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Abstract: A series of stable radical 2D metal-organic frame-
works has been assembled. (m-TTFTB); (m-Tetrathiafulva-
lene-tetrabenzoate) trimer building blocks are beneficial for
the stability of the radicals due to delocalization of the
unpaired electron. Hexanuclear rare-earth-cluster-based 1D
chains further enhance the stability of the frameworks. The
radical state of the middle TTF in the trimer has been observed
by the change of central C—C and C—S bond distances and the
configuration of the TTF by single-crystal X-ray diffraction.
The radical characteristics are also confirmed by electron
paramagnetic resonance, UV/Vis—NIR absorption, and X-ray
photoelectron spectroscopy experiments. Stability tests showed
that the radicals are stable even in solutions and under acid/
base environments (pH 1-12). Owing to efficient light absorp-
tion due to intramolecular charge transfer, low thermal
conductivity, and outstanding stability, the radical 2D Dy-
MOF shows excellent photothermal properties, an increase of
34.7°C within 240 s under one-sun illumination.

Introduction

Organic radicals, these being species with unpaired
electron(s), are essential to a plethora of chemical and
biological activities on account of their distinctive chemical
bonding and physical properties (magnetic, electrical, optical,
etc.), as well as their emerging applications as functional
materials.l'! The oxygen molecule (O,) for example, is one of
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the simplest radical species which exists in the atmospheric
environment. With regard to synthesized radical organic
molecules, nitroxide, triphenylmethyl, phenalenyl, verdazyl,
and dithiadiazolyl are seen as common families of persistent
organic radicals. However, most of the main group radicals
are frequently transient as the unpaired electrons make them
highly reactive.' Two strategies have been introduced to
stabilize the main group radicals. One involves the use of
bulky groups to prevent oligomerization (kinetic stabiliza-
tion). A second involves delocalization of the unpaired
electron (thermodynamic stabilization). These strategies are
very beneficial for the generation, observation, and in some
cases, isolation of radicals.'¥ The successful synthesis of
persistent organic radicals has enabled the application of
organic radicals as building blocks for functional molecular
materials.”! In the development of multi-functional materials,
inorganic-organic hybrid materials could provide a powerful
platform to incorporate both a designable persistent organic
component and a functional inorganic component.
Metal-organic frameworks (MOFs) exhibit many advan-
tages including reticular synthesis, ordered crystallinity and
porosity, as well as myriad functional applications. By
exploiting MOFs as a functional platform, radical organic
linkers can be well-dispersed in a periodic arrangement.”! On
the one hand, considering the stability of the frameworks,
strong coordination bonds with highly linked, cluster-based
inorganic secondary building blocks are adopted.! With
regard to the various types of cluster MOFs, RE,-MOFs (RE:
rare earth) are similar to the now archetypal zirconium-
MOFs, and have been investigated for their reticular syn-
thesis, post-synthetic modification and functional applica-
tions.’) In 2013, Eddaoudi et al. first reported a series of
MOFs constructed from the 12-connected hexanuclear rare-
earth-based secondary building block [RE¢(u;-OH)g(H,0)s-
(0,C-)1,].! Furthermore, the applications of these MOFs
have been expanded to gas adsorption,®” separation,”® and
catalysis.”) On the other hand, based on the easy-tailorability
and functionality of the organic linkers, organic radical linkers
can be stabilized by delocalization of the unpaired electron
into a conjugated system. Addressing the challenge of
stabilizing radicals within frameworks is an important goal.
Tetrathiafulvalene (TTF) is well known for its two easily
accessible and reversible oxidation states (i.e. TTF*" radical
cation and TTF*" dication) that has been extensively studied
as an important electron donor component for conductive,”!
optoelectronic,' magnetic,"” catalysis,"") and intelligent
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porous materials." In the oxidation of TTF to TTF, one of
the 7m-electron dithiolylidene rings in the TTF converts to an
aromatic 6m-electron configuration. This rigid and fully
conjugated aromatic 67t-electron ring is capable of stabilizing
a radical. Moreover, in the reported works, TTF derivatives
have already been shown to exist in the TTF" oxidized state
by in situ synthesis,"” post-synthetic modification,!12<1314]
and electrochemical synthesis.[m] Thus, in the present case the
TTF moiety was selected as a conjugated aromatic system to
stabilize the radical in the framework. Although several
radical MOFs have been reported,™'” persistent radical
MOFs with atomically-resolved structures and stability under
harsh conditions have received limited attention. With
regards to functional applications, the introduction of radicals
into the conjugated molecules will promote a bathochromic
shift in the absorption and hence enhance the photothermal
efficiency. The use of clean solar energy and its efficient
conversion have enormous economic, environmental and
societal benefits. Thus, the combination of MOF structural
diversity and the beneficial characteristics of radicals have
enormous prospects.

Herein, we report the synthesis of a series of two-
dimensional radical MOFs generated from the (m-TTFTB),
(m-tetrathiafulvalene-tetrabenzoate, Scheme S1) trimer sec-
ondary building units (SBU) and hexanuclear RE clusters by
the use of solvothermal in situ synthesis. The framework
consists of 14-connected RE, clusters where the formate ions
are linked to form an infinite one-dimensional chain. Notably,
the in situ generated TTF* was confirmed by X-ray diffrac-
tion and a characteristic EPR signal. Furthermore, the two-
dimensional MOFs denoted RE-2D, [RE(m-TTFTB),s(1s-
OH)4(H,0),(HCOO),]1.5 (NH,(CH,),)-5DMF-8 H,O where
RE =Tb, Dy, and Er), are found to perform as photothermal
conversion materials with the existence of charge transfer,
low thermal conductivity, and favourable solar absorption.

Results and Discussion
Crystal Structures of 2D Radical MOFs

Frameworks assembled from H,TTFTB and diverse metal
ions have been reported over the years with various
applications,[11213.1490.150.18] The 7n (TTFTB) framework has
shown a rare stacked structure and high intrinsic charge
mobility."® With consideration for the low-dimensional
structure and molecular assembly of the TTF SBU, a new
ligand, m-H,TTFTB, similar to H,TTFTB was recently
synthesized."" Herein, a series of two-dimensional radical
MOFs, named Tb-2D, Dy-2D, and Er2D ([RE¢(m-
TTFTB), s(1s-OH)s(H,0),(HCOO),]-1.5 (NH,-
(CH;),)-5SDMF-8H,0), have been successfully assembled
from the rare earth metal ions and the m-H,TTFTB ligand.
Although Er-2D was obtained only as microcrystalline
powders, the X-ray diffraction patterns of the single crystal
and powder revealed that these isostructural two-dimensional
MOFs are crystallized in the triclinic space group Pl
(Table S1). The asymmetric unit (Figure S1) of Dy-2D con-
tains three Dy’' ions, one and a quarter of m-TTFTB*", one
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coordinated H,O, four coordinated p;-OH, and one coordi-
nated formate ion (HCOO™). The m-TTFTB*" ligand coor-
dinates to eight Dy*" ions with its eight oxygen atoms in
a mono-dentate mode (Figures S2a,b). There are three kinds
of crystallographically unique Dy*" ions in the Dy cluster of
the crystal structure (Figures S2¢,d,e). The Dyl and Dy?2 ions
located at the horizontal plane of the Dy, cluster are both
eight coordinate involving four u;-OH, one formate, and
three carboxylate groups from three m-TTFTB*" where all
are in a mono-dentate mode. The vertical Dy3 ion is nine
coordinate involving four u;-OH, one water, and four
carboxylate groups from four m-TTFTB*" ligands where all
are in mono-dentate modes. In total, the connectivity number
of the Dy cluster is 14, in which ten are from m-TTFTB*
carboxylate groups and four are from coordinated formates
(Figure S3a). In the Dyy(us-OH)g core, p;-OH groups are
coordinated on the eight triangle faces of the slightly distorted
octahedron (Figure 1e). The distance between adjacent
Dy-Dy ions is in the range 3.853-3.994 A (Figure S3b). The
Dy—O bond lengths are in the range 2.278 to 2.582 A, which
are consistent with those reported for Dy compounds.!'*!
The adjacent Dy, clusters are bonded by two formates to
generate a one-dimensional (1D) chain-like structure (Fig-
ure 1d). The 1D chain is connected by the eight-coordinated
m-TTFTB* ligand forming a 2D framework (Figure 1g).
These 2D layers were connected by weak interactions to form
a 3D structure (Figure S4). The SQUEEZE calculations from
PLATONM! give a total solvent-accessible volume of
740.1 A3 per unit cell, corresponding to 25.7% of the total
crystal volume of Dy-2D. The volume for Tb-2D differs
slightly, with 745.5 A® (25.7%) per unit cell. The ideal N,
sorption was not obtained owing to various weak interactions
between the frameworks and DMF molecules and the small
window of the caves that prevent the export of DMF
molecules (Figure S5).

Notably, in the single crystal structure, there is a sandwich-
type TTF trimer within which the distance between adjacent
TTFs is 3.703 A (Figure 1a). To understand the oxidation
state of each TTF in the trimer of Dy-2D, their geometry and
bond parameters were analyzed in detail (Figure 1¢ and
Tables S2 and S3).I""! The two external TTFs are in boat style
conformations and the central TTF is planar, indicating
different oxidation states. In the two external TTFs, the
central C—C and average C—S bond distances are 1.352 A and
1.764 A, respectively. These bond parameters are consistent
with the reported values of neutral TTE.?¢4*18] I contrast,
in the central TTF, the central C—C and averaged C-S bond
distances are 1.392 A and 1.749 A, respectively. The elongat-
ed C—C distances and shortened C-S distances indicate that
the central TTF is in the radical cation state, TTF-".['°)

Radical and Electrical Conducting Properties

The phase purity of Tbh-2D, Dy-2D, and Er-2D was
confirmed by powder X-ray diffraction (PXRD) measure-
ments in which the positions of diffraction peaks were
consistent with those calculated from single-crystal X-ray
diffraction data (Figures2a and S6). Thermogravimetric
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Figure 1. Structural analysis of Dy-2D. a) The distance between TTF moieties in the trimer. b) The geometry of the peripheral TTF in the trimer.
) The geometry of the middle TTF in the trimer. d) Dy, cluster capped by eight face y;-OH. e) One-dimensional chain constructed from Dy,
clusters and HCOO™. f) View of the three-dimensional framework along the ¢ direction. g) The two-dimensional framework viewed along the

a direction. Color Scheme: Dy, cyan; O, red; C, black; S, yellow; H, green.
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Figure 2. Characterization of 2D radical MOFs. a) Calculated and

experimental powder X-ray diffraction results for Tb-2D, Dy-2D, and Er-

2D; b) the EPR spectra of solid-state samples of Tb-2D, Dy-2D, and Er-

2D at 110 K.
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analysis (TGA) of Th-2D, Dy-2D, and Er-2D shows that these
frameworks can be desolvated at 360°C (Figure S7). The
continuous-wave electron paramagnetic resonance (CW-
EPR) spectra of the frameworks exhibit a strong resonance
at g=2.009, which is assigned to TTF" in the trimer
(Figure 2b).1% 1 To assess the electronic effects of the
TTF* radical and the trimer building block in these frame-
works, electrical conductivity characterization was measured
with pelletized samples at room temperature. The electrical
conductivities are 1.8x107%, 3.0x107%, and 7.1x10"* Scm™!
for Th-2D, Dy-2D, and Er-2D, respectively (Figures S§8-S10
and Table S4) Despite the existence of the TTF" cation
radical in the framework, the lack of orbital overlap among
the trimers prevents inter-trimer charge transport, resulting in
low electrical conductivities.['*44]

Cyclic Voltammetry and Diffuse Reflectance Spectra

To understand the redox properties of these three frame-
works, their solid state cyclic voltammograms (CVs) and
differential pulse voltammograms (DPVs) were measured in
0.1 M TBAPF/MeCN. The representative voltammogram of
Dy-2D taken at 100 mVs ™ is shown in Figure 3a. Upon
cycling anodically, two broad processes appear at 0.11 and
0.47 V (vs. Fc/Fc'), which are attributed to the TTF/TTF*
and TTF"/TTF*" redox couples, respectively. These processes
are more clearly observed in the DPV of Dy-2D. At higher
scan rates (>400mVs'), the Faradaic processes become
indistinguishable due to the large capacitive current (Fig-
ure 3b). CVs of Th-2D and Er-2D, are shown in Figures S9a
and S10a, respectively. In both of these cases, the two one-
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Figure 3. Solid state cyclic voltammetry and diffuse reflectance spectra of 2D radical MOFs. a) Cyclic (black line) and differential pulse
voltammograms (red and blue lines) of Dy-2D at 100 mVs™". The inset shows the oxidation and reduction processes described in the CV. b) The
CVs of Dy-2D over three consecutive cycles at different scan rates. The experiments were conducted in 0.1 M TBAPF;/MeCN electrolyte.

c) Normalized diffuse reflectance spectra of Tb-2D, Dy-2D and Er-2D. The inset is a photograph of Dy-2D crystals. d) Tauc plots of Tb-2D, Dy-2D

and Er-2D.

electron oxidation reactions attributed to the TTF/TTF*" and
TTFY/TTF*" redox couples were also observed (0.11 and
0.47 V (vs. Fc/Fc™) for Tb-2D; 0.13 and 0.67 V (vs. Fc/Fc*) for
Er-2D). Additionally, faster sweep rates resulted in broad
features as a result of slow diffusion kinetics through the
framework structure (Figures S11b and S12b). Finally, in all
compounds, a voltammogram of the bare electrode following
the solid state cyclic voltammetry experiment (i.e., after the
solid had been removed from the electrode) revealed very
minute signs of dissolution (Figure S13).

The solid state diffuse reflectance spectra for Th-2D, Dy-
2D, and Er-2D are shown in Figure 3c. The spectrum of Dy-
2D shows five bands at 5760, 7530, 13740, 20890 and
29810 cm™!. The band at 13740 cm™ is attributed to TTF**,
further confirming its presence. The bands in the ultraviolet
(UV) region are assigned to intramolecular charge transfer
(ICT) transitions arising from the m-TTFTB ligand. Given
the presence of mixed-valence TTF"** within a TTF trimer,
the two near infrared (NIR) transitions (5760 and 7530 cm )
are attributed to intervalence charge transfer (IVCT) bands,
akin to those found in the related system."* For Th-2D and
Er-2D, almost identical features were observed. With the UV-
vis-NIR adsorption data, we estimated the optical band gaps
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of Tb-2D, Dy-2D, and Er-2D by the Kubelka-Munk function
and Tauc plots, which reveal 1.40, 1.32, and 1.38 eV for Tb-2D,
Dy-2D, and Er-2D, respectively (Figure 3d). The optical band
gaps of these MOFs are smaller than those reported for RE-
TTFTB (~ 1.8 ¢V) and are comparable to those reported for
radical TTF-based frameworks (= 1.1 eV).[1*!

Stability of the Radical 2D-MOF

It is known that stability is a limitation in the application
of MOFs."! PXRD measurements were first conducted to
check the stability of the TTF** in the framework. After being
soaked in common organic solvents and water for 24 hours
without stirring, Dy-2D retains its structure, as indicated by
consistent PXRD patterns (Figures S14 and S15). To further
study the stability in acidic/basic environments, Dy-2D was
immersed in aqueous solutions at various pH values for
24 hours without stirring. To examine the stability of Dy-2D,
the supernate was measured by the inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Table S5).
The leaching Dy and S atoms are determined to be < 0.5 wt %
(pH1) and <0.07wt% (pH 1, 12), respectively. While the
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Figure 4. Stability of Dy-2D radical MOFs in acidic and basic environments. a) Observed powder X-ray diffraction patterns for Dy-2D at different
pH conditions (aq.), b) the EPR spectra of solid-state samples of Dy-2D treated under different conditions and measured at 110 K. The XPS
spectra of S 2p (c) and O 1s (d) of Dy-2D treated under different conditions. The inset in Figure 4c is the simulation of S2p divided by TTF° and

TTF,

leaching S atoms are determined to be 1.3 wt% (pH 13).
These results indicate that this material can be stable in the
pH range of 1-12. The PXRD and Fourier transform infrared
spectrometry (FT-IR) (Figure S16) results of the solid sam-
ples confirm that this material retains its structure in the pH
range of 1-12 (Figure 4a). This exceptional stability origi-
nates from the infinite one-dimensional chain incorporating
the 14-connected RE, clusters (Figure 1d) and the tightly
bound TTF trimers (Figure 1a). The unaltered state of TTF"
in the TTF trimer was confirmed by the EPR signals of the
treated samples (Figure 4b). In order to gain a deep under-
standing of the atomic information of the samples treated by
strong acid/base, X-ray photoelectron spectroscopy (XPS)
was conducted (Figure S17). The similar C 1s, S 2p, Dy 4d5
and Dy 203 spectra of Dy-2D under various conditions
confirm the stability of the ligand and the partial radical
component (Figure 4 ¢ and Figure S18). Furthermore, the S 2p
band can be deconvoluted into two bands that are assigned to
TTF" (163.5eV) and TTF" (164.8 eV) (Figure 4c), respecti-
vely.'?#2 1t is worth nothing that the O 1s spectrum of the
sample treated in pH 13 aqueous solution differs from others
(Figure 4d). This change is rationalized by the dissociation of
the coordinated carboxylates and the formation of free
carboxylates, indicating the partial decomposition of the
framework at pH 13. In summary, the TTF radicals and the
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frameworks show good stability in organic/aqueous solution
and rigorous acidic/basic environments (pH 1-12).

Photothermal Conversion of the Radical 2D-MOF

Considering the efficient visible and NIR absorption in
addition to the excellent stability of these radical MOFs, Dy-
2D was expected to possess excellent performance for
photothermal conversion. The Dy-2D sample was illuminated
with simulated sunlight to investigate its photothermal
properties with respect to potential practical applications.
Under illumination with 1-sun (0.1 Wem ™, 280-2500 nm),
the temperature of the radical MOF powders increases
rapidly, as monitored by an IR camera. As shown in Fig-
ure 5a, once the light was on, the temperature of the radical
MOF sharply increased and reached a maximum of 63.9°C in
240's (increasing 34.7°C). The radical MOF sample then
entered a quasi-steady-state, which showed an additional
temperature increment of 1.7°C in another 240s (Fig-
ure S19). Because of the existence of TTF" in the TTF
trimer, the significant effect resulting from ICT and IVCT
plays a key role to enhance efficient light absorption.”'! In
addition, strong TTF interactions in the TTF trimer as well as
n-electron delocalization are beneficial for the photothermal
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Figure 5. Photothermal conversion of Dy-2D radical MOFs. a) The IR thermal images of Dy-2D radical MOF powder (~250 mg) under one unit
sunlight irradiation (0.1 Wem™?) which was then turned off. b) Anti-photobleaching property of Dy-2D radical MOF powder during ten heating-
cooling cycles. c) The temperature raise for various photothermal materials normalized by light illumination of 0.1 Wcm™2. The photothermal
property in this work approximately compared with previous results of solid materials in the literatures.

conversion. These characteristics suppress the photon emis-
sion process and improve photothermal efficiency. Addition-
ally, the combination of the organic linkers and the cluster-
based inorganic SBU contribute to the relatively low thermal
conductivity, which is ideal for photothermal localization.”
All these features clearly result in the excellent photothermal
conversion performance of these radical MOFs. Compared
with other solid materials, this 2D radical MOF shows the
first-rate photothermal conversion performance under 1-sun
(0.1 Wem™?) relative to MOFs known at present (Figure 5¢
and Table S$6).*] Moreover, the cyclic test (Figure Sb)
illustrates the good photo-stability of these radical MOFs.
After ten repeated illumination cycles, the average temper-
ature rapidly reaches 63.3°C (with an average increase of
34.2°C) in 240 seconds. Finally, the PXRD patterns and the
XPS results after the cycling experiments also provide
evidence of its stability (Figures S20 and S21). These advan-
tages offer possibilities for further photothermal applications,
such as photothermal organic catalysis, photothermal therapy,
water steam generation, and seawater treatment.

Conclusion

The synthesis of persistent radical MOFs with functional
applications remains a highly significant challenge. The
combination of radical (m-TTFTB); trimer SBU and hex-

anuclear RE cluster-based infinite one-dimensional chains
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has resulted in a series of radical MOFs which are stable in
nonaqueous/aqueous solutions and in acid/base environments
(pH 1-12). Benefiting from intramolecular charge transfer,
low thermal conductivity, as well as excellent stability, the
radical Dy-MOF shows excellent photothermal conversion
with an increase of 34.7°C upon irradiation by one unit of
sunlight within 240 seconds. We believe our work will
stimulate further studies on persistent radical MOFs for
applications in photothermal conversion, and may expand
their future applications into the areas of solar energy
utilization, photothermal therapy, seawater desalination and
SO on.
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