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ABSTRACT: Electron spin superpositions represent a critical component of emergent quantum
technologies in computation, sensing, encryption, and communication. However, spin relaxation (7)) and
decoherence (T',,) represent major obstacles to the implementation of molecular quantum bits (qubits).
Synthetic strategies have made substantial progress in enhancing spin coherence times by minimizing
contributions from surrounding electron and nuclear spins. For room-temperature operation, however,
the lifetime of spin coherence becomes limited by coupling with vibrational modes of the lattice. Using
pulse electron paramagnetic resonance (EPR) spectroscopy, we measure the spin-lattice relaxation of a
vanadyl tetrapyrazinoporphyrazine complex appended with eight peripheral 2,6-diisopropylphenol groups
(VOPyzPz-DIPP) and compare it to the relaxation of the archetypical vanadyl phthalocyanine molecular
qubit (VOPc). The added peripheral groups lead to distinctly different spin relaxation behavior. While
similar relaxation times are observed at low temperatures and ambient conditions, significant changes are
observed for the orientation dependence of 7, at 100K, as well as the temperature dependence of T, over
the intermediate temperature range spanning ~10—-150K. These results can be tentatively interpreted as
arising from loosened spin-phonon coupling selection rules and a greater number of accessible acoustic
and optical modes contributing to the spin relaxation behavior of VOPyzPz-DIPP relative to VOPc.

KEYWORDS: Molecular qubits, Vanadyl phthalocyanine, Spin-lattice relaxation time, Spin-phonon
coupling, Pulse EPR.
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INTRODUCTION

The development of quantum computation and sens-
ing is limited by the coherence times of current quan-
tum bits (qubits) of information. In contrast to a |0) or |1)
binary bit, a qubit can carry more information due to its
ability to form superpositions of such states. For a suc-
cessful quantum computation, the coherence time of the
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superposition, or phase memory time, 7, must be at least
10* times longer than that of an individual quantum oper-
ation [1, 2]; in electron paramagnetic resonance (EPR),
the operation time corresponds to a microwave pulse
of ~8ns. Electron spins are attractive qubit candidates,
as they can take on superpositions of their M sublevels
in applied magnetic fields and can be manipulated and
sensed by established methods. S=': Cu(Il) and vana-
dyl phthalocyanines (CuPc/VOPc) are among the most
highly studied molecular qubits; VOPc also represents
one of the rare transition metal systems exhibiting mea-
surable spin coherence up to room temperature [3—6].
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Phthalocyanines can also be deposited onto surfaces
for device fabrication [7] and integrated with solid-state
systems into hybrid quantum architectures [8, 9]. How-
ever, as temperature increases, vibrational modes of the
molecules and phonons of the crystal become populated
and interact with spins. This spin-lattice relaxation lim-
its the coherence of the spin states and becomes critical
for room temperature implementation of qubits, such as
quantum sensors in biological systems.

Several design strategies have been explored for tun-
ing the spin relaxation and spin decoherence rates in
transition metal complexes. Spin coherence times can
be improved by reducing interactions with nuclear spins
through ligand substitutions [10], especially when using
nuclear-spin-free ligands [11]. Often, the bottleneck of
spin coherence times arises from fast spin relaxation,
which necessarily destroys coherent states in the trans-
verse plane of the Bloch sphere. Slow spin relaxation is
achieved in square-planar or square-pyramidal transition
metal complexes, where the spin-orbit coupling becomes
quenched by the ligand field [1, 6, 12], minimizing
spin-phonon coupling. Systems with a single unpaired
electron (S=1/2), such as Cu(Il) or V(IV), generally
yield slow spin relaxation due to the absence of Orbach
relaxation involving low-lying electronic excited states.
However, a better understanding of structural effects on
spin-lattice relaxation is crucial for mitigating molecular
qubit decoherence at room temperature.

Hadt and co-workers have previously developed a
ligand-field model to describe the couplings between
optical modes and the M sublevels of S=1/2 systems
[6, 12, 13]. From the development of a group theoreti-
cal selection rule, it was determined that only symmet-
ric (bond-stretching) modes are fully allowed to undergo
linear spin-phonon couplings. This selection rule derives
from the fact that ligand field excited states distort along
totally symmetric modes. These vibronic couplings
change the degree of spin-orbit coupling between the
ground and excited states, which can modulate ground-
state orbital angular momentum and minority spin contri-
butions in the ground-state wavefunction, thus leading to
spin relaxation. Notably, changes in molecular symme-
try will also lead to changes in vibrational symmetries,
including the number of totally symmetric irreducible
representations [6, 14]. Furthermore, ligand perturba-
tions can also change the energies of acoustic and optical
modes and, therefore, their thermal population. Indeed,
systematic correlations between molecular structure,
vibrational mode symmetries, and spin relaxation have
provided invaluable mechanistic insight related to the
magnitude of 7, and its temperature dependence.

Nemykin and co-workers have recently presented a
detailed spectroscopic study of a new vanadyl complex
related to VOPc: vanadyl tetrapyrazinoporphyrazine
with eight peripheral 2,6-diisopropylphenol groups
(VOPyzPz-DIPP, Fig. 1b). Here, we quantify the spin-
lattice relaxation time, 7, of VOPyzPz-DIPP in solid
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state dilutions, as well as its 7, orientation dependence at
100K. VOPyzPz-DIPP exhibits room temperature coher-
ence with a T, comparable to VOPc. It also exhibits a
slightly longer T, at 5 K despite the peripheral groups that
introduce additional phonon modes. There exists, how-
ever, a dramatic difference in the 7, temperature depen-
dence between the two vanadyl complexes, especially in
the intermediate temperature range (10-100K) where
VOPyzPz-DIPP relaxes more rapidly than VOPc. This
relaxation behavior is tentatively assigned to increased
spin-phonon couplings between the spin and new low-
energy vibrational degrees of freedom introduced by
the PyzPz-DIPP ligand. Thus, this study provides new
insights into the spin-phonon coupling contributions to
T, over a large temperature regime.

MATERIALS AND METHODS

Materials

VOPc and titanyl phthalocyanine (TiOPc) were pur-
chased from Sigma-Aldrich. VOPc was diluted by the
isostructural diamagnetic TiOPc in a ratio of 1:100 as
described in a previous study [4], resulting in a bright pri-
mary-blue polycrystalline powder. VOPyzPz-DIPP was
prepared as described previously [15]. As shown in Fig. 1,
VOPyzPz-DIPP has an analogous structure to VOPc. A
3D interactive rendering of the VOPyzPz-DIPP molecule
is available from the CCDC database (ref no. 2208789).
For EPR measurements, VOPyzPz-DIPP was also diluted
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Fig. 1. Molecular structures of (a) VOPc and (b) VOPyzPz-DIPP.

J. Porphyrins Phthalocyanines 2024; 28: 384—-389



J. Porphyrins Phthalocyanines 2024.28:383-389. Downloaded from www.worldscientific.com
by SPP Office on 08/12/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

QUANTIFYING THE EFFECTS OF PERIPHERAL SUBSTITUENTS ON THE SPIN-LATTICE RELAXATION

by its diamagnetic titanyl counterpart, TiOPyzPz-DIPP, in
aratio of 1:100. The resulting material is a deep dark green
powder (photos of the materials and the UV-vis spectrum
of VOpyzPz-DIPP are included in the SI). The color hues
used to visualize the data in Figs. 2—4 represent the colors
of the actual materials (with tints and shades adjusted for
clarity). The X-ray powder diffraction of VOPyzPz-DIPP
(Fig. S19) shows contributions from a crystalline struc-
ture on top of broad amorphous-like peaks. The crystal
unit cell for VOPyzPz-DIPP is large, with a cubic lattice
parameter of 37.267 A, which may lead to a partial loss of
long-range order in the EPR diamagnetic dilution.

Electron Paramagnetic Resonance (EPR)

Continuous wave (CW) EPR was performed at
X-band by a Bruker EMX instrument at 77K using a
liquid nitrogen immersion dewar. CW spectra were fit-
ted using EasySpin [16] to extract g values and hyperfine
parameters (Figs. S3—-S4).

Pulse EPR enables the measurement of the spin relax-
ation dynamics. Pulse X-band EPR experiments were
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Fig. 2. (a) Simulated orientation dependence of VOPc¢, showing
where parallel and perpendicular orientations of the molecular
principal axis with respect to the external field are probed. (b)
EDFES of VOPyzPz-DIPP (20K and 100K) and VOPc (10K)
[5]. Arrows indicate field positions selected for temperature-
dependent 7, measurements. Asterisk denotes the feature result-
ing from an organic radical in the TiO matrix. (c) Spin-lattice
relaxation time 7, at 100K as a function of the external mag-
netic field measured by inversion recovery experiments. Error
bars show the 95% confidence interval of the fits using Eq. 2.
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conducted with a Bruker ELEXSYS E580 pulse EPR
spectrometer, using a Bruker MD-4 resonator. Tempera-
ture control was achieved with an Oxford Instruments
CF935 cryogen flow cryostat using liquid helium and a
Mercury iTC temperature controller. By selecting differ-
ent high-power microwave pulse sequences, both 7', and
T,, can be measured. Due to spin-spin interactions, spins
in different environments process at slightly different
frequencies causing phase decoherence (7,,). This was
probed using Hahn-echo pulse sequences, /2 — T — 1 —
T — echo, by increasing T and observing the decrease in
the integrated echo intensity. Echo-detected field sweep
(EDFS) spectra employed the same two-pulse Haho-
echo sequence while scanning through different mag-
netic fields. Thermal equilibration through spin-lattice
relaxation (7)), realigns the spins back with the external
magnetic field. This relaxation was detected by inversion
recovery experiments, which added an initial spin flip ©
pulse to the sequence: T —f—m/2—-Tt—n—T—echo(Tisa
fixed constant and 7 is the variable time delay).

Besides measuring 7, inversion recovery traces may
also contain relaxation by spectral diffusion, where
excited spins exchange energy with spins outside of the
microwave pulse bandwidth [17]. This additional (fast)
relaxation pathway becomes particularly prominent at
low temperatures when the spin lifetimes are long. To
isolate this effect from the actual spin-lattice relaxation,
saturation recovery measurements were also performed
(see Section S3.2). This technique implements a series
of eight initial 7 pulses, saturating spectral diffusion and
diminishing its contributions to the subsequent inversion
recovery measurements.

RESULTS AND DISCUSSION

Hahn-echo measurements of 7,, at X-band show a
stretch exponential decay of the echo intensity convo-
luted by hyperfine modulations (Figs. S15-S17). The
modulations arise from interactions with coupled nuclear
spins on ligand atoms (H and N) and inhibit a quantita-
tive determination of 7,,. Nonetheless, as shown qualita-
tively in Fig. S18, the phase-memory time seems larger
for VOPyzPz-DIPP than for VOPc. This validates the
strategy of adding bulky ligand substituents to improve
spin coherence by increasing the distance between spin
centers as proposed in [15]. Additional experiments are
required for a detailed analysis of 7,; we focus here on
the spin-lattice behavior, 7).

The EDFSs for VOPc and VOPyzPz-DIPP are similar
(Fig. 2b), reflecting comparable spin Hamiltonian param-
eters and first coordination spheres. The g values and
hyperfine parameters extracted from CW EPR measure-
ments are presented in Table S1 and agree well with pre-
vious studies [3—5]. The spectrum of VOPyzPz-DIPP has
an additional feature (marked by an asterisk) attributable
to an organic radical with a g value of 2.003. CW EPR
shows that it stems from the TiOPyzPz matrix (Fig. S6).
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This feature is also captured by CW EPR in VOPc, per
previous studies [3, 4]. The presence of such a radical
signal, however, does not affect the measurement of 7' at
other field positions.

T, was measured by inversion recovery and as a func-
tion of the external field at 100K (Fig. 2¢). The relax-
ation is anisotropic and becomes monotonically faster
towards the center of the spectrum. Vanadyl porphyrins
and phthalocyanines possess axial g- and A-tensors with
g<g. and |[A|[<|A,|, where parallel and perpendicular
refer to the orientation of the external field with respect
to g. (the z-axis is approximately collinear with the
principal symmetry axis, out of the equatorial plane in
Fig. 1). Since the perpendicular and parallel spin Ham-
iltonian parameters are distinct, different field positions
measure different orientations and single crystals are not
required to measure 7, anisotropy. Calculations of the
hyperfine splitting of VOPc with the /=7/2 *'V nucleus
show the field positions of parallel and perpendicular
orientations in Fig. 2a [5]. We probe pure parallel con-
tributions at 294 mT, while the isolated contribution of
perpendicular orientations is measured at 337mT (see
arrows in Fig. 2b). 7 is longest at the parallel position
and decreases linearly through intermediate orientations
towards the perpendicular orientation.

VOPc and several other molecular qubits show simi-
lar relaxation behavior [5]. In agreement with previous
measurements, VOPc exhibits sharp discontinuities at
the hyperfine turning points (i.e. steps and peaks of the
EDFS spectrum, blue curve in Fig. 2c). These disconti-
nuities arise due to the excitation of new M, subpopula-
tions with different rates of spin relaxation. Notably, the
relaxation of VOPyzPz-DIPP is insensitive to the hyper-
fine turning points. A possible origin of this effect lies in
the partially amorphous nature of the material as measured
by XRD (Fig. S19). The local behavior around the V(IV)
spin center seems unaffected, as seen by the sharp turn-
ing points of the EDFS spectra, but long-range structural
disorder would affect the propagation of phonon modes at
low energies. Structural symmetries might become lifted,
allowing long wavelength glassy phonons to partake in the
relaxation and cause a blurring of the hyperfine turning
points. Future research directions include quantifying such
an effect of structural disorder on spin-lattice relaxation.

The anisotropy parameter for VOPyzPz-DIPP can be
computed by taking the ratio of 7, at the parallel and per-
pendicular field positions (Eq. 1):

/(L)

1,anisotropy 1 / Tl(”) 2 2 (1)

The T, anisotropy of 2.2 is close to the average pre-
dicted value of 2.5 from explicit forms of the spin-orbit
wave functions [5]. Interestingly, the 7, anisotropy of
VOPc deviated significantly from 2.5 in a previous study,
exhibiting a value of 6.0. This deviation from 2.5 was
attributed to the square pyramidal geometry of VOPc,

Copyright © 2024 World Scientific Publishing Company

which breaks the planar symmetry and allows for addi-
tional modes to undergo spin-phonon and vibronic cou-
plings. These additional relaxation pathways can result
in a deviation from the average value of 2.5. Since both
VOPc and VOPyzPz-DIPP have the same local symme-
try around the vanadyl center, the different 7, anisotro-
pies suggest that additional long-range phonon modes
may play an important role in the spin-lattice relaxation
of VOPyzPz-DIPP. Such modes could arise from low
energy vibrations of the peripheral groups and from
glassy modes of the amorphous structure.

To further explore the vibrational contributions to the
T, of VOPyzPz-DIPP, we performed inversion recovery
measurements on VOPyzPz-DIPP and VOPc between
5K and room temperature (Figs. 3 and 4). Data for VOPc
are consistent with previous studies [3, 4]. Temperature-
dependent 7, was measured at various field positions
(arrows in Fig. 2a). All fields exhibited similar temper-
ature behavior; thus, we focus on the powder line (i.e.
the field position with the strongest signal intensity at
343mT), while data for other field positions are pre-
sented in Section S3.2.

Inversion recovery quantifies the intensity of the echo
measured at different delay times after the inversion 7
pulse. As shown in Fig. 3a, the polarization of the spins
(sign of the echo intensity) relaxes back to equilibrium
with increasing delays. At 10K (Fig. 3a), VOPyzPz-
DIPP relaxes faster than VOPc. T, can be obtained by
fitting the data to Eq. 2,

I(t) = Aexp (TLJ 1, @)

1

where 3 is a stretching factor that describes the deviation
from a pure exponential decay. As seen from the smaller
fit residuals in Fig. 3b, the relaxation of VOPyzPz-DIPP
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Fig. 3. Spin lattice relaxation measured by inversion recovery at
10K. (a) Normalized integrated echo intensity of VOPyzPz and
VOPc (markers) with stretch exponential fits (solid lines). (b)
Fitting residuals corresponding to fits of panel a.
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is better expressed by such a stretched exponential over
the entire time interval, as compared to the relaxation of
VOPc. Values of 3 are also closer to unity for VOPyzPz-
DIPP at low temperatures (Figs. S12-S13), indicating
that it follows a simpler decay process. This simpler
decay is a desirable feature for implementing qubits into
real devices as it improves their controllability [10]. For
VOPc, we attempted biexponential fits that have been
proposed to separate the slow spin-lattice relaxation from
a fast spectral diffusion. Such fits (that omit 3), however,
gave even larger residuals. We therefore moved to collect
measurements of 7, by saturation recovery, particularly
at low temperatures where relaxation is slower and more
affected by spectral diffusion. As shown in Fig. S14,
saturation recovery indeed measures slower spin-lattice
relaxations. It captures, however, the same temperature
dependence of 7, as the inversion recovery measurements
presented here. The spectral diffusion measurements,
therefore, validate the time constants obtained from fit-
ting VOPc T, data with stretched exponential functions,
despite the larger residuals obtained.

Figure 4a shows 1/T, measured by inversion recov-
ery at the powder line (344mT) as a function of tem-
perature. Our experiments reproduce the behavior of
VOPc reported previously [4], showing two different
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Fig. 4. Spin-lattice relaxation of VOPyzPz-DIPP and VOPc as
a function of temperature collected by inversion recovery at the
powder line (344 mT). (a) Experimental 1/7 data (markers) fit-
ted by Eq. 4 as described in the text (solid lines). Dashed lines
show individual contributions to the fit from a power law and
local modes in VOPc. Fitting errors are smaller than the marker
sizes. (b) Slope of 1/T, computed in a log-log scale, revealing
changes in the temperature dependence of 7.
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temperature regimes depicted by the dashed lines. This
change in slope (plotted in Fig. 4b) indicates that dif-
ferent relaxation processes are active at these different
temperature ranges. Other porphyrin-based qubits show
an analogous temperature dependence with a change of
slope around 40-60K [14]. The behavior of VOPyzPz-
DIPP is surprising, following a simple power law (solid
green line) with no clear switch in the relaxation mecha-
nism with temperature. Its spin-lattice relaxation time
is faster than VOPc for most of the temperature range,
reaching approximately the same values at room temper-
ature. At 5K, however, T, appears longer for VOPyzPz-
DIPP, which is corroborated by the saturation recovery
measurements (see Fig. S14). At temperatures above
5K, vibrational modes become more populated. Adding
the peripheral groups to the molecule raises the number
of available modes, particularly of low-energy phonons
that are more accessible at low temperatures. The par-
tial amorphous nature of the lattice could also add low
energy vibrations enhancing this effect further. This
enhanced phonon population could explain the steeper
slope of T, of VOPyzPy-DIPP at low temperatures com-
pared to VOPc.

Spin-lattice coupling reflects the dependency of elec-
tronic states on deformations of the lattice due to vibra-
tions. This dependency follows different mechanisms
for different phonon energies. At very low temperatures,
the energy of the phonons is of the same magnitude
as the Zeeman splitting, allowing a direct excitation
or absorption of phonons by spins. The probability of
such a relaxation scales linearly with temperature [18]
and typically involves acoustic phonons with large
wavelengths that cause minimal molecular distortions.
At temperatures below 4K, deviations from this linear
behavior caused by phonon bottleneck effects have been
reported for CuPc [19].

When two phonons become involved in a Raman spin
relaxation event, higher energy vibrational modes can
participate, as only the difference in their energy must
match the spin-flip transition energy. Starting from a
second-order spin-phonon Hamiltonian, a two-phonon
Green’s function formalism predicts an exponential tem-
perature dependence for such a two-phonon spin scat-
tering (o< efloc/%87") [20]. Given the functional form, this
process becomes particularly important at higher tem-
peratures where optical phonon modes dominate. On the
other hand, the low-energy (acoustic) phonon behavior of
crystals is often described using a Debye model (where
the phonon density of states follows a quadratic energy
dependence up to a Debye temperature 6, at which all
modes have become thermally accessible). Applying
the Debye model to the same spin-phonon Hamilto-
nian gives a power-law temperature dependence for the
spin relaxation (e<7™) [21]. In the low-temperature limit
(6, >> T) an exponent of n=7 is obtained (which has
been a traditional assumption [18, 22]), but n is usually
smaller for molecular crystals, reaching a value of 2 in
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the high-temperature limit (8, << T) [21]. All contribu-
tions are summarized in Eq. 3 [4]:

n
1 T
p—— adirT + al,Ram - ta
T, Op
eEloc kBT

1
—=da T”+bm (4)
. —

eEloc/kBT

2,Ram (eFioe kBT —1)2

3

Since the direct process is prevalent only near liquid
helium temperatures, we avoid overfitting by combining
the direct and Debye-Raman terms (Eq. 4) as previously
proposed [14].

As shown in Fig. 4a, the relaxation of VOPc is well-
fitted by Eq. 4. It follows power-law behavior at low
temperatures (n=0.7, straight dashed line in Fig. 4a),
while local modes around E,,,=233cm™ dominate the
relaxation above 50K (in a previous study that included
all terms of Eq. 3, the local mode energy was fitted to
295cm™ [4]) . The data point at 5K was not included in
the fit, because it deviates from the 7, behavior measured
by saturation recovery (see Fig. S13). However, fits to
the saturation recovery measurements that include data
at 5K result in a similar exponent of n=0.6. Such a low
power law exponent suggests that relaxation involving
two phonons is limited and that the direct mechanism
dominates at these temperatures. The energy of the local
mode that controls the high-temperature behavior falls
within the energy range of totally symmetric modes
containing the metal-ligand bond-stretching character,
which is consistent with our previous ligand field model
for VOPc [6]. The behavior of VOPc is hence dictated by
strong coupled optical modes around 233 cm™ at elevated
temperatures (> 50K), while two-phonon processes are
inefficient below 40K, resulting in a spin-lattice relax-
ation that increases only weakly with temperature.

The relaxation of VOPyzPz-DIPP follows a single
power law behavior from 5K up to room temperature
with n=2.0. There is no single mode that dominates any
part of the spectrum, but rather an unresolved collection
of acoustic and optical phonon modes. VOPyzPz-DIPP
reaches the same value of 7, as VOPc, however, sug-
gesting that a local mode at similar energies may play
an important role at room temperature. Interestingly, a
power-law exponent of 2 is predicted in the high-temper-
ature limit of a Debye model (6, << T) [21]. This implies
that VOPyzPz-DIPP has a low Debye temperature where
vibrational modes that contribute to a Raman relaxation
are populated already at low temperatures. We note that
a Debye model is not required to reach this result. By
assuming that the phonon modes are well populated, E,,
<< T, the exponential local mode expression (last term in
Eq. 4) can be expanded into a Taylor series with a lead-
ing term that also scales as T2 This can be visualized in
Fig. 4a where the exponential term (blue curve) reaches
the same asymptote as the power law fit with n=2 (green

Copyright © 2024 World Scientific Publishing Company

curve) beyond room temperature. Notably for VOPyzPz-
DIPP, this high-temperature limit extends down to low
temperatures, indicating that low-energy phonons are
essential to its relaxation. As discussed above, VOPyzPz-
DIPP is indeed expected to have more of such low-
energy modes than VOPc. Additionally, the peripheral
groups of VOPyzPz-DIPP break the planar symmetry
of the ligand, which according to our ligand-field model
[6, 12, 13], could loosen the selection rules and allow
additional modes to couple more efficiently with spins.
Thus, an abundance of low-energy phonons and addi-
tional coupling pathways would explain the 7', behavior
of VOPyzPz-DIPP.

Further experiments to measure the phonon spectrum
are necessary to confirm these results. Due to their acces-
sibility via Raman, IR, and THz spectroscopy, high-
energy optical mode contributions to spin relaxation are
currently best understood. For many molecular qubit
candidates, including VOPc, specific optical modes cou-
ple strongest with spins and play the dominant role in
spin relaxation. We demonstrated here that understand-
ing the low-energy phonon behavior can also be impor-
tant, particularly when studying the low-temperature
behavior and structural dependencies of spin relaxation
mechanisms. This contribution calls for experimental
techniques such as inelastic neutron and X-ray scattering
that can transfer momentum to the material and excite all
phonon modes. To date, only two such studies have been
published. They show how low-lying optical modes are
critical for spin relaxation [23], and that phonon modes
themselves can be coupled, which transfers the strong
spin-lattice coupling from optical to highly populated
acoustic modes [24].

CONCLUSIONS

Using pulse EPR techniques, we compared the spin-
lattice relaxation behaviors of VOPyzPz-DIPP and
VOPc. At 5K, VOPyzPz-DIPP appears to have a slower
T, than VOPc. Both follow a power law temperature
dependence at low temperatures, but VOPyzPz-DIPP
has an exponent that is 2.8 times larger than VOPc. This
difference suggests that VOPyzPz-DIPP has more low-
energy phonon modes that are available for spin-lattice
relaxation, resulting in shorter spin-lattice relaxation
beyond 10K. In contrast to VOPc, where 7, has two tem-
perature regimes with distinct decay mechanisms, the 7,
behavior VOPyzPz-DIPP is governed by the same power
law up to room temperature. A picture where a single
local phonon mode dominates the spin-phonon coupling
at elevated temperatures, therefore, cannot explain the 7}
behavior of VOPyzPz-DIPP. For VOPyzPz-DIPP, spin
relaxation is likely the result of coupling with several
acoustic and optical modes that may become available
due to symmetry breaking, as well as additional phonon
modes from the peripheral groups and structural disorder.
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This abundance of phonon modes available for spin-lat-
tice coupling would also explain the differences in T
anisotropy for the two compounds (VOPyzPz-DIPP=2.2
and VOPc=6.0).
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