3 (dark red) under Hy. = 2000 Oe. Solid lines are
fits to the data.

Relaxation times, 7, were extracted from fits to the ac suscep-
tibility data using a generalized Debye model.* A plot of 7 vs T
for 1-3 is shown in Figure 4. At low temperatures, the temper-
ature dependence of 7 is indicative of spin-spin relaxation, as
commonly observed in other § = A compounds.”’38 However,
relaxation times for 1-3 begin to deviate above 5 K, where
spin-phonon relaxation starts to dominate as phonons with
energy sufficient to initiate the activated relaxation pathway
become thermally available. Two key observations can be
made regarding the relaxation behavior at these temperatures.
First, compound 1 exhibits the slowest relaxation for a given
temperature, followed by 2 and then 3. For example, at 6 K, 7
= 1.14, 0.53, and 0.11 ms for 1-3, representing an order of
magnitude increase in the relaxation time simply by changing
the identity of the metal center. Second, the slope of 7 versus T’
increases from 1 to 3, and thus relaxation becomes more rapid
with increasing temperature upon progressing from V to Ta.
The temperature dependence of 7 correlates with the spin-
vibronic coupling strength,23 and thus spin-vibronic coupling
for these compounds follows the trend Ta > Nb > V. This ob-
servation coincides with the trend in the g values across the
series of compounds, indicating that, in the temperature re-
gime at which spin-vibronic relaxation is dominant, the relaxa-
tion time for this system scales with the spin-orbit coupling
interaction. Fitting of relaxation times to Eq. (1) was attempt-
ed to extract quantitative information about the spin-vibronic
coupling strength, 7 (see Supporting Information), as well as
phonon frequencies. The results are listed in Tables 3 and S10.
We however note the large uncertainties associated with the fit
(Table S9), precluding definitive quantitative analysis.

Electronic Structure Computation. Density functional theo-
ry calculations were performed on 1, 2, and 3 to investigate
the electronic structure of the complexes. Geometry optimiza-
tion was initially performed due to disorder in the crystal
structures. Single point calculations on the optimized geome-
tries give Loewdin spin populations on the metal centers of
0.834, 0.658, and 0.512 for 1, 2, and 3, respectively, indicating
an increase in spin delocalization upon going to heavier met-
als. Singly-occupied molecular orbital plots depict the distri-



Table 2 Energies of Non-Relativistic and Relativistic (Spin-
Orbit Coupled) States (cm"l) of M(CNPh)s from CASSCF
Calculations, and Computed and Experimental g-Factors
for the I'y; Ground State Kramers Doublet

V(CNPh)s Nb(CNPh)s Ta(CNPh),
Al 0 0 0
’E, 1912 1902 1143
Ty 0 0 0
Ts, 1874 1826 1380
e, 1957 2022 1804
Coir 81 (114)° 187 (375)° 378 (1538)°
g 1.996 (2.002)>  1.958 (1.966)"  0.815 (1.642)"
gL 2.086 (2.065) 2213 (2.168)°  2.564 (2.372)

Symmetry notation pertain to the trigonal D3, (2A1g and 2Eg spin-
free non-relativistic states) and the D5, double group ([4g, I'sg and
I, spin-orbit coupled states). “Free atom values computed from
CASSCF calculations. “Values obtained from simulating EPR
spectra.

bution of the single spin over the metal atom and the isocya-
nide ligands (Figure S24, top), supporting the «t backbonding
ability of the isocyanide ligands to stabilize low valent metal
complexes. Attempts to compute a spin configuration in which
the transition metal is oxidized while the ligands are reduced
failed. Therefore, it follows that CNDipp behaves as a redox
innocent ligand, rendering an oxidation state of zero for V,
Nb, and Ta.

Subsequently, the sublevels of the Zng ground state were
computed using the complete active space self-consistent field
modulated by second-order N-electron valence perturbation
theory (CASSCF/NEVPT2), as performed on the truncated
model complexes M(CNPh)s (M =V, Nb, Ta; CNPh = phenyl
isocyanide). Convergence of CASSCF was achieved using the
CAS(5,12) active space. Figure S25 depicts the molecular
orbital plots of the magnetic orbital and its antibonding conge-
ner for Ta(CNPh)s. The single spin resides on a 5d.. orbital
engaged in Ta—C & backbonding. The Ta center is in a formal-
ly zero oxidation state with the single unpaired electron shared
almost equally between the Ta 5d.. orbital and the t* orbitals
of CNPh ligands. Using this extended charge transfer model,
the energies of the three sublevels of the octahedral “Th,
ground state were successfully computed, of which its degen-
eracy is broken by the D3, symmetry of the complex. A non-
relativistic calculation was followed by accounting for spin-
orbit coupling using quasi-degenerate perturbation theory
(QDPT) to afford expectation values for the Zeeman operator
and anisotropic g factors (Table 2). In D3, symmetry, the 2A1g
ground state is separated from the ZEg excited state by an ener-
gy gap of 1912 (V), 1902 (Nb) and 1143 cm’' (Ta) according
to the results of the CASSCF calculation. Accounting for dy-
namic correlation using NEVPT2 does not appreciably affect
these energies. Effective spin-orbit coupling parameters ex-
tracted from the relativistic calculation are 81 (V), 187 (Nb),
and 378 cm' (Ta), revealing significant reductions of 29%,
50%, and 75%, respectively, relative to the free ion values.
This reflects the increasing metal-ligand covalency in the se-

ries. The calculated g factors reproduced reasonably well the
experimental value (Table 2). Deviations between computed
and experimental data increase from V to Ta, as expected
since dynamical correlation for heavier elements becomes
increasingly more important. Our methods, being based on
post-Hartree-Fock calculations, underestimate dynamical cor-
relations for heavier metals.

Jahn-Teller Distortion and Spin-Phonon Coupling. Octa-
hedral complexes with 2T2g ground states are geometrically
unstable with respect to nuclear displacements along the ¢,
stretching and T,, bending modes. Previous work on hexacy-
ano complexes of first-row transition metals showed that T,
distortion is energetically favored.” Coupling of the t,, mode
with the szg ground state leads to trigonal D;, geometries with
four trigonal axes perpendicular to each trigonal face of the
octahedron (Figure S26). Depending on the donor properties
of the ligand, trigonal elongation (for t donor ligands) or trig-
onal compression (for m acceptor ligands) are possible. In
agreement with the m backbonding character of the CNDipp
ligands, trigonally compressed geometries are observed in all
complexes 1-3. Using the distortion obtained from DFT-
optimized geometry and the CASSCF-computed zAlg and 2Eg
energies, we extract the linear Jahn-Teller coupling constant
(V) of 4395, 3474, and 2920 cm /A for V(CNPh)g,
Nb(CNPh)s, and Ta(CNPh)e, respectively (see Supporting
Information for more details). The decrease of linear vibronic
coupling constants reflects a weakening of vibronic coupling,
opposing the increase in effective spin-orbit coupling con-
stants. Finally, the Jahn-Teller stabilization energy (£;r) can be
computed from the energy difference of the octahedral and
trigonally distorted geometries, to be 537, 732, and 381 cm’
for V(CNPh)s, Nb(CNPh)s, and Ta(CNPh),, respectively. The
ratios E;/ & 0f 7.9, 3.9, and 1.0 were obtained for V, Nb, and
Ta, respectively. We note these ratios are larger for V(CNPh),
and Nb(CNPh), than for their carbonyl congeners (~3.77-3.98
for V(CO)s and ~2.80-2.90 for Nb(CO)s the value for
Ta(CO)s has not been repor‘[ed).31 When Ej/E > 0.75, that is,
when the Jahn-Teller stabilization energy is comparable with
or exceeds the spin-orbit coupling, a structural distortion is
predicted to give rise to a D;, (or Dy;,) geometry as the ground
state.”™*"  This relationship holds true for V(CNPh),
Nb(CNPh)g, and Ta(CNPh)g, rationalizing the observed trigo-
nal distortion in the solid-state structures of 1-3. We note that
the elusive Ta(CO)s complex is predicted to resist Jahn-Teller
distortion due to a small, estimated Ej;/{ value of ~0.25,31 in
contrast to what is seen here for Ta(CNDipp)s.

Using the force constants from Jahn-Teller analysis, we com-
pute the frequency of the T,, normal mode to be 70, 52, and 57
cm ' for V(CNPh)s, Nb(CNPh)s, and Ta(CNPh)g, respectively.
These values agree intriguingly well with the values extracted
from fitting magnetic relaxation time ¥;= 89, 59, 66 cm”! for
1-3, respectively (Table 3).

To calculate spin-phonon coupling parameters, first principles
spin-phonon calculations were performed on the free mole-
cules without taking into account solid-state effects, such as
phonon dispersion and the multitude of molecular and lattice
modes which can also contribute to the relaxation mechanism.
The single effective mode approach40 was used, wherein mo-
lecular and lattice vibrations are projected onto a single mode,



Table 3 Spin-Phonon Coupling Parameters and Magnetic
Relaxation Times Computed on Model Complexes M(CNPh),
and Experimentally Determined by Fitting AC Susceptibility
Data of M(CNDipp)e

V(CNPh), Nb(CNPh); Ta(CNPh),

(3g1/90.), 0.0129 0.0218 0.0557
Veato (cm™) 1.8%107 29%107 6.05 % 107
S ) 70 52 57

Teale (Ms) at 6 K 36.1 3.1 1.1

V(CNDipp)s Nb(CNDipp)s Ta(CNDipp)s

V, (cm™) 1.73)x 107  1.7(3) x 1072 9(1) x 107
¥, (cm™) 89(6) 59(4) 66(2)
7(ms) at 6 K 1.14 0.53 0.11

which in this case is taken to be the Jahn-Teller active vibra-
tion, Q. (Figure S27). It is this vibration that undergoes a sof-
tening, affecting the coupling of the spin with its surrounding
CNPh ligands. Assuming that magnetic relaxation is mostly
affected by spin flipping via the transverse magnetic field, the
first derivatives of g1 with respect to normal mode Q. for the
three model complexes were numerically computed (Table 3).
Spin-phonon coupling parameters V" were calculated using B =
2500 Oe (for V and Nb) or 2000 Oe (for Ta) according to Eqn.
4 (see Supporting Information for a derivation):
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Figure 5. (a) Plot of calculated ¥ vs calculated & (open circles)
with a linear fit (solid line). (b) Plot of experimental (red circles)
and calculated (black circles) relaxation rate T ' at 6 K vs ﬂiff of
M(CNDipp)s and M(CNPh)s (M =V, Nb, Ta), respectively. Solid
lines are linear fit. (c¢) Plot of calculated ¥ vs experimental n = £/0
extracted from EPR data. (d) Plot of experimental and calculated
! vs r]z. Experimental V; are not plotted due to large uncertain-
ties associated with the data analysis.

V=u(52) B “)

Table 3 lists the calculated and experimental spin-phonon
coupling constants and relaxation times at 6 K. Despite using
truncated model complexes, the agreement between computed
and experimental parameters is impressive, providing evi-
dence for the importance of spin-orbit coupling in modulating
spin-vibronic relaxation. Figure 5 illustrates the linear empiri-
cal relationship between the calculated spin-phonon coupling
constant, V., and the effective spin-orbit coupling constant.
More intriguing are the linear relationship between V. and n
and the linear relationship of relaxation rate with both ﬂsz and
n?%, which corroborates the theoretical model from the ab
initio study (see eqn (1) and discussion above).lz’13 Finally,
we note that spin-orbit coupling is not the only factor affecting
the magnetic relaxation, but Jahn-Teller coupling which de-
crease from V and Nb toward the Ta complex partially oppos-
es the spin-orbit coupling effect. Metal-ligand covalency
which increases toward Ta may also contribute to the increase
in relaxation rate in these complexes.

Conclusions

The foregoing spectroscopic and magnetic data for the isoelec-
tronic, isostructural series M(CNDipp)s M =V (1), Nb (2), Ta
(3)) coupled with first principle spin-phonon computations
provide clear evidence that spin-vibronic coupling scales with
the magnitude of the spin-orbit coupling interaction, and cor-
roborate the proposal that relaxation time in S = '/, molecules
can be prolonged by using lighter elements." This finding has
direct relevance for the development of long-lived spin-based
qubits. Meanwhile, efforts to maximize magnetic anisotropy in
single-molecule magnets through spin-orbit coupling interac-
tion must be weighed against the increasingly dominant spin-
vibronic coupling, which can favor rapid relaxation. Accord-
ingly, mitigation of spin-vibronic relaxation in heavy transi-
tion metal-based, and even actinide-based, single-molecule
magnets must be taken into consideration.
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Zero-valent low-spin group 5 metal triad exhibit slow magnetic relaxation. Spin-orbit coupling plays an important role in facilitating relaxation via
spin-vibronic coupling.





