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ABSTRACT: The creation of ordered arrays of qubits that can be interfaced from the macroscopic world is an essential challenge
for the development of quantum information science (QIS) currently being explored by chemists and physicists. Recently, porous
metal-organic frameworks (MOFs) have arisen as a promising solution to this challenge as they allow for atomic-level spatial con-
trol of the molecular subunits that comprise their structures. To date, no organic qubit candidates have been installed in MOFs de-
spite their structural variability and promise for creating systems with adjustable properties. With this in mind, we report the devel-
opment of a pillared-paddlewheel-type MOF structure that contains 4,7-bis(2-(4-pyridyl)-ethynyl) isoindoline N-oxide and 1,4—
bis(2-(4-pyridyl)-ethynyl)-benzene pillars that connect 2D sheets of 9,10-dicarboxytriptycene struts and Zn,(CO,), secondary bind-
ing units. The design allows for the formation of ordered arrays of reorienting isoindoline nitroxide spin centers with variable con-
centrations through the use of mixed crystals containing the secondary 1,4-phenylene pillar. While solvent removal causes decom-
position of the MOF, magnetometry measurements of the MOF containing only N-oxide pillars demonstrated magnetic interactions
with changes in magnetic moment as a function of temperature between 150 and 5 K. Variable-temperature electron paramagnetic
resonance (EPR) experiments show that the nitroxides couple to one another at distances as long as 2 nm, but act independently at
distances of 10 nm or more. We also use a specially designed resonance microwave cavity to measure the face-dependent EPR

spectra of the crystal, demonstrating that it has anisotropic interactions with impingent electromagnetic radiation.

INTRODUCTION

Quantum information science (QIS) has the potential to
revolutionize science and engineering by taking advantage of
counterintuitive quantum phenomena, such as entanglements
and superpositions of states, that will enable, for example,
large—scale applications in quantum computing, quantum sens-
ing, and quantum communications.' While current computers
utilize classical bits existing in one of two states (0 or 1) in
order to carry out computations, quantum bits (qubits) harness
the nature of quantum particles, which allows them to exist in
a coherent superposition of two or more states and therefore,
are able to carry out multiple commands simultaneously.2
Early examples of qubits include photons,3 nuclear spins in
nitrogen doped diamonds,’ and superconducting states in Jo-
sephson—Junctions.” The manipulation of electron spins on
molecules using pulsed microwave pulses comprises a rela-
tively new and promising pathway currently being explored in
the QIS and magnetic materials fields.’ Paramagnetic metal
centers with “spin free” ligands have already shown tremen-
dous promise for the development of qubits with coherence
times up to 150 ps.” However, stable organic radicals also
comprise a useful subset of potential qubits due to their struc-
tural variability and synthetic accessibility, which makes it
possible to further engineer them into highly ordered crystal-

line meta—architectures with multiple functional features,®
including the opportunity to develop multiscale platforms to
transduce molecular and supramolecular properties into the
macroscopic world.”"?

The first challenge of the organic approach comes from the
great difficulties related to the predictability and limited func-
tionality of close packed molecular crystals. Insight from re-
ticular chemistry offers promising solutions toward the crea-
tion of ordered arrays of organic qubits through the use of
metal-organic frameworks (MOFs). MOFs are porous materi-
als comprised of inorganic nodes connected by organic link-
ers. Careful selection of the metal and organic building blocks
allows structures with variable geometries and engineered
molecular dynamics to be constructed in a predictable fash-
ion.” This control over structure will allow for the precise
placement of qubits with predetermined distances and orienta-
tions with respect to one another, with additional degrees of
freedom available by switching between alternative orienta-
tions.'” Well-characterized MOF structures containing static
qubits are reported in the literature, in particular those using
tetracarboxy porphyrin linkers.'" These studies show the pow-
er of reticular chemistry for the advancement of QIS by estab-
lishing a 50 A coupling limit between neighboring qubits,12 as
well as developing qubits that maintain their coherence for up
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to 14 us13 and the preservation of spin coherence at room tem-
perature14 using Cu(Il), Co(Il) or VO(IV) metal centers, re-
spectively. However, relatively few examples of MOFs with
paramagnetic centers on organic linkers are known in the
literature as compared to their inorganic counterparts.'®

Here we describe the synthesis and characterization of
UCLA-NO/Ph, a multi-component pillared paddlewheel met-
al organic framework (Scheme 1) with paramagnetic isoindo-
line-N—Oxide rotors 1, and diamagnetic 1,4-bis(2-(4-pyridyl)-
ethynyl)-benzene, 2, linkers. These ligands connect impene-
trable 2-D sheets composed of Zn,(CO,), secondary binding
units (SBUs), 3, which are composed of Zn>" metal clusters
and 9,10—dicarboxytriptycene struts, 4. The diamagnetic phe-
nylene linker 2 was chosen as an isostructural ligand to pre-
pare magnetically diluted mixed crystalline samples of
UCLA-NO/Ph, which maintain the original lattice geometry.
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Our design has a few key features worth noting. A lattice
constant of ca. 10 A can accommodate molecular rotors with a
radius of revolution of ca. 7 A, making it possible for a nitrox-
ide radical to rotate and reorient without having to overcome
steric barriers. Furthermore, the nitroxide—bearing moiety is
suspended between two alkynes, which are known to have a
vanishingly low intrinsic activation barrier for axial rotation.”
In the absence of solvent, these features would allow the crys-
talline rotators to reorient, even at cryogenic temperatures (10
K or below),16 such that it would be possible to use external
electric fields to affect the macroscopic polarization'"!” arising
from the collective interactions of the nitroxide electric dipole
moments. Under these conditions, electric fields may be used
to alter magnetic order and QIS properties, including the po-
tential of encoding information within the shapes of standing
microwave cavity modes, and controlling the transmission of
magnetic information along rotary dipole chains."® As a new
class of organic multiferroic materials with tetragonal order,
these systems would have the potential of undergoing sponta-
neous dipole—dipole—induced anti—ferromagnetic (AF) transi-
tions at the Néel temperature to create chains of spin—paired
nitroxides."” Furthermore, the layered tetragonal nature of
UCLA-NO not only insulates the nitroxide rotors between the
2D-nets formed by 3 and 4, but it also allows for the applica-
tion of transverse magnetic fields along specific crystallo-
graphic faces of the MOF. Such features are vital for the
transmission of classical information along well-defined crys-
tal axes.”” And finally, the formation of mixed crystals utiliz-
ing diamagnetic moiety 2 to dilute the spin concentration will
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make it possible to study temperature— and concentration—
dependent anisotropic exchange interactions with electron
paramagnetic resonance (EPR) spectroscopy.

RESULTS AND DISCUSSION

Synthesis. Nitroxide rotor 1 was synthesized via a modi-
fied procedure developed by Kitagawa and coworkers.”' The
key Sonogashira coupling reaction is illustrated in Scheme 2.
After much tribulation, we discovered that this coupling only
proceeds in pure tetramethylpyridine as the solvent. Single
crystals, suitable for X-ray analysis, were grown from a su-
per—saturated solution of 1 in ethanol. The other UCLA-NO
components 2 and 4 were synthesized according to literature
methods, with slight modifications, (see SI).”

Scheme 2

Pd(PPh3),Cly, Cul
N-O" + _— N-O' =
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Finally, samples of the new MOF UCLA-NO were prepared
via a convenient solvothermal synthesis in DMF.? All MOF
components were added to a 10 mL vial, covered in 3.0 mL of
anhydrous DMF and then placed in an oven overnight at 100
°C. Diluted samples were prepared by using the appropriate
molar ratio of 1:2 in the solvothermal synthesis. Samples of
UCLA-NO showed decomposition when heated under vacu-
um to remove solvent (Figure S9 and S10) and upon mechani-
cal grinding. We attribute this sensitivity to the weak dative
bond between pyridine and zinc, as well as the flexible alkyne
linker, which is prone to displacement by water.”* Flattened
rectangular prismatic crystals amenable to pan—powder X-ray
diffraction (PXRD) were washed with fresh DMF before fur-
ther investigation.

],‘J 1:1 l\fO:Ph

c l | UCLA-Ph
B UCLA-NO
A l l A A A
A l Zn-TDC
10 20 30 40 50
26 (degrees)

Figure 1. PXRD traces of A) Zn-TDC crystals, B) UCLA-NO,
C) UCLA-Ph, D) 1:1 Diluted UCLA-NO.

X-ray Crystallography. The PXRD analyses were carried
out with Cu—Kal radiation (1.5406 A). Samples were placed
on a zero—background plate at a fixed stage with a drop of
DMF to prevent crystal collapse by desolvation. Data was
collected from 2 theta angles of 5 to 50 degrees at room tem-
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perature. The step width was 0.016 degrees, with the acquisi-
tion time being approximately 10 s at each step. We first ana-
lyzed crystals composed of only 3 and 4 as a control (Figure
1A) followed by analysis of crystals obtained with the addition
of pillars 1, and/or 2. Crystals with 100% pillar 1 or 2 are
shown in Figures 1B and 1C, respectively, which confirm the
formation of two isostructural crystal lattices. Crystals pre-
pared with a 50:50 mixture of 1 and 2 demonstrated that the
two pillars are able to form substitutional isoreticular solid
solutions that make it possible to dilute the nitroxide radical
(Figure 1D) throughout the MOF structure. Analysis of the
crystal structure of UCLA-NO and UCLA-Ph shows that the
distance between layers are slightly wider in the case of
UCLA-NO (20.492 A vs. 20.364 A), explaining the slight
shift to lower angles for UCLA-Ph (Figure S13 and S14).
Additionally, the broad peak from 15 to 30 degrees in figure
1D, and to a lesser extent, 1C and 1B, are attributed to the
presence of included solvent.

Figure 2. A) Crystal structure of UCLA-NO displaying no ni-
troxide rotator. B) Distance analysis between pillar agents in the
MOF. C) Distance between head—to—head nitroxide oxygen rotors
(distances in A).

Single crystal X-ray diffraction data measured with Cu—Kao
radiation (A = 1.5046 A) were obtained from a solvent—
containing yellow crystal of UCLA-NO. Diffraction patterns
were collected at 200 K with an area detector and the structure
solved and refined with the SHELXTL program. While all
heavy atoms were refined anisotropically, the hydrogen atoms
were placed at the calculated positions. The diffraction data
were solved in the tetragonal space group p4/mbm with a
modest Rf= 6.05%. Unit cell dimensions a = 15.3316(6) and b
= 15.3316(6) are equivalent and shorter than ¢ = 23.4500(13)
by approximately 8.11 A. All angles are equal to the expected
tetragonal angle of 90°. Two notable features of the structure
are 1) the rotationally disordered pyridyl groups occupying
positions related by 90°, and 2) the “missing” nitroxide radi-
cal, indicating that it has no preferred orientation, as expected

Journal of the American Chemical Society

for a group that can undergo diffusional rotation (Figure 2A).
Further analysis of the structure shows that neighboring pillars
are approximately 10.84 A apart (Figure 2B), and using simple
models and geometric considerations one can determine that
the closest head—to—head distance between neighboring nitrox-
ides would have oxygen-oxygen distances of ca. 1.58 A (Fig-
ure 2C). While this distance is shorter than the Van der Waal
radii of the two oxygen atoms (3.04 A), and on the order of a
peroxide O—O single bond (ca. 1.45 A), a bond is not expected
in this case due to unfavorable energetics and steric interac-
tions. However, this observation suggests the potential of
reaching configurations where neighboring radicals may have
strong magnetic dipole and exchange interactions (both terms
are present in the dipolar tensor for such structures, and the
exchange term may well be anisotropic). In fact, antiferro-
magnetic coupling of neighboring N—O functional groups has
been observed in adamantly nitroxide plastic crystals at tem-
peratures as low as 1.48 K, when the N-O to N-O distances
are ca. 4 A apar‘t,18 and as high as 260 K when antiparallel N-
O dimers can be formed with intermolecular N"O distances of
ca.22A”%
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Figure 3. Zero-field cooling of UCLA-NO from 150 K to 5 K
illustrating the temperature dependence of T.

The possibility of observing intermolecular magnetic inter-
actions was examined by measuring the temperature depend-
ence of the magnetic susceptibility (yr)) using a superconduct-
ing quantum interference device (SQUID) magnetometer.
While paramagnetic samples display magnetic susceptibilities
with a temperature dependence characterized by an Arrhenius
behavior, a sharp increase at the Curie temperature is observed
for ferromagnetic materials, and a sharp decrease for antifer-
romagnetic materials is observed at the analogous Neel tem-
perature.”® Samples of UCLA-NO were sealed in a quartz
tube under a 700 torr vacuum with a small amount of solvent
in order to prevent MOF decomposition. Zero—field cooling
(ZFC) results suggest at first sight a typical Arrhenius-type
behavior at all temperatures ranging from 150 K to 5 K (Fig-
ure S15). However, a plot of xnT vs. T (Figure 3) shows that
%mnT gradually increases until it reaches a maximum value at
ca. 30 K. After this point, y)T begins to decrease until 5 K,
the lowest temperature in the measurement. While proper di-
amagnetic corrections were not feasible with this sample due
to the included solvent, the observation that )T increases by
1.5 times its initial value before decreasing once again is in-
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dicative of weak high spin and pairing interactions between
neighboring isoindoline nitroxides.”” Similar field-cooled (FC)
measurements carried out at 5000 Oe exhibited a much more
dramatic slope, due to the increased external field, but also
shows a slight curving below 30 K, demonstrating that these
coupling interactions are not blocked by increased magnetic
fields (Figure S15). A field-dependent measurements of
100% UCLA-NO run at 7 K exhibited no hysteresis, demon-
strating that the interactions leading to this change in y T are
either very weak or arise from very few interacting partners at
this temperature (Figure S15). EPR data below revealed traces
of Cu(Il) ions in sample, but we are currently unable for ac-
count for them in the magnetometry data.
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Figure 3. A) Single crystal photos of the nitroxide MOFs in this
study at ambient conditions. B) Variable temperature EPR meas-
urements ranging from —150 °C to 50 °C of UCLA-NO mixed
crystals with various concentrations of 1:2.

Variable-Temperature EPR Analysis. Wet crystals of
the nitroxide—containing MOF were filtered and immediately
inserted into a quartz capillary tube, and sealed at both ends.
The sealed tube was then placed into a JEOL EPR resonant
cavity (TEy;) connected with a liquid nitrogen dewar system.
Steady state electron paramagnetic resonance (SSEPR) exper-
iments were carried out at different temperatures ranging from
—150 °C to +50 °C using a sweep width of 50 mT and a 100
kHz modulation amplitude of 0.1 mT, except for the 1:99 di-
luted Nitroxide MOF, for which 0.8 mT modulation amplitude
was used. We collected EPR data for UCLA-NO (Figure S16)

and the following additional nitroxide MOFs with varying
compositions of nitroxide to phenylene pillars (1:2) equaling
3:1, 1:1,1:3, 1:9, and 1:99, respectively (Figure 3).

At 50 °C, only the most diluted nitroxide MOF 1:99
showed the complete three-line spectra expected for an isolat-
ed nitroxide radical as a result of hyperfine coupling interac-
tions with the '“N nitrogen nucleus, which has a total nuclear
spin I = 1. At this high temperature, the isoindoline nitroxide
radical would have the freedom to rapidly reorient about its
axis, with an activation barrier determined by the solvent oc-
cluded within the pores of MOF. As the temperature decreases
from 50 °C to —150 °C, the nitroxide radical experiences in-
creasingly slower rotation, with longer rotational correlation
times that result in spectral broadening. In fact, an increase in
line broadening is observed in the spectra for all the MOF
compositions. Two additional peaks observed at low field in
the lower temperature spectra (=50 °C to —150 °C) for the 1:99
and 1:9 ratio samples are assigned to residual copper (II) ions,
which are found as trace impurities in the synthesis.®® These
signals did not appear in the 3:1, 1:1 and 1:3 samples where
the nitroxide radicals are present in much higher concentra-
tion. Moving from top to bottom in Figure 3B as the samples
change from low to high nitroxide concentrations, the spectra
become increasingly broadened. This broadening is due to
Heisenberg spin exchange as neighboring electrons with iden-
tical spin states are close enough to swap their spin infor-
mation at a rate that is much faster than the rate of the inverse
of the hyperfine interactions.” In going from lower to higher
temperatures at intermediate concentrations, the line shapes
sharpen at higher temperatures as a result of motional narrow-
ing.

00000000
000000000
000000000
00000OGOOS
000000000

Figure 4. Schematic representation of the MOF layer indicating
the average distances between a nitroxide pillar at the center for
1:2=1:9 (center square, d,..~2 nm) and 1:2=1:99 dilutions (outer
square, day.~ 10 nm).

The extent of through-space exchange and dipole-dipole
radical-radical interactions between nitroxides in the layers
will depend on their distance (dgr). Assuming the formation of
a random solid solution, the average value dggpa.. should be
statistically determined by the nitroxide concentration. For
example, a nitroxide in a 1:99 sample (represented with a red
dot in the 10 x 10 array in Figure 4), will be surrounded by
phenylene pillars 2 (blue dots). One may expect that their
nearest next neighbors will be on average ca. 10 nm away with
others at shorter and longer distances with varying probabili-
ties. However, at dilutions 1:9 and lower, one may expect that
there will be a significant fraction of nitroxides within closest
neighboring distances of ca. 1 nm and 1.4 nm. We assume
that radical-radical interactions occurring among layers along
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the crystal c¢ axis will not be significant. Our results indicate
that nitroxides begin to lose communication when they are on
average ca. 2 nm apart, and they behave as independent mono-
radicals at a separation of about 10 nm. Similar limits have
been experimentally observed for both electron—nuclear spin
dipolar interactions and electron—electron exchange interac-
tions.® This finding demonstrates that the nitroxide rotors in
this structure may be sensitive to both environmental changes
and to paramagnetic impurities.

s
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240°
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Figure 5. Single—crystal EPR measurements of a 1:1 diluted crys-
tal of UCLA-NO analyzing each orientation of the crystal from
0° to 330° in 30° increments.
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Single-Crystal EPR Analysis. Further EPR analyses were
carried out on a single crystal of the 1:1 diluted nitroxide using
a specially designed microwave resonator that allowed for
coarse crystal rotations, to explore the angular dependence of
the applied external magnetic field. A 200 x 150 x 100 um
sized single crystal shaped as a flattened cuboid was selected,
covered with mineral oil, and placed on a microscope slide
that was inserted and held rigid in the center of an JEOL EPR
wafer cavity (TM,), specially designed for solid and flat
samples.

The starting position for the crystal rotation was arbitrary,
but to define a laboratory frame of reference, an arbitrary x—
axis was chosen to lie along the longer side of the crystal and
parallel to the surface of the sample holder, but perpendicular
to the direction of the magnetic field that aligns with a relative
z—axis of the crystal. The crystal was then flipped to an upright
position making a new, relative, y—axis lie along the sample
holder while the initial x—axis now perpendicular to both sam-
ple holder plane and magnetic field direction. Finally, the
crystal was tilted sideways about the y—axis such that it re-
mains parallel to the sample holder plane and places the arbi-
trary z—axis perpendicular to the magnetic field. Experiments
were carried out at 30° rotation intervals over a 360° rotation
with each axis aligned with the sample holder plane under
ambient conditions. A sweep width of 20 mT and a modula-
tion amplitude of 1.0 mT were used for each 4—minute scan.

Close analyses of the dataset in Figure 5 shows that the
spectra obtained by rotation along the y and z axes are similar,
but inversed (starting with angle 30° of z is the same as start-
ing at angle 330° of y). However, rotation about the x axis
yields distinct spectra. We know that in many cases, the crys-
tal habit approaches the symmetry of the unit cell. Based on
this data, we conclude that rotation about the x axis of the
laboratory frame reflects rotation about the approximate 4—
fold symmetry axis of the crystal, which is a unique axis and
lies along the shorter edge of the crystal as illustrated in Figure
6. This observation is confirmed as the spectra repeats at 90°
intervals. Rotation along the y and z axis is similar and their
spectra repeat at 10° intervals, indicating that they are the
crystallographic 2—fold axes. These both lie along the longer
edges of the crystal.

Magnetic Field

N

4-fold axis: 90° repeat 2-fold axis: 180° repeat

2-fold axis
4-fold axis
2-fold axis
2-fold axis

Figure 6. Rotational symmetry of crystal sample placed in
the EPR cavity.

As expected for a low density amphidynamic crystal with a
static frame linked to axially rotating radicals, the EPR spectra
of UCLA-NO were not characterized by a single sharp line
due to exchange narrowing, as it is commonly observed in
close packed crystalline nitroxides such as crystals of pure
pillar 1 (Figure S17). By contrast, one can see broadened
three—line spectra determined of the hyperfine splitting of the
radical with the '*N nucleus with I = 1. An additional set of
peaks are apparent in both the low field and mid field signals
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of all three axes at angles; 0°, 30°, 90°, 150°, 180°, 210°, 270°,
300°, and 330°, suggesting that there are two or more popula-
tions of nitroxides within the MOF cavity that have different
chemical environments. Interestingly, the high field line of
these signals shows a broadening effect not present in the oth-
er two resonances, as expected from the cumulative effect of
the field-dependent g-factor and A (hyperfine coupling) aniso-
tropies (tensors). These two non—equivalent nitroxide types
might be due to the slight deviation from tetragonal packing in
the crystal structure, which is reduced to the monoclinic space
group C2/c. This would cause different orientations of the 2p,
orbital of the N atom to exist relative to the crystal frame, but
not relative to the symmetric molecular backbone. It is good to
bear in mind that we are dealing with pillared MOFs in which
we have a 2-D framework joined together by an orthogonal
pillar linker with the attached nitroxide (Figure 7). This means
that the molecular rotation is restricted to one degree of free-
dom and along one of the crystallographic axes. Along the x—
axis dataset, there is overlap of split peaks at 30°, 60°, 120°,
150°, 210°, 240°, 300° and 330° which suggests the two in-
equivalent nitroxides might experience similar positioning at
these angles.

Furthermore, it can be observed in both the y and z da-
tasets that the hyperfine splitting changes significantly, as
judged by the spacing between the three lines. Spectra at 90°
and 270° show the smallest hyperfine splitting, while the larg-
est splitting is observed at 0° and 180°. By contrast, the hyper-
fine splitting on the spectra along the x—axis is relatively con-
stant, suggesting that internal rotation of the nitroxide partly
averages its anisotropy by sampling all orientations along the
y-z plane. With the molecular frame indicated in capital bold
letters, we define the Z—axis along the 2p, orbital of the N-O
bond. While it is common to define the molecular x-axis along
the direction of the N-O bond vector, for convenience we will
assume that the direction of the molecular X-axis coincides
with that of the laboratory x-axis, which corresponds to the
axis of rotation along C2 and C5 of the benzene ring (Figure
7). In this coordinate system, the N-O bond vector along the
molecular Y-axis can occupy all possible orientations in the
laboratory y-z plane.*!

A z B
o 8
v
|
N : x
,/O/\:F’ /

Figure 7. A) Nitroxide molecular coordinate and spherical coor-
dinates defining the direction of external magnetic field. B) The
nitroxide ring with a defined molecular frame: z (green), x (or-
ange) and y (blue).

Having described the relation between molecular and la-
boratory frames of reference, we can analyze the spectra
shown in Figure 5 and draw general conclusions on the anisot-
ropy of the hyperfine splitting. We can see that rotation about
the laboratory four—fold x axis leads to a relatively constant
hyperfine interaction, as revealed by the spacing of the three

lines and the spectral amplitude. This is consistent with the
fact that the nitroxide bond vector along the molecular Y axis
can occupy all possible orientations in the laboratory y-z
plane. This causes the hyperfine constant to become isotropic
with respect to rotation about this axis. By contrast, rotation
about the laboratory y and z axes modulates the orientation of
the nitroxide p-orbital and the N-O bond vector between paral-
lel and perpendicular orientations with respect to the direction
of the magnetic field. Based on these observations, we pro-
pose that the smallest hyperfine splitting is obtained when the
direction of the N-O bond vector (molecular ¥Y-axis) is orthog-
onal to the external magnetic field, while the largest splitting
is observed when the magnetic field is in the orthogonal direc-
tion. This is consistent with a hyperfine splitting tensor where
the principal components have values in the order Ayy > Axx
~ Ayzz, as the majority of the electron density is distributed in
molecular orbitals parallel to the molecular Z-axis. Therefore,
dipole-dipole interactions between the electrons and the prox-
imate nuclei are greatest when the largest components of g and
A tensors of the nitroxide are parallel to the N—O bond.

Similar observations have been reported in inclusion crys-
tals of di-tert-butyl-aminyloxyl (di-tert-butyl-nitroxide) and
2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) in hexagonal
channels of thiourea and tris(o-pheneylenedioxy)cyclotri-
phosphazene (TPP).*? Long needlelike crystals with hexago-
nal 1-D channels hosting the non—bonded nitroxides were
shown to support isotropic rotation about the channel direction
in a molecular orientation that places the N-O bond orthogonal
to the channel (i.e., rotation about the molecular Z axis in the
molecular frame in Figure 7). It was shown that hyperfine
splitting measured with the magnetic field aligned with the
needle axis (orthogonal to the N-O bond) was small, and also
isotropic as a result of fast rotation. Accordingly, hyperfine
splitting measured with the magnetic field orthogonal to the
needle axis (i.e., aligned with the N-O bond) is larger and an-
gular dependent. Thus, in agreement with our conclusions and
with reference to the molecular frame defined in Figure 7,
these studies indicate that Ayy > Axx = Azz. Although com-
plications to determine the rotational dynamics in the case of
UCLA-NO arise from the fact that the solvent causes the rota-
tional motion to be diffusion-controlled, the amphidynamic
MOF structure retains the properties of an ordered crystal.
Furthermore, we observe significant spin—spin exchange inter-
action when the neighboring pillars are separated from each
other by the lattice constant of ~10.8A, especially when one
considers rotational configurations leading to nitroxide O at-
oms separated from each other by as little as 1.56 A, as seen in
Figure 2. However, spin exchange decreases as the spins are
placed farther away from each other in mixed crystals grown
with the diamagnetic phenylene ligands (2).

CONCLUSIONS

In conclusion, we have described the preparation and char-
acterization of a layered MOF structure built with nitroxide
pillars as a starting point for the generation of crystalline ar-
rays of organic qubits. SQUID magnetometry revealed that
the MOF structure containing 100 % N-oxide pillars experi-
enced an effective increase in magnetic moment from 150 K
down to 30K, at which point begun to decrease, suggesting the
temperature-mediated population of high spin and pairing
interactions between adjacent nitroxides. Using VT EPR spec-
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troscopy we have shown that magnetic interactions display
strong anisotropies with impingent electromagnetic radiation,
while exchange interactions can be modulated by changes in
the nitroxide concentration in diluted crystals prepared with a
diamagnetic pillar analog. Our results suggest that these sys-
tems will be useful for future QIS applications that will require
information to be passed along specific directions of a bulk
material while providing a chemical interface for read/write
actions. Studies in progress include spectral simulations to
explore the dynamics of internal rotation and the development
of structures where the solvent can be removed to explore the
formation of magnetically ordered phases arising from rota-
tionally ordered states.
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