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ABSTRACT: Owing to their switchable spin states and dynamic electronic character, organic-based radical species have been
invoked in phenomena unique to a variety of fields, such as biology, materials development, chemistry, and physics. When
incorporated in solid state materials, generation of organic radicals proves challenging due to aggregation. Metal-organic
frameworks (MOFs) are promising candidates for immobilization and stabilization of organic radicals because of the tunable
spatial arrangement of organic linkers and metal nodes, which sequesters the reactive species. Herein, a flexible, redox-active
tetracarboxylic acid linker bearing two imidazole units was chosen to construct a new Zrs-MOF, NU-910, with scu topology.
By exploiting the structural flexibility of NU-910, we, for the first time, successfully modulate the dynamics between an iso-
lated organic radical species and an organic radical m-dimer species. Single-crystal X-ray diffraction (SCXRD) analysis reveals
that through solvent exchange from N, N-diethylformamide to acetone, NU-910 undergoes a structural contraction with in-
terlinker distances decreasing from 8.32 A to 3.20 A at 100 K. Organic radical species on the bridging linkers are generated
via UV light irradiation. Direct observation of temperature-induced spin switches from an isolated radical species to a mag-
netically silent radical m-dimer in NU-910 was achieved via variable temperature single-crystal X-ray diffraction and variable
temperature electron paramagnetic resonance (EPR) spectroscopy of NU-910 after irradiation in the solid state. Ultraviolet-
Visible-Near Infrared (UV-vis-NIR) Spectroscopy and Density Functional Theory (DFT) calculations further substantiated the
formation of a radical cation m-dimer upon irradiation. This work demonstrates the potential of using flexible MOFs as a
platform to modulate radical spin states in the solid phase.

their desirable features, such as rich structural diversity

INTRODUCTION and the multitude of synthetic tools and methods available

Upon application of an external stimulus, such as pressure,
temperature, guest molecules and/or light, certain chemical
species can undergo a spin state switch—this proves useful
for applications involving molecular electronics and
spintronics because of the accessibility of switchable bista-
ble states at the molecular level.1® The change of spin state
in a molecule not only induces a change in molecular mag-
netic moment but also triggers changes in molecular con-
nectivity and optical properties due to the resultant altering
of electronic structure and/or formation of covalent/sec-
ondary bonds.” 8 The most well-known systems for these
purposes are organometallic complexes with spin crossover
properties. °-11 In these species, the spin states of the metal
center can transition between high-spin and low-spin states
following interaction with the aforementioned external
stimuli.? 1213 In the past few decades, spin switches based
on organic radicals have attracted attention. This is due to

for their construction.!*1° Nevertheless, despite the numer-
ous varieties of radicals (including spin switches) that are
observed in solution-phase systems, isolation of radicals in
the solid state has proven to be quite nontrivial due to rapid
dimerization, which can form either o-dimers or multicen-
tered m-dimers. 2° Furthermore, organizing these organic
radicals in the solid state with preserved switchability of
spin states still remains challenging. 192122

Metal-organic frameworks (MOFs) are a type of porous
material comprised of metal-containing nodes and organic
linkers.23 2¢ As a scaffold, functional moieties can be in-
stalled onto the highly ordered framework at the metal
nodes and/or organic linkers. 2528 Moreover, different mo-
lecular arrangements in the solid state can be achieved by
carefully choosing metal nodes and organic linkers with
suitable geometries. 2°-31 Beyond the chemical functionali-



Figure 1. Relevant structural features and representations of NU-910. (a) Structure of NU-910 (view from a-axis) (b) Struc-
ture of H4BBI linker and (c) 8-connected Zrs cluster. All hydrogen atoms are omitted for clarity.

ties that define a MOF, physical behaviors such as “breath-
ing” (i.e., expansion and contraction of the unit cell) have
also been encountered. 32-35 To this end, a MOF can undergo
structural transformability between an “open pore” (op)
configuration and a “closed pore” (cp) configuration trig-
gered by external stimuli. 3236.37 From op to cp, interlinker
distances can be altered significantly; this is a testament to
the flexibility a MOF can often exhibit even with rigid con-
nectivity. For example, MOFs featuring hexazirconium (IV)
clusters as metal nodes have been extensively investigated
due to their excellent thermal and chemical stability from
the strong Zr-0 bonds. 38 3% However, the Zrs node usually
induces structural rigidity owing to the high connectivity. In
this case, incorporation of flexible linkers is a straightfor-
ward way to introduce flexibility to Zrs-MOFs. 4041 The to-
pology of MOFs also plays an important role in flexibility.
For instance, between the two most common MOF topolo-
gies (scu and csq) with tetracarboxylic acid-based linkers,
scu is more frequently used for flexible MOFs since the in-
terconnected mesopore and micropore in csq topology can
further rigidify the MOF skeleton to a certain extent. 42-45

Keeping this reticular chemistry in mind, we envisioned
flexible MOF's as a promising platform for regulating the dy-
namics between a paramagnetic isolated radical species
and a diamagnetic radical m-dimer species. Such is accom-
plished by adjusting the distance between two adjacent
linkers. From a characterization standpoint, the crystalline
nature of MOFs enables direct observation of the structural
changes in functional moieties by single-crystal X-ray dif-
fraction (SCXRD) analysis, which provides deeper insights
into the structure-property relationship upon irradiation.

Introduction of redox-active organic linkers such as vio-
logens, 46-48 naphthalene diimides, 49-5! tetrathiafulvalene 52
53 into MOFs have been applied to stabilize organic radicals.
Specifically, tetrathiafulvalene was incorporated into the
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Figure 2. (a) PXRD patterns of NU-910-DEF, NU-910- ace-
tone, and the recovery of NU-910-acetone from DEF. (b) in-
terlinker distances of NU-910-DEF and NU-910-acetone at
100K. All hydrogen atoms are omitted for clarity.

skeleton of MOFs to modulate the breathing behavior
through redox reactions that accompanied the structural
changes of ligands.5* Although numerous MOFs with redox-
active linkers for generation of radicals have been reported,
utilizing the flexibility of MOFs to modulate radical spin
states in the solid state is less precedented. To test the effi-
cacy of MOF flexibility as a vehicle for modulation of radical
spin, a flexible tetracarboxylic acid linker bearing two imid-
azole units, 4,4'4",4'""'-(1,4-phenylenebis(1H-imidazole-
2,4,5-triyl))tetrabenzoic acid,’* (H4BBI, Figure 1), was syn-
thesized to construct a new Zrs-MOF, NU-910, with scu to-
pology.

RESULTS AND DISCUSSION

Structure Analysis. Yellow rod-shaped single crystals
of NU-910 were obtained by solvothermal synthesis using
benzoic acid and acetic acid as modulators in N,N-diethyl-
formamide (DEF) overnight in the oven at 120 °C (see the
Supporting Information, pg. S2). The structure of NU-910
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Figure 3. Crystal structures of NU-910-DEF (a, c) and NU-910-acetone (b, d) before and after irradiation at 100 K. Grey
rectangle represents unit cell. All hydrogen atoms are omitted for clarity.

was revealed by single-crystal X-ray diffraction at 100 K.
NU-910 crystallized in the Cmmm space group as [Zrs(u-
0)4(p-OH)4(CeHsCO0)x(OOCCH3)sx (BBI)2];. The 8-con-
nected Zrs cluster sits at the Dzn symmetry site and is con-
nected by eight tetratopic carboxylate linkers, BBI*, with
Czn symmetry and is identified as the (4,8)-c scu topology
(Figure 1). The structure has diamond-shaped channels
along a-axis (with a diameter ~ 6 A) connected by small
windows in c direction. Interestingly, we found that the NU-
910 showed reversible structural flexibility in different sol-
vents. The PXRD of NU-910 changes dramatically after the
solvent exchange from DEF to acetone, namely NU-910-
DEF and NU-910-acetone, respectively, and the structure in
acetone could be converted back to that in DEF after being
immersed in DEF overnight (Figure 2a). The SCXRD results
show that the unit cell changes dramatically from Cmmm(a=
16.6375(3) &, b= 25.7093(4) &, c= 24.5828(3) A) in DEF to
Cmmm(a= 11.2882(4) A, b= 27.3986(5) 4, c= 24.3982(5) A)
in acetone. After solvent exchange from DEF to acetone, the
rhombic framework stretched along the a- axis and short-
ened along the b axis while leaving the c direction almost
unchanged with a 33% reduction of unit cell volume from
10515 A3 to 7549 A3 (Figure 3a, b). A closer inspection of
the SCXRD structure in acetone reveals that the BBI linker
has a static disorder at two distinct positions. Instead of be-
ing planar, a distortion bending along the a-axis is found in
the NU-910-acetone structure either upward or downward
with 0.5/0.5 occupancy. A close m-1 stacking between two
adjacent BBI linkers is observed with around 3.20 A inter-
linker distance, which is much shorter than 8.32 A in the
phase from NU-910-DEF (Figure 2b). As a result, instead of
having interconnected pores, one-dimensional channels

with 7 A diameter are found in NU-910-acetone. This is con-
sistent with the Density Functional Theory (DFT)-
calculated pore size distribution obtained from Nz sorption
at 77 K (Figure S1). Notably, the C-C bond distance between
the phenyl ring and imidazole rings is 1.43(2) A in NU-910-
acetone, which is comparable to that in NU-910-DEF
(1.467(8) A), indicating that the oxidation state of BBI link-
ers remains unchanged during the structural contraction in
the dark.

Bridged imidazole dimers are known to generate radical
species upon UV irradiation. 56-58 Indeed, H4BBI also shows
a signal at g = 2.000, (Figure S2a) in the electron paramag-
netic resonance (EPR) spectrum after irradiation, indicating
the generation of a radical species. The radical generation
properties of NU-910-acetone were also investigated. As
depicted in Figure S2b, NU-910-acetone showed a signal in-
dicative of a radical species. The signal with g, = 2.026, gy =
2.007 and gx= 2.000 is ascribed to superoxide ions on the
Zre nodes instead of organic radical.>® ¢ Visually, NU-910
underwent a color change from yellow to dark green when
exposed to UV light, while H4BBI didn’t show an obvious
color change after irradiation (Figure S3). The green photo-
activated sample slowly returned to the initial color over-
night when placed in the dark, which substantiates that the
photochromic processes are qualitatively reversible. This
behavior corresponded well to the decay of EPR signals
over time (Figure S4). The PXRD patterns of NU-910-
acetone and NU-910-DEF showed only a slight shift of
peaks to higher angles after irradiation, which correlates
well with the simulated PXRD pattern from the collected
SCXRD data (Figure S5). The BBI* linker in NU-910-
acetone and NU-910-DEF remained stable after irradiation,
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Figure 4. Time-dependent UV-vis-NIR absorption spectra of NU-910-DEF (a, c) and NU-910-acetone (b,d) under irradiation

at room temperature (A =390 nm).
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Figure 5. Calculated absorption spectra (a) and charge-dif-
ference densities (b) of a charge-neutral monomer corre-
sponding to the 412 nm transition and a dicationic dimer of
BBI corresponding to the 839 nm transition using B3LYP-
D3 with implicit solvent.

which was further confirmed by 'H Nuclear Magnetic Reso-
nance (NMR) spectroscopy (Figure S6, S7). These results
demonstrate that the observed photochromism is not from
photolysis or structural transformation.

Absorption Spectral Study. To uncover the origin of
the color change after irradiation, Ultraviolet-Visible-Near
Infrared (UV-Vis-NIR) spectroscopy was employed. As
shown in Figure 4, the unirradiated NU-910, NU-910-DEF-
d (d = in the dark) and NU-910-acetone-d, displayed ab-
sorption bands below 500 nm, due to the n-n* and m-m*
transitions of the BBI* linker. Under UV irradiation, only
trivial changes were observed for the linker (Figure S8),
while an intense well-defined new absorption band from
500 nm to 1400 nm was observed for NU-910-acetone-i
(Figure 4b, i = irradiated). The intensity gradually increased
with the duration of irradiation. Combined with the EPR sig-
nal, we ascribed the new absorption peak to the organic
radical species on the linker. Furthermore, this broad ab-
sorption band can be deconvoluted into two peaks, one cen-
tered at 660 nm and the other at 890 nm (Figure 4d). In con-
trast, NU-910-DEF-i showed a much narrower absorption
peak from 500 nm to 800 nm after irradiation (Figure 4a).
This corresponded to the first peak of NU-910-acetone,
though the peak at 890 nm is absent (Figure 4c). The inten-
sity of the new peak from the organic radical for NU-910-
DEF-i is also weaker compared to that of NU-910-acetone-
i, due to a possible quenching effect from DEF solvent. > The
spectral difference between NU-910-acetone-i (cp struc-
ture) and NU-910-DEF-i (op structure) implies the new
peak in the NIR region for NU-910-acetone-i is induced by
the short distance between the BBI linkers, and could be de-
rived from the formation of a radical m-dimer.

DFT Calculations. To elucidate the nature of the transi-
tions observed in Figure 4, DFT was used. Following meth-
ods adapted from the literature, ¢! excitation spectra were
calculated for a variety of possible charge combinations on
the isolated monomer and the dimer of an ester- functional-
ized BBI linker. It was found that a dicationic BBIZ* with
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Figure 6. Interlinker distances of NU-910-acetone after irradiation at (a) 100 K, and (b) 225 K. EPR of NU-910-acetone in

air at (c) 100 K, and (d) 225 K.

closed-shell singlet multiplicity best reproduced the exper-
imental results of the UV-vis-NIR spectra, where the opti-
mized geometry gave a m-stacking distance of 3.235 A,
while alternative charge and spin states gave null results
(see the Supporting Information, p. S12-15). The calculated
spectra are shown in Figure 5, where the wavelength of
maximum absorption for neutral BBI is centered at 412 nm.
Interestingly, BBI2* gave three prominent transitions with
high oscillator strength, at 400 nm, 839 nm, and 933 nm, in-
dicating that both low and high energy absorption bands
observed experimentally can be attributed to charged
states. The important transitions were visualized using
charge-difference densities (CDDs) in Figure 5b, which
shows how charge moves from blue to yellow orbitals upon
photoexcitation. While the charge-neutral monomer dis-
plays a delocalized m-m* transition, the dicationic dimer
shows clear charge-transfer (CT) behavior for lower energy
(839 nm and 933 nm) excitations from the methyl benzoate
tails to the m-dimer core where the positive charge is local-
ized. The appearance of two distinct CT transitions arises
from the “X”-shaped geometry of BBI, in which delocalized
mmolecular orbitals (MOs) appear as near-degenerate pairs
corresponding to each long-axis diagonal element of the
linker. As a dimer, degeneracy of these MOs is further re-
moved by torsional distortions, and the electronic structure
of the individual BBI units combine to form distinct bonding
and anti-bonding MOs between linkers. Here, the transition
at 933 nm transfers charge to a bonding MO and the transi-
tion at 839 nm transfers charge to an anti-bonding MO.
These CT transitions are assigned to the 890 nm and 660
nm excited states, respectively, as shown in Figure 4d.

One explanation for the lower calculated excitation en-
ergy compared to experiment (e.g. 1.48 eV to 1.88 eV) was
the use of an implicit solvent model that shifted CT states
for charged species to lower energy, and the hybrid ex-
change-correlation functional, B3LYP, ¢2-64 which underesti-
mates charge-transfer energies. Whereas the use of a long-
range corrected functional (wB97-XD) 5 found that the 839
nm and 933 nm transitions were shifted to 609 nm and 855
nm, respectively, the higher energy delocalized states
around 400 nm were poorly described by these methods,
giving overestimations in excitation energy by > 1.0 eV and
are not shown here (Figure S11).

Calculations on an isolated BBIe* monomer (Figure S12)
found only a single optically active excited state at 1105 nm
that corresponds to the 643 nm absorption band in Figure
4c, with similarly underestimated excitation energy com-
pared to experiment due to CT character. These results in-
dicate that the radical species of BBI linker is more likely in
a BBIe* cationic radical form, which converts to singlet mul-
tiplicity upon dimerization with an interaction energy 6% 67
of -38.2 kcal/mol; large enough to play a role in the driving
force for structural contraction. 8 Although, this value is es-
timated with a small basis-set (Def2-SVP) approximation,
the interaction energy is large enough that basis set error
should not play a significant role. Moreover, the basis used
is the same as for the excitation spectra calculations. The
EPR spectrum of NU910-acetone-i under vacuum (Figure
S9a) only shows signal contributed from the organic radical
atg = 2.000, with no signal from superoxide on the Zrs node.
This result indicates that the superoxide species is from the
reduction of 02 while excited electrons from the neutral BBI
linker and BBIe* radical are generated on the MOF skeleton.



Modulation of Radical Spin States. To directly ob-
serve the modulation of an isolated radical and a m-dimer
through structural tunability, we also inspected the struc-
tural changes of NU-910 after 20 min of irradiation with a
390 nm UV lamp. For the crystal from DEF solvent after ir-
radiation, NU-910-DEF-i, a symmetry breaking is observed
at 100 K (Figure 3c). The space group changes from Cmmm
to Pbam with very slight changes of the unit cell dimensions
(a= 16.1453(14) A, b= 25.6626(11) A, 24.5222(7) A). The
site symmetry of the BBI linker decreases from Czn to Cs and
is accompanied with a static disorder at two distinct posi-
tions. On the other hand, the site symmetry of the Zrs cluster
is reduced from D2n to Czn due to the loss of a mirror plane
perpendicular to the b axis and breaks in the C-centered
translation symmetry. The C-C bond distances between
phenyl ring and imidazole rings also change from 1.467(8)
A to 1.49(3) A/1.45(2) A, which potentially implies the
changes of bond orders due to the generation of the BBI
radical. 671 The longer C-C bond distances suggest a higher
percentage of single-bond character and induce higher flex-
ibility of the BBI linker after irradiation. Thus, the sym-
metry breaking of NU-910-DEF-i can be presumably at-
tributed to the flexibility-induced relaxation of the internal
stress which causes lattice deformation. ¢ Negligible inter-
linker distance changes are found for the NU-910-DEF crys-
tal before and after irradiation. Furthermore, the crystal
structure from acetone after UV irradiation, NU-910-
acetone-i, is also resolved at 100 K. A further contraction of
the unit cell in the a direction and elongation in the b direc-
tion (a= 11.060(3) A, b= 27.6231(18) A, 24.2374(17)) is ob-
served (Figure 3d). A slight increase of the C-C bond dis-
tance between the phenyl ring and imidazole rings from
1.43(2) A to 1.46 (3) A is observed in the irradiated sample.
The interlinker distance between adjacent BBI linkers in-
creases from 3.20 A to 3.63 A (Figure 6a), which can be ac-
counted for the internal stress-induced lattice deformation
similar to the NU-910-DEF-i case. Moreover, as the temper-
ature increased from 100 K to 225 K to overcome the inter-
nal lattice stress, a shorter interlinker distance of the irradi-
ated sample is observed as 3.19 A with longer C-C bonds
(1.49(4) A) (Figure 6b). This short interlinker distance im-
plies a strong intermolecular interaction between adjacent
radical linkers. 8 Furthermore, based on a new peak at 890
nm for NU-910-acetone-i, the formation of a radical n-di-
mer between the BBl linkers at 225 K is strongly suggested.
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Figure 7. VT-EPR of NU-910-acetone in air.

To further confirm the formation of a m-dimer for the NU-
910-acetone sample above 225 K, EPR spectra at different
temperatures were collected. As shown in Figure 7, the EPR
signal is mainly from superoxide radical on the Zrs node
from 298 K to 225 K. The absence of a signal from the or-
ganic radical above 225 K indicates the dimerization of rad-
ical linkers and the formation of a diamagnetic singlet state,
the radical m-dimer. This coincides with the short inter-
linker distance (3.19 A, Figure 6b) in NU-910-acetone-i
crystal structure at 225 K. When the temperature further
decreased, a strong organic radical signal at g = 2.000 is ob-
served at 160 K and becomes more intense at 100 K. The
temperature dependence of the EPR signal corresponds
well with the relatively long interlinker distance (3.63 A4,
Figure 6a) of the NU-910-acetone-i crystal structure at 100
K. The EPR signals at 225 K mainly show characteristics of
superoxide ions (Figure 6d) with relatively low intensity,
while at 100 K, the intense signals are mostly from isolated
organic radicals (Figure 6c¢). These spectral differences also
demonstrate that organic radicals are consumed to form a
radical m-dimer at 225 K whilst organic radicals remain iso-
lated at 100 K. Both NU-910-DEF and H4BBI linker don’t
show any observable differences in EPR signals at variable
temperatures (Figure S10) compared to NU-910-acetone,
demonstrating the absence of modulation between isolated
radical and radical m-dimer in alternative environments. In
addition, EPR spectra of NU-910-acetone at variable tem-
peratures under vacuum (Figure S9b) do not appreciably
change compared to that of NU-910-acetone in air, also con-
firming the role of O: in the generation of radical species
from organic linkers.

CONCLUSION

In summary, we have successfully achieved a direct ob-
servation of modulation between isolated radical and radi-
cal m-dimer in a flexible MOF, NU-910, by SCXRD and VT-
EPR analysis. NU-910 undergoes a structural contraction
with the interlinker distance decreasing from 8.32 A to 3.2
A as the solvent exchanges from N, N-diethylformamide to
acetone at 100 K. After irradiation, an increase of interlinker

6



distance to 3.63 A and a strong EPR signal from an isolated
radical species are observed. As the temperature increases
from 100 K to 225 K, the shorter interlinker distance of 3.19
A in the closed pore form from acetone demonstrates a
strong intermolecular interaction between adjacent radical
linkers while only a relatively weak signal from superoxide
radical on Zre node is detected in the EPR spectra. UV-vis-
NIR and variable temperature EPR spectra in the solid state,
combined with DFT calculations, confirm the formation of a
radical m-dimer from photogenerated cation radicals in NU-
910-acetone at temperatures higher than 225 K. To our
knowledge, this is the first direct observation of the dy-
namic between isolated radical and radical m-dimer in a
MOF system.

EXPERIMENTAL SECTION

Experimental details can be found in the Supporting Infor-
mation.
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The Supporting Information is available free of charge via the
Internet at http://pubs.acs.org. Experimental and characteri-
zation data including PXRD, nitrogen isotherms, EPR spectra,
1HNMR spectra, DFT calculated absorption spectra, single-
crystal structures.
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