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ABSTRACT: Molecular electron spin qubits arranged in precise arrays have great
potential for use in quantum information science applications. Molecular qubits are
synthetically versatile and can be placed in ordered arrangements upon
incorporation into a new class of materials known as paired-ion frameworks
(PIFs). A PIF composed of vanadyl porphyrin molecular qubits, VOTCPP-PIF-1,
was synthesized as single crystals. Electron paramagnetic resonance spectroscopy
was used to study their spin coherence at temperatures up to 293 K. A suspension of
VOTCPP-PIF-1 at 5 K in dimethylformamide (DMF) had a spin—spin relaxation
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time (7T,,) of 270 ns. In DMF-d, and at 5 K, the coherence time of this material

increased to 370 ns. This increase in T, is attributed to the lower gyromagnetic ratio of *H compared to 'H, which results in weaker
electron—nuclear dipolar coupling that reduces the effect of nuclear spin flips on electron spin coherence. In toluene, crystals of
VOTCPP-PIE-1 had a T, of 31 ns at 293 K, demonstrating that PIFs are a promising platform for creating materials for quantum

information science applications.

B INTRODUCTION

Quantum information science (QIS) involves the control of
spin-bearing entities, and its advancement could impact
applications such as cryptography and protein modeling.' ™
As bits are individual units of binary computing, quantum bits,
or qubits, are the fundamental units of information for
quantum computing.’” Many types of qubits have been
explored for use in QIS, including superconductors,” ®
quantum dots,” photons,'® and nitrogen-vacancy centers.' 2
Molecules are also promising qubit candidates, as they either
may contain an unpaired electron or can generate an unpaired
electron via a stimulus such as light or electricity.”'* Molecular
qubits have advantageous characteristics, as they are prepared
through chemical synthesis and can be modified rationally to
target desired properties.” Furthermore, noncovalent assembly
strategies have been used to organize molecular qubits into
periodic structures with long-range order, a key feature for
applications requiring precise spacing of qubits within an
array #S14=17

Supramolecular assemblies, including metal—organic frame-
works (MOFs)'® and two-dimensional polymers (2DPs),'”*’
have been used to demonstrate the viability of molecular qubits
in materials with unique properties. The property used to
determine the performance of these materials for QIS
applications is the phase memory time, T,,."" T,
limit of T, the figure of merit in QIS which describes how long
qubits maintain a superposition state, also called the coherence
time.”' For materials to be used for quantum computation,
qubits must have a long enough coherence time to carry out
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quantum gate operations.” '~ Current strategies to achieve

long T, values in framework materials are to use a mixture of
metalloporphyrins, in which one porphyrin contains a
paramagnetic metal ion while the other contains a diamagnetic
metal ion to statistically dilute the paramagnetic metal centers
within the framework.'”'” This approach decreases the density
of spins in the material and increases the average distance
between spin centers, both of which have been shown to
increase coherence time.'' %" Although this strategy
provided impressive coherence times of up to 122 ns at
room temperature, the precise order of molecular qubits,
another requirement for quantum computing, is lost.”
Recently, we reported a paired-ion framework (PIE)****
with the longest coherence time achieved in a crystalline qubit
material that did not rely on qubit dilution.”® PIFs are
crystalline supramolecular materials that are held together by
interactions between an ion pair receptor, calix[4]pyrrole,27_29
and pairs of molecular ions.”*** Calix[4]pyrroles are macro-
cycles that can simultaneously bind both anions and
cations,”” ¢ including carboxylates,jl phenolates,?’2 sulfates,'
phosphates,”” quaternary ammoniums,” imidazolium cati-

ons,” among others. Calix[4]pyrroles can be used to orient
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Figure 1. (A) Monomers used to make VOTCPP-PIF-1. (B) Single crystal X-ray structure of a fragment of VOTCPP-PIE-1. (C) Depiction of
three hydrogen-bonding interactions at distances of 1.917 A, 2.050 A, and 2.003 A (shown in blue, black, and red dashed lines, respectively)
between the carboxylate of 1 and the pyrrole protons of 3. (D) Side (left) and top (right) views of how 2 fits in between two molecules of 3. (E)
Single crystal X-ray structure of one sheet of VOTCPP-PIF-1. Distances between vanadyl centers within one sheet are shown. The 19.9 A distance
represents the shortest VO—VO distance in the assembly. Molecules of DMF have been removed for clarity. (F) Cartoon representations of
previous supramolecular materials containing molecular qubits randomly distributed throughout the structure and PIFs containing an ordered array

of molecular qubits.

pairs of multifunctional monomers into extended, ordered
networks called PIFs.”** Given the vast possibilities of ion
and calix[4]pyrrole combinations, there are many different
structures that could be achieved using this strategy. So far,
PIFs have been reported in two classes of structures: ladder
polymers, in which the monomers from linear strands held
together by host—guest interactions, or two-dimensional sheets
that form layered topologies.”* * PIFs offer a promising
platform for qubit materials because they are composed of light
elements with low nuclear spin, and their modularity and
durability allows them to be platforms for the exploration of
different molecular qubit candidates.

To this end, we sought to use the PIF platform to probe the
coherence time of a vanadyl porphyrin-based material. The
coherence time of various vanadyl-containing materials has
been extensively studied.'”*"** Atzori et al. reported a
crystalline vanadyl complex with a T,, of approximately 1 us
at 300 K. Vanadyl-containing materials are promising
molecular qubit candidates, as their spin-phonon coupling
interaction is inefficient, which leads to slower spin—lattice
relaxation times."” This spin—lattice relaxation time, T', serves
as an upper limit for T,; therefore, vanadyl-based molecules
make for promising qubit candidates to incorporate into PIFs."
Here, we report a VO porphyrin-based molecular qubit
framework, VOTCPP-PIF-1, composed of VO(II)-tetrakis(4-
carboxyphenyl)porphyrin (VOTCPP, 1-4H*), dimethyl-1,4-
diazabicyclo[2.2.2.]octane (DM-DABCO, 2-217), and tetrakis-
(spirocyclohexane)calix[4]pyrrole (3, TSC4P). Electron para-
magnetic resonance (EPR) spectroscopy experiments show
that this framework exhibits a coherence time of 270 ns at 10
K, a 30% increase from the isostructural Cu based PIF
previously reported.26 Additionally, in DMF-d, this framework

has a T, of 370 ns, highlighting the effect of removing solvent
nuclear spins from qubit materials. Finally, in toluene,
VOTCPP-PIF-1 achieves a T, of 31 ns at 293 K, representing
the longest coherence time of a fully saturated array of
molecular qubits reported at room temperature.

B RESULTS AND DISCUSSION

VOTCPP (1-4H'), DM-DABCO (2217), and TSC4P (3)
assemble to form single crystals of VOTCPP-PIF-1 (Figure
LA). The carboxylate substituents on 1 and quaternary
ammoniums on 2 make them ideal monomers for forming
extended structures when combined with the calix[4]pyrrole
host, 3, which simultaneously binds and orients both
ions.”* 7% 1.4H*, 2-217, and 3 were mixed in dimethyl-
formamide (DMF) such that the molar ratio of 1:2:3 was
1:2:133. Tetrabutylammonium methoxide (4 equiv. with
respect to 1-4H") was added and after 24 h, red, cubic shaped
single crystals of VOTCPP-PIF-1 with side lengths of
approximately SO um were observed (Figure S1). Single
crystal X-ray diffraction (SCXRD) probed the structure of
VOTCPP-PIF-1 (Figure 1B). The solvent masking procedure
in Olex2 was used to remove electron density from disordered
DMF molecules in the structure.’® In this structure, the
carboxylate groups of 1 interact with the three pyrrole protons
of 3 at distances of 1.917 A, 2.050 A, and 2.003 A (Figure 1C).
Opposite to the carboxylate interactions, an ammonium group
of 2 fills in the electron-rich back pocket of 3 (Figure 1C). In
VOTCPP-PIF-1, one molecule of 2 sits between two
molecules of 3 (Figure 1D, left). These two molecules of 3
are offset by a 45° rotation from one another, resulting in a
staggered stacking pattern (Figure 1D, right). The binding
arrangement in VOTCPP-PIE-1 is such that each molecule of

https://doi.org/10.1021/jacs.4c07288
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Figure 2. (A) Single crystal X-ray structure of three sheets of VOTCPP-PIF-1 with the same composition as shown in Figure 1E. The top sheet is
in red, the middle sheet is teal, and the bottom sheet is purple. Vanadyl centers on all sheets are black. (B) and (C) are alternate views of the same
three sheets of (A) shown from different crystallographic orientations. Dashed parallelogram in (B) shows how vanadyl porphyrins stack in
columns between layers. (D) and (E) show the teal and purple layers with red and yellow triangles over one pore in the sheet. (F) shows how the
teal and purple layers stack together and where the porphyrins from one layer fit within the pores of the other layer.

1 is connected to four other molecules of 1 via ion pair
interactions between 1, 2, and 3, resulting in the formation of
two-dimensional sheets with an empirical formula of
(1),(2),(3), (Figure 1E). Within each sheet there are rows
of 1 spaced apart such that the VO—VO center distance is 19.9
A, the closest qubit—qubit distance measured in the framework
(Figure 1E). A 10 mL synthesis of VOTCPP-PIF-1 crystals
provided a bulk batch of twinned crystals. Capillary powder X-
ray diffraction (PXRD) of a bulk sample of VOTCPP-PIF-1
closely matches the simulated powder pattern obtained from
the single crystal structure obtained from the smaller scale
experiment (Figures S2 and $3). The crystals of VOTCPP-
PIF-1 contain molecular spin qubits, the paramagnetic vanadyl
moiety, distributed throughout the crystal structure (Figure
1E). This approach sets PIFs apart from previous examples of
other supramolecular structures such as MOFs"® or poly-
mers' 7" that contain molecular qubits statistically diluted
within the overall material, with no control of interqubit
spacing.

Sheets of VOTCPP-PIF-1 stack together to create a
crystalline material with precisely placed molecular qubits.
One sheet of VOTCPP-PIF-1 is composed of distinct rows of
1 tilted 45° out of the plane of the sheet. (Figure LE). In one
row, all of the molecules of 1 are tilted out of plane in the same
direction. In the adjacent rows, the molecules of 1 are tilted the
opposite direction, still 45° out of the plane of the sheet.
(Figure 1E). Figure 2 shows how sheets of VOTCPP-PIF-1
stack in an ABCD fashion to form the overall crystal structure.
Figure 2A-2C shows three layers of VOTCPP-PIF-1 (red, teal,
purple) from different crystallographic orientations. The top
layer is the same as the sheet shown in Figure 1E. Each layer in
this structure is composed of the same unit shown in Figure
1E. Molecules of 2 and 3 form pores in each sheet (highlighted

by a red and yellow triangle in Figure 2D and Figure 2E).
Vanadyl centers sit above and below these pores (Figure 2F).
The gaps in Figure 2A represent where the vanadyl centers
would sit in a sheet below the purple layer and above the red
layer. Porphyrins tilted in the same direction form diagonal
columns running down the crystal structure (Figure 2B).
Molecules of 2 and 3 also form pores 2.4 A across and 5.9 A
tall running along the sheets of VOTCPP-PIE-1 (Figure 2B).
The vanadyl centers of each porphyrin are randomly
disordered throughout the crystal structure such that they
have a 50% occupancy in either direction of the plane of the
porphyrin (Figure 2C) but each porphyrin molecule has a
paramagnetic vanadyl center within it.

The viability of VOTCPP-PIF-1 as an ordered array of
qubits was assessed using electron paramagnetic resonance
(EPR) spectroscopy. This technique probes the spin properties
and dynamics of the molecular qubit ensembles. All measure-
ments were done on samples containing many single or
twinned crystals of VOTCPP-PIF-1 in DMF at temperatures
ranging from 5 to 293 K. Measurements were conducted on
samples in DMF because crystals of VOTCPP-PIF-1 would
collapse upon solvent removal. Continuous-wave (CW) EPR
spectroscopy was conducted on VOTCPP-PIF-1 and showed
that incorporation of 1 into a supramolecular structure did not
alter its electronic properties. The CW-EPR spectra were
simulated using Easyspin assuming a *'V nucleus, axial g tensor
and axial hyperfine interaction.”® The values for the gand A
tensors were typical for vanadyl porphyrins,” which indicates
that the electronic structure of 1 was not altered upon
incorporation into a bulk assembly (Figure 3 and Table S1).

The spin—lattice relaxation time (T,) of VOTCPP-PIF-1
was investigated using saturation recovery with a picket fence
pulse sequence. This parameter represents the thermal

https://doi.org/10.1021/jacs.4c07288
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Figure 3. (A) CW-EPR spectrum of VOTCPP-PIF-1 collected at 100
K. Experimental data is shown in red, and the best-fit simulation is
shown in black. (B) Parameters of the spin Hamiltonian, including the
axial g-tensor values, g, and g, the axial hyperfine components
coupling to one VO, Ay and A,, and the Gaussian line width
broadened from peak to peak.

relaxation of qubits, the time it takes for them to relax to their
thermal ground state and represents the upper limit for T,
The saturation-recovery data used to determine T, for

A
107 10° 10° 140* 10° 10?2
Recovery time (s)
B
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0.003
< 0.002
[
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"
0.000 B . .

0 20 40 60 80 100 120 140 160
Temperature (K)

Figure 4. (A) Saturation recovery data from which T| is extracted. All
data taken at 340 mT, the magnetic field corresponding to g;. Data
taken at temperatures ranging from 5 K up to 140 K. At S K, the T is
3.1 ms. (B) Plot of T, versus temperature at magnetic field
corresponding to g (340 mT).

VOTCPP-PIF-1 (Figure 4A) was fit to a stretched exponential
decay:

—r b
recovery
I(Trecauery) =1- AO €Xp [T]

1

where I is the echo intensity, A, is a constant, and f is the
stretch factor that is used to assess the dominant contributions
to spin—lattice relaxation. The values for T, at different
magnetic fields corresponding to g, (340 mT) and g; (390
mT), a magnetic field representing the powder average of the
sample and one running along the V=0 axis, respectively

(Figure S4 and Table S2). The maximum T, at g, for
VOTCPP-PIF-1 is 2.25 ms and at g it is 3.20 ms at 5 K
(Figure 4B). The values of T, decrease as temperature
increases due to increased spin—phonon coupling.'® As the
temperature increases, the value of § also increases, where § =
1 collapses the fit to a monoexponential decay, indicating spin-
phonon coupling is the dominant relaxation pathway. A f3
closer to 0.5 indicates a contribution of cross relaxation from
electron spin—spin interactions.'®'” The highest temperature
at which T, was recorded for VOTCPP-PIF-1 in DMF was
140 K| and the values for T, at this temperature at g, and at g,
were 12.5 and 17.4 us, respectively.

The phase memory lifetime, T,, was then characterized
using a two-pulse Hahn-echo sequence (Figure SA). T,
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Figure 5. (A) Pulse sequence in which 7.y, is varied to measure T,

(B) Hahn-echo data from which T,, is extracted at g; (340 mT).
Experiments were performed at temperatures from 5 to 140 K.

represents the lifetime of the superposition state of a qubit.
To confirm that the qubits within VOTCPP-PIF-1 can be
placed into a superposition, a nutation pulse sequence was
used to drive Rabi oscillations in the system (Figure SS and
Table $3). To determine T, the echo intensity is measured as
a function of the interpulse delay time, 7,4, and fitting the
data to a monoexponential function

I(r) =1- A, exp[ﬁ]
TI’H

(Figure 4B). The T,, of VOTCPP-PIF-1 was 270 ns at S K
and at g,. This value represents a 30% increase in T,,, achieved
by replacing a copper(Il) cation with an oxovanadium(IV)
cation in an isostructural framework.”® Below 30 K, T,, is
nearly constant, which is consistent with decoherence due to
dipolar or hyperfine interactions.'®*® The values of T,
decrease as temperature increases above 30 K, resulting in
T, = 170 ns at g; and 140 K. At the highest temperature of
this study, T),, is not T'-limited, as the T, at 140 K is around 40
times larger than T,

In order to probe the effect 'H atoms on T,, in VOTCPP-
PIF-1, crystals of the framework were grown in deuterated
DMF. Crystals of VOTCPP-PIF-1 contain disordered DMF
molecules, whose 'H atoms can contribute to spin decoher-
ence and therefore shorten T,.* Indeed, three pulse electron
spin—echo envelope modulation (ESEEM) experiments of

https://doi.org/10.1021/jacs.4c07288
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VOTCPP-PIF-1 in DMF reveal peaks corresponding to the
Larmor frequency of 'H, indicating that there are unfavorable
qubit interactions with protons (Figure S6). Crystals of
VOTCPP-PIF-1 were grown in DMF-d, (VOTCPP-PIF-1-
d) to evaluate this effect and further increase T,. Previous
work by Freedman and co-workers demonstrated that long
coherence times of up to 152 us can be achieved in molecules
with spin-free ligands surrounding vanadyl centers in solvents
such as SO, to eliminate nearby nuclear spins, which reduces
electron—nuclear dipolar coupling, in turn reducing the effect
of nuclear spin flips on electron spin coherence.”® Also
highlighted was the effect of deuterated solvents on coherence
time, as there was a nearly 1.5-fold increase in coherence time
of molecules in deuterated solvents compared to non-
deuterated solvents.”> Growing the crystals in a deuterated
solvent, where “H has a lower gyromagnetic ratio than 'H by a
factor of 6.5, leads to longer coherence times.”*" Indeed,
VOTCPP-PIF-1-d crystals exhibit a T, of 370 ns at 5 K at g},
compared to the T, of 270 ns of crystals grown in DMF and
the same conditions (Figure 6), indicating the role of the

0.40

.e 0 = DMF

0.351 * DMF-d,
@ 0.30
=

E
~ 0.25-

0.20

0.15

0 20 40 60 80 100 120 140 160
Temperature (K)

Figure 6. Plot of T,, versus temperature for VOTCPP-PIF-1 in DMF
(gray squares) and deuterated DMF (red circles) at g;. The T, at S K
in DMF is 270 ns; the T, at 5 K in DMF-d is 370 ns.

solvent in the relaxation pathway. Even at 140 K, the
deuterated crystals of VOTCPP-PIF-1-d have a T,, of 220
ns. This finding prompted further probing of the upper limits
of temperature at which T, could be elucidated, as the
implementation of quantum computing would ideally take
place at room temperature, around 293 K.

To push the measurement of T, to room temperature,
crystals of VOTCPP-PIF-1 were placed in a mixture of 10%
solution of DMF in toluene (v/v). Toluene was chosen
because it is a nonpolar solvent that has a low dielectric
constant (g, 2.4) and tan § (0.040), which means it should
absorb less microwave radiation than DMF (g = 37.7, tan § =
0.161) and result in a better signal-to-noise ratio for T,
measurements.”’ A mixture of DMF and toluene was needed
to maintain the crystal structure of VOTCPP-PIF-1, as
powder X-ray diffraction of various samples revealed a change
in the crystallinity of VOTCPP-PIF-1 after full solvent
exchange in toluene (Figures S2 and S3). CW-EPR of this
sample confirms that the vanadyl environment in the crystals
does not change in the DMF and toluene mixture (Figures S7
and S8). Crystals of VOTCPP-PIF-1 in the mixture of DMF
and toluene exhibit a T,, of 31 ns at 293 K (Figure S9). These
measurements are the first to report the T, for a homogeneous
array of molecular qubits at room temperature.

The T,, of VOTCPP-PIF-1 was increased from 270 ns to
1.0 ps at SK and g, by using a Carr—Purcell-Meiboom—Gill

(CPMG) pulse sequence (Figure 7). This pulse sequence
decouples vanadyl centers from nearby electronic or nuclear

1.2
Without CPMG
1.0 With CPMG
S 0.8-
5,
3,0.6 .
g 0.4
8°
Lo, Termo = 100 ns
0.04 .
0 1 2 3 4

Figure 7. Coherence decay curve obtained using a Carr—Purcell—
Meiboom—Gill pulse sequence (blue) and a two-pulse Hahn echo
(red) for VOTCPP-PIF-1. Via the CPMG method, a T,, of 1.18 us is
extracted at 5 K and at 340 mT.

spins in the crystal structure.*” The increase in T,, in crystals of
VOTCPP-PIF-1 results in a comparable T, to that of a
vanadyl MOF, 1.08 ps for [VO,q,TiOgs(TPP)] at the same
temperature, reported by Yamabayashi et al."” In this MOF,
however, only 2% of all porphyrin sites were occupied by a
vanadyl group while the rest were occupied by a diamagnetic
titanyl group.15 In VOTCPP-PIE-1, 100% of all porphyrin
sites are occupied by a vanadyl group, demonstrating that a
homogeneous array of molecular qubits can exhibit long
coherence times in a paired-ion framework without the need
for diluting with a diamagnetic analogue.

B CONCLUSIONS

Paired-ion frameworks (PIFs) offer a promising platform for
the exploration of molecular qubit assemblies because they are
composed of elements with low nuclear spin and their
modularity allows them to be platforms for the exploration
of different molecular qubit candidates. Switching from copper
to vanadyl-based molecular qubits in an isostructural system
allows for the direct comparison of the performance of these
molecular qubits in a supramolecular assembly. Crystals of
VOTCPP-PIF-1 had a T, of 270 ns, representing a 30%
increase from the copper analogue. Measurements of
VOTCPP-PIE-1 in deuterated DMF-d, showed that the T,
of these assemblies can reach 370 ns at 5 K, while studies of
these crystals in a mixture of toluene and DMF reveal that they
can even exhibit nanosecond-scale coherence at up to 293 K.
Further investigations of PIFs as platforms for molecular qubits
could include using building blocks with fewer 'H atoms near
the paramagnetic metal ion center in order to further increase
the coherence times of these materials or exploring other
configurations of the molecular building blocks to create new
structures that place molecular qubits in different arrange-
ments.
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