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ABSTRACT: Molecular electronic spin qubits have great
potential for use in quantum information science applications
because their structure can be rationally tuned using synthetic
chemistry. Their integration into a new class of materials, ion-
paired frameworks, allows for the formation of ordered arrays of
these molecular spin qubits. Three ion-paired frameworks with
varying densities of paramagnetic Cu(II) porphyrins were isolated
as micron-sized crystals suitable for characterization by single-
crystal X-ray diffraction. Pulse-electron paramagnetic resonance
(EPR) spectroscopy probed the spin coherence of these materials
at temperatures up to 140 K. The crystals with the longest Cu—Cu
distances had a spin—spin relaxation time (T,,) of 207 ns and a spin—lattice relaxation time (T',) of 1.8 ms at § K, which decreased at
elevated temperature because of spin—phonon coupling. Crystals with shorter Cu—Cu distances also had lower T values because of
enhanced cross-relaxation from qubit—qubit dipolar coupling, Frameworks with shorter Cu—Cu distances exhibited lower T,, values
because of the increased interactions between qubits within the frameworks. Incorporating molecular electronic spin qubits in ion-
paired frameworks enables control of composition, spacing, and interqubit interactions, providing a rational means to extend spin
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relaxation times.

B INTRODUCTION

Quantum information science (QIS) takes advantage of
materials that can obtain a quantum superposition state,
which is of interest for quantum computing, quantum
cryptography, and quantum sensing.l_3 These efforts rely on
the development of the quantum bit, or qubit,”* and numerous
qubit candidates have been studied, including trapped ions,”
quantum dots,” and nitrogen-vacancy centers in diamond.” "’
Molecules with unpaired electrons can also function as qubits
and have the potential of being designed and tuned using
synthetic and physical chemical principles.”''™'* Furthermore,
it is now increasingly possible to design solid-state molecular
assemblies to order qubits into extended arrays with emergent
properties. Several types of supramolecular assemblies can
incorporate molecular spins, including metal—organic frame-
works (MOFs)"""°~"® or two-dimensional polymers (2DPs)."”
The promise of these approaches is to tune qubit coupling, and
especially their spin—lattice (T;) and spin—spin (T,,)
relaxation times.

Framework materials are promising candidates for organiz-
ing qubits into periodic arrays.'”'® In pioneering work,
Freedman and co-workers reported a Cu,,-PCN-224 MOF
with a T, of 46 ns at 10 K,'® which was increased to 52 ns in
an isostructural MOF with larger Cu spacings.'” T, values in
MOFs were further increased by incorporating small numbers
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of paramagnetic qubits into a matrix of isostructural
diamagnetic analogues, which increases the average interqubit
distance. Changing the MOF structure from one in which
100% of porphyrins contain a Cu** qubit to one in which the
Cu?" ions were found in 10% of the porphyrins, with the other
90% of porphyrins containing a diamagnetic metal ion, resulted
in an increase of T, from 46 to 645 ns.'® However, these
increased T, values are achieved with an accompanying loss of
structural precision of the assembly, which may be problematic
for applications that rely on the precise spacing of qubits
within the spin array.'****' These factors motivated us to
explore new approaches to noncovalent assembly that provide
structural precision, high materials quality, full incorporation of
qubits, and longer qubit spacings. Furthermore, it might also
prove advantageous that the ideal supramolecular platform for
hosting qubit candidates be composed of light elements with
small spin—orbit coupling and elements with a high natural
abundance of isotopes that lack a nuclear spin.
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Figure 1. (A) Building blocks found in 4. (B) Single-crystal X-ray structure of 4. Solvent molecules have been removed for clarity. (C) Single-
crystal X-ray structures depicting stacking of three layers (teal, orange, red) in the assembly. Different crystallographic orientations demonstrate an
offset stacking of the supramolecular sheets as well as different pore sizes. Atomic distances highlight the distance between Cu ions in the structure.
The 19.9 A distance marked in the figure is the shortest distance between copper ions in the structure.
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Figure 2. (A) Reaction scheme for the crystallization of network 5. (B) Single-crystal X-ray structure of 5. Solvent molecules have been removed
for clarity. Ion-pair host—guest interactions between 1, 2, and 3 run horizontally through the structure as shown, while hydrogen bonding
interactions run vertically through the structure in between the carboxylates of 3-2H". (C) Single-crystal X-ray structures depicting stacking of four
layers (purple, teal, orange, red) in the assembly. Different crystallographic orientations demonstrate an offset stacking of the supramolecular sheets
as well as different pore sizes. (D) Enlarged view of the gap between two layers of sheets corresponding to the dashed box in C. The distance
between the stacked pair of sheets is 10.6 A, which is the shortest distance between two Cu atoms in the crystal structure.

Ion-paired frameworks are a recently introduced class of
crystalline organic solids, which employ the host—guest
chemistry of tetrakis(spirocyclohexane)calix[4]pyrrole (C4P,
1)>*7** to direct the crystallization of organic anions and
cations into low-density, periodic materials.*>*® Their
structures are composed of organic building blocks with low
spin—orbit coupling and nuclear spin, which pose minimal
interference with the electron spin qubits.'**”** Multiple ions
and macrocyclic hosts have been crystallized into two-
dimensional assemblies, one-dimensional assemblies, and
supramolecular ladder polymers,”® all of which were
characterized by single-crystal X-ray diffraction (SCXRD).

These characteristics are desirable for ordering molecular spin
qubits into arrays. Here, we pair a Cu porphyrin-based
molecular qubit, Cu(II)-tetrakis(4-carboxyphenyl) porphyrin
(CuTCPP, 3-4H") with two dicationic linkers, dimethyl-1,4-
diazabicyclo[2.2.2]octane (DM-DABCO, 2-217), and methyl
viologen (6-217), along with C4P (1) to provide three
assemblies (4, §, and 7) with variable qubit spacings. Pulse-
electron paramagnetic resonance (EPR) spectroscopy indicates
that these crystalline assemblies have long T, values compared
to porphyrin-containing MOFs with complete occupancy of
Cu®" ions. These results will motivate future studies of ion-
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Figure 3. (A) Building blocks found in 7. (B) Single-crystal X-ray structure of 7. Solvent molecules have been removed for clarity. (C) Single-
crystal X-ray structure depicting six ladder polymers in the assembly. Different crystallographic orientations demonstrate an offset stacking of the
ladder polymers. Atomic distances highlight the distance between Cu atoms (colored in purple) in the structure. The shortest distance between Cu

atoms is 17.7 A which occurs between alternating ladder polymer layers.

paired frameworks as a promising strategy to design
concentrated qubit arrays with long T, values.

B RESULTS AND DISCUSSION

C4P (1), DM-DABCO (22I7), and CuTCPP (3-4H%)
assemble to form crystals suitable for SCXRD when dissolved
in dimethylformamide (DMF) in the presence of the base,
tetrabutylammonium methoxide (4 equiv relative to 3-4H"). 1
simultaneously binds carboxylate and quaternary ammonium
ions (Figure 1A), ultimately resulting in the assembly and
crystallization of layered 2D lattices defined by the
directionality of the ion-pair recognition elements as
monoclinic single crystals (4). SCXRD revealed copper
porphyrins each binding to four C4Ps through multidentate
NH—-O hydrogen bonding interactions between the C4P N—
H bonds and the aryl carboxylate ions. Two molecules of 2
complete the unit cell by binding within an electron-rich
pocket on the opposite sides of the C4Ps, resulting in an
empirical composition of (1),(2),(3), that crystallizes with 14
disordered molecules of the DMF solvent (Figure 1B). The
solvent-masking procedure implemented in Olex2 was used to
remove the electron contribution of disordered solvent
molecules in this and all other crystal structures reported
here. Further analysis of the ion pairing interactions of 2 and 3
revealed these assemblies to be composed of 2D sheets that
stack in an offset geometry (Figure 1C, left). Within each
sheet, rows of copper porphyrins tilt 45° offset to the plane of
the sheet, causing the sheets to adopt a zig-zag structure
(Figure 1C, right panel). As a consequence of these
arrangements, 4 has small pores within each layer that are
visible along the b and ¢ axes (Figure 1C, left and middle, and
Figure 1B). Based on the single-crystal XRD structure, each
Cu® ion within one sheet has six nearest neighbors (Figure
1B): four Cu™ ions are 31.0 A and two Cu® ions are 19.9 A
away, which is the shortest Cu**—Cu®* distance in the
structure (Figure 1C). Having successfully crystallized 4 and
recognizing the value of establishing the relationship between
structure and spin relaxation behavior in these materials (see
below), we explored alternative CuTCPP-based networks
based on ion-pair recognition and other noncovalent
interactions.

By performing the crystallization in the presence of benzoic
acid to control the rate of crystal growth, a different framework
was formed, which was also characterized using SCXRD. This
material has distinct Cu**—Cu®* spacings relative to 4 and was
crystallized under the same conditions as 4 but in the presence
of benzoic acid (8 equiv relative to 3-4H', Figure 2A). These
conditions provided triclinic rod-shaped crystals § (Figure 2B)
with different stoichiometry and noncovalent interactions
relative to 4. In 5, only two C4Ps bind to each CuTCPP in
a trans configuration. Similar to 4, the dication 2 connects two
C4Ps to provide a linear ion-pair recognition-based assembly
(shown horizontally in Figure 2B). The other two carboxylic
acids of each CuTCPP do not bind C4Ps; instead, they form
hydrogen-bonded dimers with the free carboxylic acids of a
neighboring porphyrin. These hydrogen bonding interactions
run perpendicular to the ion-pair interactions (in the vertical
direction in Figure 2B), resulting in two-dimensional sheets
based on linear arrangements of distinct noncovalent
interactions that run along perpendicular directions. The
composition of § is therefore deficient in 1 and 2 relative to 4,
corresponding to an empirical formula of (1),(2),(3-2H"),3
DMF (Figure 2B). In one sheet, the Cu®" ions in § in the
direction of the carboxylic acid dimers are 22.0 A apart, while
the Cu®" ions along the direction of the interactions between 1,
2, and 3-2H" are 32.6 A apart (Figure 2B). The sheets of §
stack in an A—B fashion (Figure 2C), such that the CuTCPPs
in adjacent layers are fully offset from one another. Figure 2C
shows two stacked pairs (one red and orange, the other teal
and purple) of sheets of § from three crystallographic
orientations. This stacking mode results in the shortest
copper—copper distance observed in any crystal lattice in
this study at 10.6 A. This distance occurs between pairs of
sheets and can be seen in Figure 2D as the gap between the
orange and teal sheets in the crystal structure.

The Cu**—Cu®" distances were varied while maintaining the
design principles of 4 by using a larger dication, methyl
viologen (6-217) in place of 2 (Figure 3A). The resulting
assembly 7 was crystallized under similar conditions as 4 by
dissolving the monomers in DMF and adding tetrabutylam-
monium methoxide as a base. Monoclinic crystals of 7 were
isolated and solved by SCXRD. Rather than forming 2D sheets
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as observed in 4, the monomers in 7 form supramolecular
ladder polymers with an empirical formula of (1),(6),(3)
DMF (Figure 3B), yet these ladder polymers achieve similar
intralayer Cu**—Cu”" distances compared to 4 (Figure 3C).
The binding arrangement of 1, 3, and a dication typically
occurs in a colinear fashion, as observed in assemblies 4 and 5.
In 7, the C4Ps bind 6 in an alternate, side-on geometry, which
allows the C4Ps to adopt a nonlinear arrangement and form
supramolecular ladder polymers instead of two-dimensional
networks. These ladder polymers stack in alternating sheets,
forming a crisscross pattern in the crystal structure (Figure
3C), which gives rise to the shortest distance between two
copper centers of 17.7 A between two ladder polymers (Figure
3C).

The viability of the frameworks as atomically ordered arrays
of spin qubits was assessed using EPR spectroscopy, which
enabled the characterization of the spin properties and spin
dynamics of the qubit ensembles. All measurements were taken
on samples containing an ensemble of single crystals of either
4, 5, or 7. Continuous-wave (CW) EPR spectroscopy was
conducted on 4, §, and 7 at 5 K (red spectra in Figure 4), and
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Figure 4. CW-EPR spectra of 4, §, and 7 (bottom to top) collected at
S K, in which the experimental data and best-fit simulations are shown
in red and blue, respectively. Lorentzian (I'\) linewidths of the
simulated spectra are provided, which are related to electron—electron
dipolar coupling.

the CW-EPR spectra were fit"” using EasySpin 5.2.35 (blue
spectra in Figure 4) to extract the spin Hamiltonian
parameters, including the g-tensor, hyperfine interactions,
and linewidths (Table S1). The electronic structure of the
copper(II) porphyrins is relatively unperturbed after being
incorporated into the frameworks, as the axial g-tensors and
axial hyperfine interactions are consistent with those found
previously in solid solutions containing isolated, noninteracting
copper(Il) porphyrins.**™** The Lorentzian linewidths, I';, in
4 (0.06 mT) and 7 (0.06 mT) are significantly narrower than
that in § (1.0 mT), indicating that electron—electron dipolar
interactions are weaker in the two former frameworks. This
weaker dipolar coupling is likely due to the lower spin density
and longer spin nearest-neighbor distances in 4 and 7 and also
yields longer spin coherence times, as demonstrated below. We
note that the I'} in 4 and 7 are also narrower than that in
atomically precise qubit arrays based on copper(II) porphyrins
assembled into MOFs, as reported in Yu et al.'”

The qubit ensembles in 4, 5, and 7 were manipulated using
pulse-EPR spectroscopy to demonstrate coherent quantum
control (Figure 5) and probe their spin dynamics as a function
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Figure 5. (A) Pulse sequence in which 7,0n is varied to detect Rabi
oscillations. (B) Variable-power nutation data for 4 at 292.0 mT and §
K, demonstrating Rabi oscillations. (C) Fast Fourier transform (FFT)
of Rabi oscillations and (D) Rabi oscillation frequency versus relative
microwave field strength. Larmor frequency of 'H is indicated in (C)
with a gray dashed line.

of temperature (Figure 6). The effect of the orientation of the
Cu’" spin centers was also elucidated by conducting the pulse-
EPR experiments at varying magnetic fields, which enables
specific molecular orientations to be selectively addressed
because of the anisotropic Cu®* electronic structure. The
transition at the lower magnetic field around 290 mT
corresponds to the principal axis g, which is perpendicular
to the porphyrin plane, whereas the transition at the higher
magnetic field around 330 mT corresponds to a powder
average of orientations that is dominated by the principal axis
g1, which is parallel to the porphyrin plane (Figure S1).
Coherent quantum control over the qubits in 4, 5, and 7 was
demonstrated at § K by driving Rabi oscillations (Figures 5B
and S2) using a nutation pulse sequence (Figure SA). As the
duration of the nutation pulse, 7,.uen increases, the echo
intensity oscillates. This oscillating intensity is due to rotation
of the spins between the m, = —1/2 and +1/2 sublevels, which
are located at opposite poles of the Bloch sphere, where local
extrema correspond to m, = —1/2 and +1/2 and all other
points correspond to superpositions of m, = —1/2 and +1/2.
The Rabi oscillations therefore establish that the qubits can be
placed into an arbitrary superposition of these two quantum
states. The Rabi oscillation frequency, Qp,;;, which quantifies
the time, Ty, g, = (2Qg:) ", required to perform a logic gate
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Figure 6. Pulse sequences in which (A) 7.4, and (D) Toiy-are
varied to measure T,, and T, respectively. Representative variable-
temperature (B) Hahn-echo data and (E) saturation recovery data
from which T,, and T are extracted, respectively, for 4 at 292.0 mT.
(C) T, and (F) T, versus temperature for 4 (red squares), 5 (blue
circles), and 7 (green triangles) at magnetic fields corresponding to g
(smaller field, solid symbols) and g, (larger field, open symbols). The
reproducibility of the T, data is shown in Figure S4.

that flips the spins between the two quantum states, is
determined from Fourier analysis of the nutation data (Figures
SC and S2). The spins are flipped faster with increasing
microwave power (Figures SD and S2), and the Rabi
frequency scales linearly with microwave field strength as
expected for an § = 1/2 spin center.”’ For example, for 4,
Typin-fip decreases from 68 to 21 ns when the microwave field
strength increases by a factor of 3.2. The Fourier analysis also
reveals a peak (e.g., located at 12.4 MHz for 4 at 292.0 mT)
that does not shift with microwave power, which is discussed
turther below.

For the qubit ensembles within each framework, we
characterized the phase memory lifetime, T,, which is
among the most important qubit performance metrics because
it defines the time frame in which all quantum gate operations
must be performed. T, encompasses all processes contributing
to spin decoherence, including the intrinsic dephasing lifetime
(T,), spectral diffusion, and instantaneous diffusion. T,, is
determined by measuring the echo intensity as a function of
the interpulse delay time, 7., (Figure 6B) within a two-pulse
Hahn-echo sequence (Figure 6A) and fitting the data to the
monoexponential function I(27,y,,) = Ay exp ( — 270/ T,) +
A,, where A; and A, are constants.

The dependence of T, on crystal structure, molecular
orientation, and temperature revealed that electron—electron
dipolar coupling and hyperfine interactions are the dominant
sources of spin decoherence in the frameworks. Between 5 and
140 K, T,,, increases from 5 to 7 to 4, T, is larger at g than at
g1, and T, generally decreases with increasing temperature
(Figure 6C). For example, at 10 K and at the g transition, the
T, of 5, 7, and 4 are 128, 197, and 207 ns, respectively. We
attribute this trend to the decreasing spin density per unit cell
(0.196, 0.162, and 0.142 spins nm™>, respectively) and the
increasing Cu** nearest-neighbor distance (10.6, 17.7, 19.9 A,
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respectively) from 5 to 7 to 4. We conclude that the reduced
spin density leads to weaker dipolar coupling between nearby
qubits and yields longer T, as has previously been found in
qubits embedded within MOFs and 2DPs."'""?

Hyperfine coupling of the qubits to nearby 'H nuclear spins
also contributes to decoherence. Fourier analysis of the Rabi
oscillations (Figures S5C and S2) collected at 5 K at the g and
gy transitions revealed a peak at 124 and 14.1 MHz,
respectively. These peaks, which do not shift with microwave
power, match the Larmor frequency, vy, of 'H nuclear spins,
indicating that qubit interactions with 'H give rise to electron
spin-echo envelope modulation (ESEEM). In assemblies 4 and
7, there are 100 and 174 'H atoms within 4 to 10 A around
Cu ions, respectively. Assembly § has two distinct Cu®*
centers that have 95 and 58 'H atoms within that same range.
This ESEEM is also observed in the echo decay curves
obtained using two-pulse (Figures 6B, S3, and S4) and three-
pulse (Figure S5) Hahn-echo sequences. The ESEEM
oscillations in Figures 6B, S3, and S4 become less intense as
the spin density increases from 4 to 7 to 5 and as the
temperature increases. These data therefore indicate that the
contribution of hyperfine interactions to decoherence increases
as the spin density decreases and temperature decreases.
Conversely, the contribution of dipolar coupling to decoher-
ence increases as the spin density increases. Interestingly,
ESEEM from "N nuclear spins is not observed—which is
likely a result of their proximity to and strong coupling with the
qubit534—indicating that hyperfine coupling of the qubits to
"N is not a major source of decoherence.

For each framework and molecular orientation, T, is nearly
constant between 5 and 30 K and decreases roughly linearly
with temperature above 40 K (Figure 6C). The temperature
independence of T, below 30 K is consistent with
decoherence due to dipolar or hyperfine interactions. We
attribute the reduction in T, above 40 K to the motion of
rotatable bonds, for example, from methyl groups in DMF that
is incorporated into the crystal structure of the frame-
works.'”**?% The measured T,, of 207 ns (151 ns) at 10 K
(80 K) in 4 is 4.0% (6.4X) larger than the longest T}, reported
in an atomically precise molecular qubit array.'” Even at the
highest temperature studied here of 140 K, spin—lattice
relaxation is still not the dominant source of decoherence, as
the spin—lattice relaxation lifetime, T, is 10—20 times larger
than T,. For quantum applications, it is highly desirable to
achieve long T, at high temperatures, preferably above 77 K so
that liquid nitrogen, which is relatively inexpensive and
abundant compared to liquid helium, can be used to cool
the qubit devices during operation.

We attribute the longer T, at the g transition than that at
the g, transition for 4, 5, and 7 (Figure 6C) to the smaller
number of on-resonant Cu®* sites near each qubit that
contribute to decoherence at g). For example, at g, the
microwave pulses address more porphyrin orientations within
the sample (because g, roughly corresponds to a powder
average of the g, g,, and g, transitions), which means that
more of the Cu® sites near qubits are on-resonant and
contribute to decoherence. In contrast, at g, the microwave
pulses address fewer porphyrin orientations (because g
corresponds solely to the g, transition), which means that
more of the Cu’* sites near qubits are off-resonant (i.e., the
Cu’" sites that have porphyrin planes that are rotated with

https://doi.org/10.1021/jacs.3c04786
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respect to those of on-resonant Cu®" sites) and contribute less
strongly to decoherence.

Next, we characterized T, which is the time frame in which
the spins relax to their thermal ground state, as described by
Boltzmann statistics, and provides the upper limit for T,. T, is
determined by measuring the echo intensity as a function of
the recovery time, Tyecovery (Figure 6E) within a saturation
recovery pulse sequence (Figure 6D). The saturation recovery
curves are fit with the stretched exponential functions
I(Trecovery) =1 -4 exp ( - (Trecovery/Tl)ﬂ) + Ay where Ay
and A, are constants and /3 is the stretch factor that is used to
assess the dominant contributions to spin—lattice relaxation, as
described below.

As temperature increases and spin density increases, T, is
reduced due to increased spin—phonon coupling and increased
cross-relaxation from qubit—qubit dipolar coupling, respec-
tively.]8 For example, T' at g of 4 is 1.8 X 1073 1.3 x 1074 2.3
% 1075, and 1.1 X 107% s at §, 30, 60, and 140 K, respectively.
Moreover, between 5 and 140 K, T, of 4 and 7 are similar,
typically differing by <40%, whereas T, of § is significantly
smaller than that of 4 and 7, typically by a factor of 2.5-3.0.
The measured T, in 7 of 1.1 X 107 s (7.1 X 107 s) at 10 K
(80 K) is 2.1x (4.7%) larger than the lon%est T, reported in an
atomically precise molecular qubit array.'’

The sources of spin—lattice relaxation and their dependence
on temperature and spin density are elucidated from the value
of f. When f = 1, the saturation recovery data is described by a
monoexponential decay curve and relaxation is purely
mediated by phonons. When f approaches 0.5, a second
process also mediates relaxation, which is attributed to cross-
relaxation. At g of 4 and 7, § is >0.86 and >0.83, respectively,
at all temperatures between 5 and 140 K, indicating that spin—
phonon coupling is the dominant source of spin—lattice
relaxation. In contrast, in 5, f# is 0.56 at 5 K and increases with
increasing temperature, although it never exceeds 0.8,
indicating that cross-relaxation contributes more significantly
to spin—lattice relaxation. The increased importance of cross-
relaxation in 5 compared to 4 and 7 is consistent with the
higher spin density, lower T, and larger I', in the former
system. For each framework, f generally increases with
increasing temperature, which is expected due to increased
spin—phonon coupling at higher temperatures.

The T, at g of 4 was increased from 206 to 580 ns (Figure
7B) at 5 K by using a Carr—Purcell-Meiboom—Gill (CPMG)
pulse sequence (Figure 7A), in which a train of microwave 7
pulses is applied after the x/2 pulse in the Hahn-echo
sequence, to dynamically decouple the qubits from nearby
electronic or nuclear spins. An oscillatory dependence of T, on
Tepmg i observed at 292.0 mT (Figure 7C) and 3324 mT
(Figure S6). At each transition, the oscillations exhibit two
components, marked with * and + symbols in Figures 7C and
S6B, that have different relative amplitudes but the same
frequency of 12.8 and 14.0 MHz at 292.0 and 332.4 mT,
respectively. These frequencies closely match the Larmor
frequency of 'H nuclear spins at each respective transition,
which was also observed in the Fourier analysis of the Rabi
oscillations in Figures SC and S2. Therefore, we conclude that
the CPMG pulse sequence primarily decouples the qubits from
nearby 'H nuclear spins, where each set of oscillations marked
with * or + is due to 'H with different hyperfine coupling to
the qubits. These data further highlight the importance of
reducing the density of spin-active nuclei within the frame-
works. In particular, deuterating the porphyrin molecules or
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Figure 7. (A) Pulse sequence used to measure T, via the CPMG
method. (B) Coherence decay curves obtained using a two-pulse
Hahn echo (blue) and a CPMG (red) pulse sequence (with interpulse
delay time, 7¢py, of 114 ns) for 4 at 292.0 mT and 5 K, from which
T,, of 206 and 580 ns, respectively, are extracted. (C) Plot of the
oscillatory dependence of T, on T¢py for 4 at 292.0 mT and 5 K.
The two sets of peaks, each with a periodicity of 12.8 MHz, are
indicated with * and + symbols.

DMEF solvent to substitute "H with *H is a promising route to
reduce the hyperfine coupling and increase T, as *H has a
lower gyromagnetic ratio than 'H by a factor of 6.5.

B CONCLUSIONS

Ion-paired frameworks organize Cu porphyrin molecular
qubits with tunable control of their spacing. A combination
of the design of the dication monomer and crystallization
conditions resulted in the formation of distinct supramolecular
2D and ladder polymer structures. Each of these solids has
different Cu porphyrin density and Cu—Cu distances, and
frameworks with lower spin density minimize qubit—qubit
dipolar coupling and thereby suppress decoherence. Ulti-
mately, these characteristics resulted in enhanced T, for the
framework with the lowest spin density, 4, with a T,,, of 207 ns
at 10 K. This value is currently the longest T, for a framework
material whose spin-active groups were not diluted statistically
with a structurally similar closed shell monomer. The relatively
long spin coherence properties of the ion-paired frameworks
arise in part from their atomic composition, high degree of
modularity, and high materials quality. This assembly strategy
is likely expandable to additional two- and three-dimensional
topologies, which would offer other means to control
interqubit distances. This work points the way forward to
designing new types of networks to further improve the spin
properties of these systems.
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