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H I G H L I G H T S

• Canonical orientations of magnetic complexes in a magnetic field produce longer phase memory relaxation times.

• V(IV) phase memory relaxation hastens at high magnetic fields (> 4 T).

• V(IV) spin lattice relaxation hastens at high field (> 4 T).

• Deuteration at high field slows phase memory relaxation for V(IV) by a factor of 1.5.
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A B S T R A C T

Understanding how magnetic relaxation depends on molecular orientation is a fundamental parameter for de-
signing magnetic molecules for application. Herein we report the first use of pulsed high-frequency electron
paramagnetic resonance spectroscopy (HFEPR, 120 and 240 GHz) to define the orientation dependence of phase
memory relaxation in the S = 1/2 V(IV) complex (n-Bu3NH)2[V(C6H4O2)3]. We demonstrate a variation of 20%
of the phase memory relaxation time (Tm) as a function of the orientation of the [V(C6H4O2)3]2– molecule in the
applied magnetic field. Ultimately, this work underlines an important design strategy for molecule-based
quantum computing architectures.

1. Introduction

Molecular qubits are a potential centrepiece in next-stage quantum
information processing and sensing schemes [1–4]. Indeed, spin-based
superpositions in molecules can be engineered via synthetic design to
be exceedingly stable as indicated by phase-memory relaxation times
(Tm) on millisecond timescales [5,6]. Prominent proposals for building
actual molecule-scale quantum computers to seize upon these dis-
coveries are predominantly surface-based [7–10]. Here, qubits are or-
iented in precise arrays to encourage entanglement and individual
manipulation, effectively generating small test-scale spin-based
quantum computing devices. Toward this goal, understanding mole-
cular qubit properties upon surface deposition is essential [7–13].

One important piece of that information pertains to the orientation
of the molecule on the surface. Designing surface-based molecular
computers hinges on knowing precisely how magnetic orientation af-
fects properties. Indeed, many recent proposals feature specific surface
orientations of metal ions [14,15], or structurally anisotropic metal

complexes that could be readily envisioned to align on surfaces
[6,11,12,16]. Yet, orientation-dependent studies of spin-based proper-
ties are relatively rare in the present explosion of interest in metal-ion
molecular qubits, despite their necessity in identifying the optimal or-
ientations to target.

In this manuscript, we use high-field/high-frequency (120 and
240 GHz) electron paramagnetic resonance (HFEPR) for the first time to
define how molecular orientation affects Tm in the candidate molecular
qubit (n-Bu3NH)2[V(C6H4O2)3] (1) (Fig. 1) [17]. HFEPR enables the
high resolution of resonances from molecules at specific alignments in
magnetic field (when gz, gx, and gy are coincident with B0) [18]. This
resolution is higher than typically possible at the frequencies of con-
ventional EPR (X-band, ca. 3500 G), wherein other magnetic interac-
tions (e.g. hyperfine coupling or zero-field splitting) engender over-
lapping peaks. Hence, HFEPR is indispensable for orientation-
dependent investigations of Tm. Furthermore, high fields enhance spin
polarization [19,20], facilitate qubit initialization [21], suppress en-
vironmental magnetic noise [22], and are typical for dynamic nuclear
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polarization (DNP) [23,24]. These points underscore the broader im-
portance of using the technique to understand the high-field magnetic
properties of molecular qubits, particularly containing metal ions.

We focus on the extremely promising V(IV) ion – molecular qubits
of V(IV) enable synthetic control, long-lived phase memory relaxation
(Tm), and long spin-lattice relaxation times (T1) in select species, e.g. [V
(C8S8)3]2– [5,6,25-30]. Yet, to the best of our knowledge, only one
previous report of the coherent spin dynamics of V(IV) properties at
high field exists [29]. Hence, the impact of both the chemical en-
vironment and molecular orientation on V(IV) electron spin coherence
at high field remains untested – critical information to design future
qubits using this ion. Herein, we use 1 for an initial test of orientation
dependence at high field, not because of a unique or large Tm, but be-
cause of the well-studied nature of its low-field relaxation and, hence,
facility of comparison with the present high-field conditions
[26,29,30]. These studies demonstrate a smaller Tm-dependence on
solvent deuteration at high field for the V(IV) ion (relative to low field).
Furthermore, we demonstrate a significant change in Tm (ca. 20%) as a
function of orientation. Importantly, our results reveal the highest Tm
for canonical orientations (Fig. 1). These results, the first of which for a
V(IV) complex at high field and frequency, support many of the recent
surface-based proposals for highly oriented molecules in spin-based
quantum computing architectures [10,15].

2. Experimental

2.1. General considerations

The complex (n-Bu3NH)2[V(C6H4O2)3] (1) was reported to be air-
sensitive [30]. Thus, all manipulations and syntheses of it were per-
formed under a N2 atmosphere with either a Vigor glovebox or Schlenk
techniques. Both o-terphenyl (98%, Alfa Aesar) and d14-o-terphenyl
(98% 2H, Cambridge Isotope Laboratories) were used as received. The
complex (n-Bu3NH)2[V(C6H4O2)3] (1) was prepared following the lit-
erature procedures [30].

2.2. Electron paramagnetic resonance measurements

EPR spectra collected herein were simulated using Easyspin [31]
with the function pepper (frozen solution and solid) and were refined
using simulations of the experimental data. All samples were prepared
under an inert atmosphere of N2. Sample 1 for pulsed EPR studies
(1 mM) were prepared by first loading 20 μL 1 mM THF solution of 1 by
a micropipette into a 4 mm OD quartz EPR tube. Following removal of
THF under reduced pressure, 0.0232 g o-terphenyl or 0.0258 g deut-
erated o-terphenyl (20 μL when molten) was loaded into the same tube.
These tubes were flame sealed under dynamic vacuum (< 50 mTorr)
and placed in a 65–70 °C oil bath until a clear dark blue solution

formed. Sample tubes prepared in this manner can be stored at room
temperature for an extended period without compound decomposition,
but the OTP will slowly crystallize. Hence, prior to each measurement,
the samples were remelted and refrozen to produce a high-quality glass.

All pulsed EPR data were collected at the National High Magnetic
Field Laboratory (NHMFL, Tallahassee, FL, USA) on a custom built 120/
240/336 GHz EPR spectrometer [32,33]. Sample tubes were gently
melted using a heat gun to afford a homogeneous dark blue solution,
then quickly inserted into the cold same chamber to ensure glass for-
mation. The collected data were processed using an EPR measurement
program locally developed at NHMFL, Matlab 2018b, and Origin Pro
2018b software packages [34,35].

T1 data were collected on the most intense resonance of the EDFS
spectra at 4.4 T at 120 GHz, via an inversion recovery sequence
(π–T–π/2–τ–π–τ–echo). The length of the three pulses, π–π/2–π, are
900–600–900 ns with a starting T value of 10300 ns and τ of 700 ns.
The inversion recovery data were fit accounting for spectral diffusion
with the following equation:
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Here, A is a preexponential factor, T1 is the spin lattice relaxation
time, t is the delay following the inversion pulse, q is a parameter
specifically related to the presence of spectral diffusion [36], and I(0) is
the intensity at zero delay. Variable-temperature T1 data presented
challenges in fitting due to the enhanced relaxation rate of spin-lattice
relaxation with 120 GHz frequencies. As a result, measurements were
restricted to below 40 K.

Tm data for 120 GHz were collected on the most intense resonance
(4.4 T at 120 GHz) in the EDFS spectra via a Hahn echo sequence (π/
2–τ–π–τ–echo) with a 4-step phase cycle with microwave pulses of 600
(π/2) and 900 ns (π) and a starting interpulse delay (τ) of 700 ns. Tm
data for 240 GHz were collected on the most intense resonance (8.8 T at
120 GHz) in the EDFS spectra via a Hahn echo sequence (π/
2–τ–π–τ–echo) with a 4-step phase cycle with microwave pulses of
1000 (π/2) and 1200 ns (π) and a starting interpulse time (τ) of 800 ns.
The Hahn echo decay data were fit using the stretched exponential
equation:
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Here, I(0) is the echo intensity at τ= 0, A is a preexponential factor,
τ is the interpulse delay time, Tm is the phase memory relaxation time,
and β is the stretch parameter. The low temperature data were better fit
with this stretched exponential equation as opposed to a simple
monoexponential decay. Indeed, we found that β approached 1 as the
temperature increased for our samples, indicating that a conventional
single exponential fit could be used. Nevertheless, we used the stretched
exponential fit throughout the whole temperature range for con-
sistency.

Owing to the long pulse lengths and 100 ns deadtime, Tm values
below 200–300 ns were in general extremely difficult to observe, re-
quiring prohibitively long data acquisition times. This factor limited the
temperature range for a usable echo to only the lowest temperatures,
hence all analyses generally stopped by 40 K.

3. Results and discussion

Echo-detected, field-swept (EDFS) EPR spectra of (n-Bu3NH)2[V
(C6H4O2)3] (1) (Fig. 2, Tables S1, S2) reveal a singular broad peak using
120 and 240 GHz frequencies. As previously shown, these spectra are
extremely wide compared to the sharp eight-line spectrum at X-band,
likely attributable to g-strain [29]. Simulation of the spectra are
nevertheless possible with the rhombic g (gx = 1.941, gy = 1.925, and
gz = 1.992) and A values (Ax = 313, Ay = 363, and Az = 60 MHz)
(Tables S1 and S2) [29,30]. While broad, the spectral signals

Fig. 1. Graphical depiction of orientation dependence of phase memory re-
laxation in [V(C6H4O2)3]2– relative to B0. Selected Tm values are shown under
select orientations of 1, as determined from frozen-solution spectra.
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nevertheless contain important, resolvable features – the sharp, low-
field feature results from molecules with gz aligned to the magnetic field
(B0), while the more intense, high-field feature stems from molecules
where gx,y is parallel to B0 (Fig. S1). In contrast, at X-band frequencies
(B0 ~ 3400 G), the signals from these three orientations are entirely
overlaid [30]. As one final point – the broadness of the spectra at high
frequency precluded precise resolution of hyperfine coupling, hence,
the values of A used were from earlier publication [28,29].

Preliminary evaluation of the spin dynamics of 1 proceeded by
analysis of the spin–lattice relaxation times using inversion recovery
experiments at the strongest-intensity peak in the EDFS. These experi-
ments were performed at 120 GHz for 1 dissolved to 1 mM con-
centration in protiated and deuterated o-terphenyl (OTP). The values of
T1 are essentially the same between the two matrices (Figs. S2 and S3,
Tables S3, S4), demonstrating that environmental deuteration impacts
T1 negligibly at these frequencies.

Next, we investigated the temperature and matrix dependence of
phase memory time, or Tm. Here, we performed two-pulse Hahn echo
experiments at the strongest peak in the EDFS as a function of tem-
perature (Figs. 3, S4, S5) to extract Tm in OTP and d14-OTP. At 120 GHz
and 5 K, Tm of 1 in d14-OTP is 4.82(3) μs and is temperature dependent
in the regime measured. When compared to the Tm of 1 in OTP at
120 GHz and 5 K, Tm is shorter with a value of 3.192(9) μs. With in-
creasing temperature Tm drops, reaching the same Tm as 1 in OTP by
25 K. In comparison to both 120 GHz data sets, Tm of 1 in OTP at
240 GHz is relatively much shorter, with a Tm of 2.00(5) μs at 5 K,
dropping to 1.40(4) μs at 15 K. When compared to Tm collected at X-
band frequency in OTP, we notice a similar Tm of 4.12(3) μs at 5 K, yet
Tm here is not as temperature-dependent (Fig. 3) [30]. Note that these
data were successfully fit without a noticeable stretch parameter, im-
plying that methyl group rotation on the counterion is not a governing
factor in Tm here (Tables S5, S6).

The temperature and matrix dependence of Tm highlights the en-
vironmental role in controlling phase memory relaxation. The use of a
deuterated solvent typically increases Tm by a factor of about two or
more in metal complexes [5,37,38], due to the lower nuclear magnetic
dipole moment of deuterium (0.86 μN) relative to the proton (2.79 μN)
[39,40]. Yet, we observe a slightly smaller enhancement, by a factor of
1.5. This relatively smaller enhancement factor may suggest that other
mechanisms of decoherence are operative at high frequency (rather

than common interactions with the nuclear spin bath). Indeed, the Tm
of the probed spins is strongly temperature dependent in the studied
window, potentially highlighting the impact of a shorter, temperature-
dependent T1 from other V(IV) spins in the sample [41]. However,
another factor may be the relatively small density of nuclear spins in
OTP (45 1H/nm3) versus other solvents (e.g H2O, 66 1H/nm3). Fur-
thermore, we do not detect a low temperature downturn of Tm of 1 as
was seen when rotation of –CH3 groups on the n-Bu3NH+ counterions
directed Tm at X-band [30]. Finally, Tm decreases from 120 to 240 GHz
in the same sample, in trend with the expected field dependence of T1
for this ion [29].

The nearly 0.3 T separation of signals from [V(C6H4O2)3]2– mole-
cules with gz oriented parallel and perpendicular to the magnetic field
suggested that HFEPR would be ideal for testing the orientation de-
pendence of Tm. This prospect is especially tantalizing relative to con-
ventional X-band EPR, where peaks corresponding to different or-
ientations are extremely close (~0.01 T) and overlap. Since 1 is
approximately axial, we hypothesized that Tm would be longer where gz
for [V(C6H4O2)3]2– is parallel or perpendicular to B0. Indeed, simula-
tions of the resonant field (B) as a function of angle between gz and B0

(θ) suggested a stable EPR frequency to small motions at these align-
ments (i.e. ΔB/Δθ is small, Fig. 4). As small changes in resonant fre-
quency induce relaxation, orientations where ΔB/Δθ is small (here,
where gz, gx, and gy are parallel to B0) might therefore exhibit the
highest Tm – providing a clear design principle for surface attachment of
molecular qubits.

To test this hypothesis, we evaluated Tm via Hahn-echo experiments
as a function of magnetic field at 120 and 240 GHz (Figs. 4, S6, Tables
S7, S8). At 120 GHz and 5 K in OTP, we see Tm reach a maximum of
3.32(2) μs at 4.32 T (where gz for the molecule is coincident with B0),
then drop with increasing field, reaching 2.73(1) μs at 4.46 T, before
climbing to 3.26(5) μs at 4.52 T (where gx, gy are coincident and gz is
perpendicular to B0). Overall, the variation in Tm is about 20% as a
function of orientation. At 240 GHz and 5 K, also in OTP, similar

Fig. 2. Echo-detected, field-swept (EDFS) EPR spectra collected with 120 and
240 GHz microwave radiation at 4 and 4.5 K, respectively. Samples were 1 mM
in frozen OTP glass. Coloured lines are experimental data, black lines are si-
mulations for a rhombic system with gz > gx > gy, and Az < Ax < Ay (see
main text). The spectra appear nearly axial at these frequencies because of the
broadening and overlap of the gx and gy orientations (See Fig. S1).

Fig. 3. (Top) Selected Hahn-echo decay curves (coloured circles) and ex-
ponential fit (black trace) for 1 in OTP at 120 GHz. (Bottom) Variable-tem-
perature Tm data at 9.4, 120, and 240 GHz for 1 in OTP or d14-OTP glass. The
9.4 GHz data were taken from refs. 28–30. Error bars are within the width of
the data points.
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behaviour is seen, wherein Tm is 2.38(9) μs at 8.64 T, drops with in-
creasing field, then climbs again to 1.8(2) μs at 8.98 T (Fig. S6). These
results demonstrate a smaller variation in Tm as a function of orienta-
tion than the 41% observed for 1 at X-band frequency [30]. Although
modest, the orientation-dependent data nevertheless shows how spe-
cific orientations of molecular species can enhance Tm.

Our results show that Tm is longer along the edges of the EDFS
spectrum, when gx and gy, or gz are coincident to B0. This observation is
consistent with a scenario where slight changes in molecular geometry
(via librations) dictate only small changes in resonant field (ΔB/Δθ
is ≈ 0), as is well-established [42,43]. The results of the small ΔB/Δθ
are emphasized at 4.32 T and 4.52 T in the 120 GHz data, where there is
likely only one hyperfine transition being probed (Fig. 4). This ob-
servation of high Tm only at the spectral extrema likely stems from the
inability to resolve the individual hyperfine peaks relative to the X-band
data. Hence, the only places in the EDFS spectrum where most of the
spins exhibit a small ΔB/Δθ are the edges of the spectrum. This aspect is
in contrast to the X-band data where the longest Tms occur in the
middle of the EDFS spectrum owing to highly overlapping peaks at 120
GHz.

Reported orientation dependence studies of metal complexes are
largely limited to X-band frequencies. For example, other groups report
large variations (> 40%) of Tm at X-band for vanadyl [44], Cu(II)
[44–46], Mo(V) [47], and Cr(V) [48] systems. The relatively lower
variation observed in this study may stem from the use of a higher
magnetic fields, which are likely changing the dominant relaxation
processes in 1. One possibility for the weaker orientation dependence is

that Tm is being shortened via the decreased T1 for [V(C6H4O2)3]2– at
high frequency. However, even though the recorded high frequency T1
for 1 is shorter at 120 GHz (~1 ms), it is still ~3 orders of magnitude
higher than Tm at the temperature of the orientation dependence stu-
dies (5 K), suggesting that spin-lattice relaxation is not the dominant
mechanism of phase memory relaxation. Other studies suggest that li-
brations may play a more prominent role at high frequency in short-
ening Tm [49]. Ultimately, future studies are required to truly under-
stand the mechanisms responsible for magnetic relaxation in 1 at high
frequency.

4. Conclusions and outlook

The foregoing results constitute the first orientation-dependent
study of Tm in V(IV) using pulsed, high-frequency EPR. Importantly, we
observe a 20% variation in Tm as a function of magnetic field, with peak
Tm values when gz is parallel and perpendicular to B0. Hence, these data
underline an orientation-driven design principle for addressing the
challenge of scaling in spin-qubit processors. We note that these results
were obtained by studying frozen glass solutions, not surface-mounted
molecules, and the molecular dynamics should be significantly different
in the latter scenario. Hence, additional studies of molecules on surfaces
will ultimately be needed to evaluate whether the orientation depen-
dence observed here translates to surface-based architectures. Finally,
to the extent that these results can assist in targeting higher Tm in po-
tential qubits at these high fields, studies of other ions with varying g-
anisotropy or higher T1 at these fields (e.g. VO2+ or Cu2+) may pave
the way to the desired insight. These studies will be reported in due
course.
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