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Achieving a molecular-level understanding of how the structures and compositions of metal-organic
frameworks (MOFs) influence their charge carrier concentration and charge transport mechanism—the
two key parameters of electrical conductivity—is essential for the successful development of electrically
conducting MOFs, which have recently emerged as one of the most coveted functional materials due to
their diverse potential applications in advanced electronics and energy technologies. Herein, we have
constructed four new alkali metal (Na, K, Rb, and Cs) frameworks based on an electron-rich
tetrathiafulvalene tetracarboxylate (TTFTC) ligand, which formed continuous m-stacks, albeit with
different w—m-stacking and S---S distances (d._. and ds...s). These MOFs also contained different
amounts of aerobically oxidized TTFTC'* radical cations that were quantified by electron spin resonance
(ESR) spectroscopy. Density functional theory calculations and diffuse reflectance spectroscopy
demonstrated that depending on the m-m-interaction and TTFTC'* population, these MOFs enjoyed
varying degrees of TTFTC/TTFTC'* intervalence charge transfer (IVCT) interactions, which
commensurately affected their electronic and optical band gaps and electrical conductivity. Having the
shortest dr_. (3.39 A) and the largest initial TTFTC'* population (~23%), the oxidized Na-MOF 1-ox
displayed the narrowest band gap (1.33 eV) and the highest room temperature electrical conductivity (3.6
x 107° S cm™Y), whereas owing to its longest d._. (3.68 A) and a negligible TTFTC"* population, neutral
Cs-MOF 4 exhibited the widest band gap (2.15 eV) and the lowest electrical conductivity (1.8 x
1077 S cm™Y). The freshly prepared but not optimally oxidized K-MOF 2 and Rb-MOF 3 initially displayed
intermediate band gaps and conductivity, however, upon prolonged aerobic oxidation, which raised the
TTFTC'* population to saturation levels (~25 and 10%, respectively), the resulting 2-ox and 3-ox
displayed much narrower band gaps (~1.35 eV) and higher electrical conductivity (6.6 x 107> and 4.7 x
107° S cm™, respectively). The computational studies indicated that charge movement in these MOFs
occurred predominantly through the m-stacked ligands, while the experimental results displayed the
combined effects of mw—m-interactions, TTFTC'* population, and TTFTC/TTFTC'* IVCT interaction on
their electronic and optical properties, demonstrating that IVCT interactions between the mixed-valent
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energy storage systems'®™ that can help advance modern

Introduction

Electrically conducting metal-organic frameworks (MOFs)'™®
have recently emerged as one of the most attractive smart
materials because of their diverse functions as super-
capacitors,®?® electrochromic

chemiresistive sensors,’
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electronics and energy technologies. The electrical conductivity
(o) of MOFs is the product of their charge carrier (i.e., electrons
and holes) concentration and charge mobility (i.e., charge
transport capability),* which depend on their structures and
compositions. Therefore, deciphering how framework struc-
tures and compositions influence these two key parameters is
vital for the development of electrically conducting MOFs and
fine-tuning their conductivity for specific applications. While
MOFs can be easily endowed with the charge carriers by intro-
ducing redox-active metal ions, ligands, and guests,* >
promoting charge movement across 3D frameworks often
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proves to be a much greater challenge and requires a molecular-
level understanding of charge transport mechanisms and
structure-function relationships. Recent studies have revealed
that depending on their structures and compositions, charge
movement in MOFs can occur predominantly through one of
the following pathways:' (i) through coordination bonds with
high covalent character made of soft N- and S-coordinating
ligands and transition metal ions that create significant
metal-ligand orbital overlap,**~*° (ii) via resonance in 7-conju-
gated ligands,* (iii) through 7-stacked aromatic ligands,***
and (iv) via redox hopping mechanism.* In addition, guest
mediated framework oxidation and reduction,*-** node cross-
linking,** and m-donor/acceptor charge transfer interaction
and also lead to a notable increase of framework conductivity.

Although effective through-bond charge movement path-
ways consisting of covalent coordination bonds and m-conju-
gated ligands are often found in various 2D networks and
usually lead to high electrical conductivity,®'”**?373% they are
not so common and effective in 3D frameworks made of hard
carboxylate and other oxo-ligands,**>”*-¢ which do not create
sufficient metal-ligand orbital overlap. As a result, the latter
often rely on through-space charge movement pathways to
display electrical conductivity.* In this context, Dinca and
coworkers have demonstrated that several 3D semiconducting
MOFs benefitted from out-of-plane charge movement along
closely m-stacked tetrathiafulvalene (TTF)**** and hexahydroxy-
terphenylene*® ligands, the efficacy of which depended on the
m-m-distance between the stacked ligands. We have also shown
that m-donor/acceptor stacks made of complementary redox-
active ligands and intercalated guests®*®” facilitated through-
space charge delocalization, reducing the electronic band
gaps and enhancing the electrical conductivity of 3D frame-
works. Although intervalence charge transfer (IVCT) interac-
tions between mixed valent redox-active m-systems are
responsible for the electrical conductivity of many organic
semiconductors and synthetic metals®*> and similar interac-
tions between mixed valent metal ions have also been exploited
to develop electrically conducting MOFs,**>” mixed-valent
ligands®*** are much less prevalent in MOFs, and the effects
of ligand-based IVCT interactions®**** on the framework
conductivity have yet to be studied systematically. Recently,
D'Alessandro et al.*' and we* have demonstrated that -
donor/acceptor IVCT interactions between electron-rich
neutral TTF and extended TTF (EXTTF) and partially oxidized
(by air or I,) TTF'" and EXTTF'" radical cations facilitated
through-space charge delocalization and thereby enhanced the
MOF conductivity. The IVCT interaction between isolated -
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Table 1 The key structural parameters of MOFs
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Fig. 1 A representation of how w—m-distance, TTFTC'* population,
and ICVT interactions between the mixed valent TTFTC ligands in
MOFs affected their electrical conductivity.

0.4

donor/acceptor pairs of m-acidic thiazolothiazole (TTZ) ligand
and TTZ'~ radical cation has also been observed inside
MOFs,**** but the impact of this phenomenon on the frame-
work conductivity remains largely unexplored. Therefore,
comprehensive structure-property relationship studies are
needed to establish this promising charge transport mecha-
nism as a future design strategy for electrically conducting
MOFs.

To demonstrate how the structures and compositions of
MOFs influence their charge carrier concentration and charge
transport capability, which ultimately dictate their electronic
and optical band gaps and electrical conductivity, herein, we
have constructed four new alkali metal-based MOFs (Na, K, Rb,
and Cs) using an electron-rich tetrathiafulvalene tetracarbox-
ylate (TTFTC) ligand.®**® The single-crystal structures revealed
that all four frameworks contained extended 7-stacks of TTFTC
ligands, but the 7-w and S---S distances (d,_. and ds...s), the
angle between the two adjacent TTF layers, i.e., the degree of -
overlap varied significantly (Table 1). Cyclic voltammetric (CV)
analysis shed light on their redox properties and the possibility
of aerobic oxidation of TTFTC ligands. Solid-state quantitative
electron spin resonance (ESR) spectroscopy confirmed that these
MOFs contained different amounts of aerobically generated
paramagnetic TTFTC"" radical cations, while diffuse reflectance
spectroscopy (DRS) revealed intervalence charge transfer (IVCT)

Na-MOF

1-0x K-MOF 2 Rb-MOF 3 Cs-MOF 4
drr (A) 3.391 3.673 3.666 3.707
ds..s (A) 3.729 3.791 3.820 3.774
/£ between staggered TTF layers 36° 65° 64° 87°
TTF central C-C bond length (A) 1.342 1.347 1.330 1.317
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interactions between the mixed-valent TTFTC®/"* ligands, which
commensurately facilitated charge delocalization and thereby
dictated their optical band gaps (E,p) and electrical conductivity
(Fig. 1). Density functional theory (DFT) calculations showed
that the t—7-distance and m-overlap between the stacked TTFTC
ligands in these MOFs influenced their through-space charge
transport capability, which in turn dictated their electronic band
gap (Ee)- In a nutshell, having the shortest T-m-distance and the
largest initial TTFTC™* population, the oxidized Na-MOF (1-0x)
displayed the narrowest band gaps and the highest room
temperature electrical conductivity, whereas Cs-MOF 4, which
possessed the longest w-m-distance and a negligible TTFTC"™*
population, exhibited the widest band gap and the lowest elec-
trical conductivity (Tables 1 and 2). Equipped with intermediate
m-r-stacking distances and mediocre initial TTFTC'* pop-
ulations, freshly prepared K-MOF 2 and Rb-MOF 3 initially dis-
played intermediate band gaps and electrical conductivity, but
upon complete aerobic oxidation, which raised the TTFTC™
population to the saturation levels, the resulting 2-ox and 3-ox
displayed much narrower band gaps and higher electrical
conductivity (Tables 1 and 2). These comprehensive studies
systematically demonstrated how the structures and composi-
tions of four new TTFTC-based MOFs influenced their charge
transport pathways and consequently, the electronic and optical
band gaps and electrical conductivity, delivering a promising
design strategy for the development of electrically conducting
MOFs involving IVCT interactions between the 7t-stacked mixed-
valent ligands.

Results and discussions
Syntheses and crystal structures of MOFs

To take advantage of facile aerobic oxidation of electron-rich
TTFTC to TTFTC"" radical cation and the subsequent TTFTC/
TTFTC'" IVCT interaction that can promote long-range charge
delocalization, herein, we have constructed a family of TTFTC-
based MOFs, in which the m-m-distances, the degree of m-over-
lap, and the amount of TTFTC* radical cations varied system-
atically, showing a clear trend that commensurately influenced
their band gaps and electrical conductivity. Solvothermal reac-
tions between TTFTC-Me, tetramethyl ester,” a precursor to
TTFTC ligand, and MOH (M = Na, K, Rb, and Cs) in THF/MeOH/
H,O mixtures at temperatures below 80 °C yielded needle-shaped
crystals of the corresponding 3D MOF (Na-MOF: 1-0x, K-MOF: 2,
Rb-MOF: 3, and Cs-MOF: 4) via in situ saponification of the tetra-
ester (Scheme 1, see ESI} for details). The structures, composi-
tions, and phase purity of these MOFs were determined by single-
crystal and powder X-ray diffraction (SXRD and PXRD) studies,
elemental analysis, and vibrational (infrared and Raman) spec-
troscopies. Although these four MOFs were not strictly iso-
structural, they all possessed continuous m-stacks of TTFTC
ligands with increasing —m- and S---S distances and decreasing
TTFTC™" population, enabling us to identify their structure-
property relationships, which were summarized in Tables 1 and
2. Unlike previously reported®® TTFTC-based MIL-132-135 series
where two trans-COOH groups of each ligand remained proton-
ated and contributed to proton conductivity, in our MOFs, all

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis and photographs of as-synthesized MOFs.

four carboxylate groups were fully deprotonated and involved in
the secondary building unit (SBU) formation.

The brown-colored as-synthesized Na-MOF ([Na,(TTFTC)(H,-
0),]-0.5H,0) crystallized in an orthorhombic Ibam space group
with an asymmetric unit containing one Na' ion, 0.25 TTFTC
ligand, 0.5 coordinated and 0.125 guest H,O molecules (Fig. 2a-
d and S1t). Its SBU consisted of two different hexacoordinated
Na' ions (violet and cyan polyhedrons in Fig. 2b) bridged by COO™
groups that formed [NayO;0]. sheets located in the ac-planes.
These clusters were linked by perfectly planar TTFTC ligands
located in the ab-planes and stacked co-facially along the c-axis
(Fig. 2c) with a uniform interplanar distance (dr_. = 3.39 A, ds..g
=3.73 A). The perfectly octahedral Na* ions (violet) situated inside
the [Na,O,0] chains were coordinated by six carboxylate-O
atoms, whereas the distorted octahedral Na" ions (cyan) located
around the framework cavities were coordinated to five
carboxylate-O atoms and one H,O molecule. The carboxylate
groups of TTFTC had two different coordination patterns: a pair of
trans-COO~ groups coordinated two Na* ions in p,-n":m" bridging
mode, while the other two trans-COO™ groups bound three Na*
ions in pz—n":n> fashion (Fig. 2d). The two consecutive TTF layers
inside the 7t-stacks were slightly staggered, as their long molecular
axes formed a 36° angle, the smallest among all four MOFs. The
alternating TTF layers were perfectly eclipsed by each other
(Fig. S11). Thus, Na-MOF enjoyed the shortest - distances and
maximum w-overlap between the TTF layers among the four
MOFs (Table 1), presenting the strongest w—m-interaction and the
most favorable conditions for out-of-plane charge movement.
Notably, all TTFTC ligands of Na-MOF were perfectly planar and
had the same central C-C bond length (1.347 A), which was
noticeably longer than that of Cs-MOF (1.317 A, Table 1). Since the
TTF" radical cations are known to have a planar shape due to
their aromatic nature and longer central C-C bonds due to partial
single-bond character,**®® the planar geometry and the uniformly
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Rb-MOF 3
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Fig.2 (a—d) Na-MOF (1-ox): (a) the crystal structure viewed along the c-axis, (b) the SBU contains two distinct hexacoordinated Na* ions bridged
by carboxylate groups, (c) the alignment of perfectly planar TTFTC ligands 7t-stacked along the c-axis, and (d) the coordination pattern of each
TTFTC ligand. (e—h) K-MOF (2): (e) the crystal structure viewed along the c-axis, (f) the SBU features two distinct hepta-coordinated K* ions
bridged by the carboxylate groups, (g) the alignment of slightly bent TTFTC ligands w-stacked along the c-axis, and (h) the coordination pattern of
each TTFTC ligand. (i—-1) Rb-MOF (3): (i) the crystal structure viewed along the c-axis, (j) the SBU contains two octa-coordinated (yellow and violet
polyhedrons) and one hepta-coordinated (blue polyhedron) Rb* ions, (k) the alignment of puckered TTFTC ligands m-stacked along the c-axis,
and (1) the coordination pattern of each TTFTC ligand. (m-p) Cs-MOF (4): (m) the crystal structure viewed along the a-axis, (n) the SBU contains
four distinct Cs™ ions (cyan, grey, violet, and yellow polyhedrons) bridged by the carboxylate groups, (o) the alignment of boat-shaped TTFTC
ligands Tt-stacked along the b-axis, and (p) the coordination pattern of each TTFTC ligand. C: grey, O: red, S: yellow, Na*: cyan ball, K*: navy blue

ball, Rb*: green ball, and Cs*: pink ball. The asymmetric units and additional structural features of all four MOFs are shown in Fig. S1.§

long central C-C bonds of all TTFTC ligands in Na-MOF strongly
suggested that they all enjoyed the same partial TTFTC™" radical
cation character, ie, the charges were fully delocalized
throughout the framework, not just on the crystal surfaces,
rendering all ligands the same mixed-valent nature. These struc-
tural features also suggested that the solvothermal synthesis
yielded Na-MOF in its optimally oxidized form (hence called 1-ox)
containing charge delocalized TTFTC'* radical cations or mixed-
valent TTFTC”* ligands. If the oxidation of TTFTC ligands were
limited only to the crystal surface and the resulting TTFTC""
radical cations had remained isolated not delocalized, then the
neutral and oxidized TTFTC ligands would have displayed
different structural characteristics, as found recently in a different
TTF-based 2D MOF.*® However, that was not observed in any of
our MOFs presented here. The presence of paramagnetic TTFTC""
radical cations and the IVCT interaction between mixed-valent
TTFTC”** ligands were further evident from the ESR and DRS
data (vide infra). Upon drying and exposure to air, the crystalline
brown powder of the resulting Na-MOF did not change the color

13382 | Chem. Sci,, 2021, 12, 13379-13391

and appearance. The PXRD patterns of a freshly prepared and
a weeks old Na-MOF powders were in excellent agreement with
the simulated pattern of as-synthesized Na-MOF (Fig. S2at),
confirming that the framework structure and crystallinity
remained largely intact upon drying and aerobic oxidation.

The reddish-orange colored as-synthesized K-MOF 2 ([K,-
(TTFTC)(H,0),]- 2H,0) crystallized in a monoclinic P2,/c space
group with an asymmetric unit containing four K' ions, one
TTFTC ligand, two coordinated and two guest H,O molecules
(Fig. 2e-h and S1t). The SBU consisted of two different hepta-
coordinated K* ions (green and violet polyhedrons in Fig. 2f),
which were bridged by the carboxylate groups forming 2D metal
cluster sheets located in the bc-planes. The K' ions located
around the framework cavities (green polyhedrons) were coor-
dinated by five carboxylate-O atoms and two H,O molecules,
while those buried inside the metal cluster chains (violet poly-
hedrons) were attached to five carboxylate-O and one S-atom of
TTFTC ligands and one H,O molecule. These clusters were
connected by the TTF cores aligned roughly along the g-axis and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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stacked along the c-axis at a uniform distance (Fig. 2g, dr-n =
3.67 A, ds..s = 3.79 A). In addition to all four COO~ groups,
a pair of ¢rans-S atoms of each TTFTC ligand was also involved
in K" coordination (Fig. 2h). The carboxylate-O atoms of TTFTC
ligands had two different coordination modes: those pointing
away from the K'-coordinated S-atoms (04 and O5) bound one
K" ion each, whereas the rest (01-03 and 06-08) had a p;-
bridging mode. The adjacent TTF layers were more staggered in
2, as their long molecular axes formed a 65° angle (Fig. S17). The
alternating TTF cores were perfectly eclipsed by each other.
Furthermore, all TTFTC ligands in K-MOF 2 were slightly bent
and had uniform central C-C bond length (1.347 A, Table 1),
indicating that they all possessed the same charge or oxidation
state. The longer central C-C bond of TTFTC ligands in 2 than
in Cs-MOF 4 (Table 1) may be attributed to a partial radical
cation character of the ligands and/or the coordination of their
two trans-S atoms with K" ions in the former. Upon drying and
exposure to air, the originally reddish-orange crystals of as-
synthesized K-MOF 2 quickly turned dark brown to almost
black within few days, yielding an optimally oxidized 2-ox,
which contained more TTFTC'* radical cations than 2, as
demonstrated by the quantitative ESR analysis (vide infra). The
PXRD profiles of freshly prepared and optimally oxidized 2-ox
powders were in good agreement with the simulated pattern of
as-synthesized K-MOF (Fig. S2bt), confirming that the frame-
work structure and crystallinity remained largely intact upon
drying and aerobic oxidation for several weeks.

The bright orange-colored as-synthesized Rb-MOF 3 ([Rby(-
TTFTC)(H,0);]- H,O) crystallized in an orthorhombic Phcn space
group with an asymmetric unit featuring two Rb" ions, 0.5 TTFTC
ligand, 1.5 coordinated H,O molecules, and 0.5 guest H,O
molecule (Fig. 2i-I and S11). The SBU consisted of three distinct
Rb' ions having different coordination geometries (Fig. 2j)—two
octa-coordinated (violet and yellow polyhedrons) and one hepta-
coordinated (blue polyhedron)—which were bridged by
carboxylate-O atoms forming 2D metal cluster sheets. The hepta-
coordinated Rb" ions were surrounded by the TTF cores and filled
the framework pores. Without these Rb' ions, the overall struc-
ture of 3 would closely resemble that of 2. The TTFTC ligands in
this framework were also stacked along the c-axis at a uniform
interplanar distance (Fig. 2k, d_. = 3.67 A, ds...s = 3.82 A). The
adjacent TTF layers were staggered, which formed a 64° angle
between their molecular axes, while the alternating TTF layers
were perfectly eclipsed. Unlike MOFs 1 and 2, all TTFTC ligands of
3 were highly bent (chair-shaped) and had shorter central C-C
bonds (1.330 A, Fig. S1f and Table 1), indicating that they were
practically neutral. This was further confirmed by the ESR spec-
trum, which showed a negligible TTFTC"" signal (vide infra). All
four carboxylate groups, as well as all four S-atoms of each TTFTC
ligand were coordinated to Rb" ions (Fig. 2I). Upon drying and
longer exposure to air, the crystalline orange powder of Rb-MOF
slowly became dark brown to almost black within a week, indi-
cating that some TTFTC ligands in the resulting 3-ox were aero-
bically oxidized to TTFTC™* radical cations and participated in
IVCT interaction (vide infra). The PXRD profiles of aerobically
oxidized 3-ox powders were in good agreement with the simulated
pattern of as-synthesized Rb-MOF crystals (Fig. S2¢7), confirming

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that the framework structure and crystallinity were largely
preserved upon drying and aerobic oxidation.

The bright orange-colored as-synthesized Cs-MOF 4 ([Csy(-
TTFTC)(H,0),]) crystallized in an orthorhombic Pna2, space
group with an asymmetric unit containing four Cs* ions, one
TTFTC ligand, and two coordinated H,O molecules (Fig. 2m-p
and S17). Its SBU contained four distinct Cs* ions with different
coordination geometries and environments (violet, cyan, grey,
and yellow polyhedrons in Fig. 2n), which were bridged by the
carboxylate groups. Cs-MOF 4 displayed the longest interplanar
distance between the 7-stacked TTFTC ligands (Fig. 20, d,._. =
3.71A, ds...s = 3.77 A) among the four frameworks. The adjacent
TTFTC layers were nearly orthogonal to each other (87° angle
between their molecular axes), which created the weakest 7t--
interaction. Furthermore, all TTFTC ligands in Cs-MOF 4 were
extremely bent (boat-shaped) and had the shortest central C-C
bonds (1.317 A, Table 1), indicating that they were neutral
species, which was further confirmed by the ESR and DRS
analyses (vide infra). All carboxylate groups and one S atom of
each TTFTC ligand were involved in the Cs® ion coordination
(Fig. 2p). Unlike MOFs 2 and 3, which gradually became darker
due to aerobic oxidation leading to the formation of more
TTFTC'" radical cations, the orange-colored Cs-MOF 4
remained unchanged upon drying and exposure to air for
months, showing that it was highly resistant to aerobic oxida-
tion. The PXRD profiles of dry and air-exposed Cs-MOF powder
matched well with the simulated pattern of the as-synthesized
material (Fig. S2d¥), confirming its phase purity and stability.

Notably, the PXRD patterns (Fig. S21) of all evacuated pris-
tine and aerobically oxidized MOFs recorded after several weeks
were still in good agreement with the simulated patterns ob-
tained from the SXRD data of the corresponding as-synthesized
MOFs, demonstrating that all these materials largely retained
their crystalline structures when stored in screw-capped vials
under normal laboratory conditions (~20 °C, 30-40% relative
humidity) for several weeks to months.

Thermogravimetric analysis and porosity measurements

Thermogravimetric analysis (TGA) revealed that all four MOFs
lost ca. 5-10% weight up to 100-150 °C due to the loss of
residual solvent molecules and then maintained a stable
plateau until ca. 300 °C, indicating that the frameworks were
stable up to that point before decomposing at even higher
temperatures (Fig. S3t1). The N,-sorption studies (Fig. S47%)
showed that, like previously reported TTFTC-based MIL-132-
135, the optimally oxidized 1-ox and 2-ox had very small Bru-
nauer-Emmett-Teller (BET) surface area (3.56 and 6.64 m> g,
respectively) and pore volume (5.03 x 10~ % and 6.52 x 10 * cm?
¢!, respectively). The Rb- and Cs-MOFs did not display any
meaningful N, adsorption isotherms. These results were fully
consistent with their small solvent-accessible pore volumes (Na-
MOF: 8.82 A2, 0.5% of unit cell volume; K-MOF: 29.24 A%, 1.4%
of unit cell volume; Rb-MOF: 21.65 A, 1% of unit cell volume;
and Cs-MOF: 43.1 A%, 2% of unit cell volume) calculated by
Mercury software from the crystal structures after removing the
solvent molecules using PLATON/SQUEEZE model (Fig. S51).
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Since our main goal here was to determine how the mixed
valency of electron-rich TTFTC ligands and the IVCT interaction
in the resulting TTF/TTF"" wt-donor/acceptor stacks influenced
the electrical conductivity of these MOFs, the lack of framework
porosity was not a pertinent concern.

Solid-state ESR analysis: quantification of TTFTC'" radical
cations in the MOFs

To determine the presence and the population of aerobically
generated TTFTC"' radical cations inside these MOFs, their
solid-state quantitative ESR spectra (Fig. 3) were recorded at
different stages, from which the number of spins, ie., the
unpaired electrons were calculated (see ESIT for details).>***
Among all four freshly prepared and evacuated MOFs, 1-0x
displayed the most intense characteristic ESR spectrum of
TTFTC"" radical cation (g = 2.00), followed by 2 and 3, whereas
4 displayed a negligible ESR signal. Based on the ESR signal
intensity and assigning each unpaired electron to a TTFTC™"
radical cation, we estimated that freshly prepared 1-ox, 2, 3, and
4 contained 1.40 x 10?3, 9.42 x 10%2, 2.79 x 10*', and 1.60 x
10%" spins per mol, respectively, which corresponded to ca. 23%,
16%, 0.5%, and 0.3% TTFTC"" population, respectively (Table
2). Upon prolonged exposure to air, the color and ESR signal
intensity of brown 1-ox and orange 4 remained unchanged,
indicating that the former was already saturated with TTFTC""
from the beginning, whereas the latter was resistant to aerobic
oxidation. In contrast, after prolonged exposure to air, optimally
oxidized dark brown/black 2-ox and 3-ox powders displayed
more intense ESR spectra, revealing that they contained more
spins (1.53 x 10** and 6.20 x 10** spins/mol, respectively) and
higher TTFTC'" population (ca. 25% and 10%, respectively).
Given that all TTFTC ligands in each framework had the same
shape and central C-C bond length (vide supra), it appears that
they all possessed the same amount of spin or partial radical
cation character. In other words, each TTFTC ligand of 1-ox, 2,
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Fig. 3 The solid-state quantitative ESR spectra of (a) 1-ox, (b) 2 and 2-
ox, (c) 3 and 3-ox, and (d) 4 show the relative populations of para-
magnetic TTFTC'* radical cations in each material.
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2-0x, 3, 3-0x, and 4 on an average contained 0.23, 0.16, 0.25,
0.005, 0.1, and 0.003 unpaired electrons, respectively, i.e., the
spins were evenly distributed among all mixed-valent TTFTC®"*

ligands via IVCT interactions.

Electrochemical behavior of TTFTC ligand and MOFs

To understand the redox properties of these TTFTC-based
MOFs and their ability to undergo aerobic oxidation, their
solid-state cyclic voltammograms (CVs) were recorded using
drop-cast films deposited on Pt-disc working electrodes in 0.1 M
TBAPF¢/MeCN (Pt-wire counter electrode, Ag/AgCl reference
electrode) and compared with the solution-phase CVs of the free
ligand recorded in the same electrolyte medium (Fig. 4 and
S6t). TTFTC-Me, tetra-ester displayed (Fig. S6at) two fully
reversible oxidation steps at 880 and 1180 mV corresponding to
its radical cation and dication formations, respectively. By
contrast, TTFTC-H, tetra-acid displayed (Fig. S6b¥) a reversible
first oxidation step at 580 mV corresponding to its radical cation
formation, followed by a quasi-reversible second oxidation peak
at 980 mV corresponding to the dication formation. These
observations were consistent with the literature reports,®*>7°
which suggested that the first oxidation of TTF-carboxylic acids,
including TTFTC-H,, is a fully reversible process because the
resulting TTF"" radical cations do not undergo any decarboxyl-
ation, but the second oxidation step is quasi-reversible due to
the possibility of decarboxylation of the resulting TTF**
dications.

The solid-state CVs of the MOFs (Fig. 4) revelated that the
fully deprotonated TTFTC ligands in these MOFs were oxidized
at much lower potentials than free TTFTC-H, tetra-acid mole-
cules in a MeCN solution. For instance, 1-0x, which contained
aerobically oxidized TTFTC"" radical cations, displayed (Fig. 4a)
the first oxidation peak at ~200 mV corresponding to complete
electrochemical ligand oxidation to TTFTC'" radical cations,

(@) () TTFTC
TTETC™?* —~
TTFTCOooommmm el eeeee = - / —
T TIFTCY )/
= TTFTC™2*
----- 1-0x —3
(b) TTFTC™2 (d)
TTFTCO- TTFTC™2*
TTFTCO
TTFTC™2
,/’::'—"
T —
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Fig.4 The CV plots of (a) 1-ox, (b) 2 and 2-0x, (c) 3 and 3-ox, and (d) 4
thin-films drop-cast on Pt-disc working electrode in 0.1 M TBAPFg/
MeCN (Ag/AgCl reference electrode, Pt counter electrode).
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Table 2 The TTFTC'* population (i.e., spin/TTFTC ligand), electronic and optical band gaps, electrical conductivity, and activation energy of

MOFs
K-MOF Rb-MOF

Na-MOF 1-0x 2 2-0x 3 3-0x Cs-MOF 4
% TTFTC'" population 23 (0.23) 16 (0.16) 25 (0.25) 0.5 (0.005) 10 (0.1) 0.3 (0.003)
Eope (€V)—expt. 1.33 1.99 1.35 2.12 1.37 2.11
Tavg (S cm ™, 293 K) 3.4 (£0.11) x 107> 1.7 (£0.3) x 107> 6.3 (£0.6) x 10> 1.5 (£0.2) x 10> 4.1 (£0.4) x 107> 1.3 (£0.3) x 1077
Omax (S cm ™, 293 K) 3.6 x 10°° 2.1%x10°° 6.6 X 10°° 1.7 x 10°° 4.7 x 107° 1.75 x 1077
E, (eV) 0.06 0.18 0.16 0.19 0.19 —

followed by another anodic peak at ~620 mV corresponding to
TTFTC*" dication formation. Similarly, the freshly prepared and
evacuated K-MOF 2, which also contained aerobically generated
TTFTC"" radical cations, also displayed (Fig. 4b) a broad first
anodic peak centered at ~200 mV corresponding to electro-
chemical TTFTC"" radical cation formation, followed by second
anodic peak at ~600 mV corresponding to TTFTC™" dication
formation. The first anodic peak of 2-ox at ~200 mV was less
prominent compared to that of 2, but the second one at
~600 mV peak persisted. This can be attributed to the preex-
istence of a greater number of aerobically generated TTFTC™*
radical cations that left fewer neutral ligands for electro-
chemical first oxidation at ~200 mV, but all of them underwent
second electrochemical oxidation to dication at a higher
potential. By comparison, freshly prepared Rb- and Cs-MOFs (3
and 4), which contained negligible amounts of aerobically
generated TTFTC™" radical cations according to their ESR data,
displayed (Fig. 4c and d) very similar CVs featuring two distinct
and prominent anodic peaks—the first one at ~170 mV corre-
sponding to TTFTC" " radical cation formation and the second at
~550 mV corresponding to TTFTC>' dication formation.
Notably, the electrochemical oxidation peaks of these two
largely neutral materials (3 and 4) were much more prominent
than the broad and muted peaks of 1-0x, 2, and 2-ox that con-
tained a significant population of aerobically generated
TTFTC"" radical cations. This can be attributed to the IVCT
interactions between the aerobically generated mixed valent
ligands, which influenced their electrochemical ligand oxida-
tion. Like 2-ox, 3-ox also displayed a muted first oxidation peak
due to the preexistence of a larger population of aerobically
generated TTFTC"' radical cation and a second anodic peak at
~550 mV, indicating the TTFTC>" dication formation. On the
other hand, the CV profile of neutral Cs-MOF 4 remained
practically unchanged after a long time, as it was very resistant
to aerobic oxidation. The CV data revealed that owing to their
relatively low first oxidation potentials, the TTFTC ligands in
these MOFs could undergo aerobic oxidation to TTFTC"" radical
cations that were stabilized by TTFTC/TTFTC"" IVCT interac-
tions in 1-0x-3-0x, but their further aerobic oxidation to
TTFTC>" dication was not feasible. Although all four MOFs
enjoyed similar first oxidation potential, the longest m--
distance and almost orthogonal orientation of two successive
TTF layers in 4 (vide supra)—i.e., the poorest conditions for -
interaction—hindered its ability to stabilize the TTFTC"" radical

© 2021 The Author(s). Published by the Royal Society of Chemistry

cations through IVCT interaction, which in turn prevented its
aerobic oxidation, whereas the stabilizing IVCT interactions in
1-ox-3-ox facilitated their aerobic oxidation.

Optical properties and IVCT interaction

The UV-Vis-NIR diffuse reflectance spectroscopy (Fig. 5) further
confirmed the presence of TTFTC"* radical cations and TTFTC/
TTFTC" IVCT interaction in the aerobically oxidized MOFs.
Like other previously reported TTF-based partially oxidized
MOFs,*>495168 g]] three optimally oxidized frameworks 1-ox, 2-
ox, and 3-ox, which possessed significant TTFTC'" populations
according to quantitative ESR analysis, also displayed (Fig. 5a—c)
a broad peak centered at ca. 750 nm (~13 300 cm™ ') and
another prominent peak at ca. 2000 nm (~5000 cm™ "), which
were the characteristic signs of TTFTC'* radical cation and
TTFTC/TTFTC'™ IVCT interaction, respectively. Freshly
prepared K-MOF 2 and Rb-MOF 3, which contained much fewer
TTFTC"" radical cations according to the ESR data, displayed
much weaker peaks at ca. 800 and 2000 nm corresponding to
TTFTC'" and IVCT interactions, respectively, and intense peaks
at ca. 500 nm, which corresponded to neutral TTFTC ligand. In
contrast, neutral Cs-MOF 4, which was resistant to aerobic
oxidation and contained a negligible population of TTFTC"",
only displayed an intense 500 nm peak for neutral TTFTC
ligands and a very weak ~1900 nm peak (Fig. 5d). Thus, the DRS
studies confirmed the presence of TTFTC'' radical cation and
IVCT interaction in our TTFTC-based oxidized MOFs. The
computational studies (vide infra) revealed significant contri-
butions of ligand p-orbitals in the valence and conduction
bands of the MOFs, shining light on the feasibility of IVCT
interactions between the mixed valent TTFTC®** ligands.

The optical band gaps of all these materials were calculated
from the corresponding Tauc plots (Fig. 6) and summarized in
Table 2. Among the freshly prepared materials, Na-MOF 1-0x,
which possessed the shortest d. . and the largest TTFTC™"
population from the beginning, enjoyed the narrowest optical
band gap (1.33 eV), whereas Cs-MOF 4, which had the widest d,._
= and a negligible TTFTC"" population, displayed the widest
band gap (2.11 eV). Consistent with their constant ESR spectra
(vide supra), the optical spectra and band gaps of these two
materials did not change over time. On the other hand, freshly
prepared K- and Rb-MOFs 2 and 3 initially displayed wider
optical band gaps (ca. 2 eV) due to the lack of adequate TTFTC""
population and IVCT interaction, but the optimally oxidized 2-

Chem. Sci., 2021, 12, 13379-13391 | 13385
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Fig. 5 The diffuse-reflectance spectra of (a) 1-ox (dotted red line), (b) 2 (solid blue line) and 2-ox (dotted blue line), (c) 3 (solid green line) and 3-
ox (dotted green line), and (d) 4 (solid pink line). Insets: the NIR region (1200—-2400 nm) featuring the characteristic TTFTC/TTFTC'* IVCT peaks.

1.01
3
[T
>
<
he}
8 051
©
E
o
z
0.0

hv (eV)

Fig. 6 The Tauc plots of 1-ox (dotted red line), 2 (solid blue line), 2-ox
(dotted blue line), 3 (solid green line), 3-ox (dotted green line), and (d) 4
(solid pink line) reveal their direct optical band gaps.

ox and 3-ox enjoyed much narrower band gaps (1.35 and
1.37 eV, respectively), which were comparable to that of 1-ox.
Thus, the presence of adequate TTFTC'" radical cations enabled
TTFTC/TTFTC™" IVCT interaction in the aerobically oxidized
MOFs leading to their much narrower band gaps than the
neutral forms.

Electronic band structures, band gaps, and density of states

The electronic band structures, band gaps, and density of states
of MOFs 1-0x, 2, and 4 (Fig. 7a-c) were computed by DFT
calculations, which provided valuable insights into their
predominant charge transport mechanism and revealed the
correlations between m-m stacking distances, band gaps, and

13386 | Chem. Sci., 2021, 12, 13379-13391

electrical conductivity of these frameworks (Table 2). The
structural complexity stemming from the presence of the S-
coordinated Rb" ions inside the ‘pores’ of 3 made it extremely
difficult and time-consuming to calculate its band structure.
Nevertheless, the strong similarities between the overall struc-
tures and m-7 distances of MOFs 2 and 3 helped us to under-
stand their similar electronic and optical properties.

Having the shortest m-m-distance (3.39 A) and maximum -
overlap (i.e., the least staggered orientation) between the
perfectly planar successive TTF layers, Na-MOF 1-ox enjoyed the
narrowest electronic band gap (E. = 1.67 eV) and the most
dispersed valence band (ca. 0.43 eV dispersion). The effect of the
partial TTFTC'" radical cation nature of the ligands in as-
synthesized Na-MOF was partly built into its SXRD structure
(i.e., the planar geometry and longer central C-C bonds), which
also possibly contributed to its narrower calculated E. than
other as-synthesized MOFs containing much fewer TTFTC""
radical cations. By comparison, K-MOF 2 and Cs-MOF 4, which
had much larger d._. (ca. 3.7 A) and less 7-overlap between the
m-stacked TTFTC ligands, displayed much wider electronic
band gaps (E; = 2.0 and 2.15 eV, respectively) and less
dispersed valence bands (0.16 and 0.07 eV, respectively).
Notably, calculated E. and experimental E,p (DRS) of neutral
Cs-MOF 4, which barely contained any TTFTC'', were in good
agreement because its E,,. was not influenced by any IVCT
interaction. Similarly, the calculated E, of 2 based on the single-
crystal structure of neutral as-synthesized K-MOF was in good
agreement with the E, of freshly prepared 2 used for DRS
analysis but significantly wider than that of aerobically oxidized
2-0X (Eqpe = 1.35 €V), which contained a much larger TTFTC™"

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The DFT calculated electronic band structures (a—c) and
density of states (d—f) of Na-MOF 1-ox, K-MOF 2, and Cs-MOF 4 show
the electronic band gaps and the orbital contributions of each
component to their respective electronic bands.

population and enjoyed significant IVCT interaction that
caused a much narrower E,p.. Thus, the computational results
based on the single-crystal structures of MOFs largely showed
the effects of w—m stacking interaction on their electronic band
gaps but did not fully account for the effects of aerobically
oxidized TTFTC'" radical cations. On the other hand, the
experimental results based on the DRS data encapsulated the
combined effects of the structural features as well as IVCT
interactions between mixed-valent TTFTC”"* ligands on their
electronic and optical properties. These results suggested that
the charge movement in these MOFs occurred predominantly
through the TTFTC m-stacks, and its efficacy was dictated by —
m-distance and the degree of w-overlap.

The corresponding DOS diagrams (Fig. 7d-f) shined addi-
tional light on the orbital contributions of different

© 2021 The Author(s). Published by the Royal Society of Chemistry
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components of these MOFs to their electronic band structures,
revealing that their valence band maximums (VBMs) and
conduction band minimums (CBMs) consisted of mainly S-3p
and C-2p orbitals with a smaller contribution of O-2p orbital
of TTFTC ligand and practically none from the metal ions. The
major contributions of ligand-p orbitals, especially S-3p orbital,
to the VBMs and CBMs indicated significant interlayer S---S and
m-T-interactions that facilitated out-of-plane charge movement
through the TTFTC m-stacks (and the TTFTC/TTFTC"" 7-donor/
acceptor stacks in the oxidized materials). Furthermore, the
absence of metal orbitals in the VBMs and CBMs of these MOFs
indicated the highly ionic nature of the coordination bonds and
ruled out the possibility of through-bond charge movement.

Electrical conductivity

The electrical conductivity of these materials (Table 2) was
measured by a two-probe method using pressed pellets sand-
wiched between two Ag-coated stainless-steel electrodes sur-
rounded by a snugly fit Teflon tube.**** All these materials
displayed linear current-voltage (I-V) plots (Fig. 8), indicating
ohmic contact between the electrodes and sandwiched MOF
pellets. Having the shortest d._ and ds...s, maximum 7-surface
overlap, the narrowest electronic and optical band gaps, and
a large population of TTFTC"* radical cations from the outset,
which collectively facilitated charge delocalization via TTFTC/
TTFTC"" IVCT interaction, Na-MOF 1-ox displayed the highest
room temperature electrical conductivity (3.4 (+0.1) X
107° S cm™') among all four freshly prepared MOFs. The
conductivity of Na-MOF 1-ox did not change after being exposed
to air for longer time, as it was already saturated with TTFTC""
from the beginning. In contrast, the room temperature elec-
trical conductivities of freshly prepared K-MOF 2 and Rb-MOF 3,
which had wider d,._. and ds...s, less m-surface overlap, wider
band gaps, and much fewer TTFTC'" radical cations in the
beginning, were lower (1.7 (£0.3) x 10> and 1.5 (£0.2) x
107> S cm ', respectively) than that of 1-ox. However, after
prolonged aerobic oxidation, which raised the TTFTC'" pop-
ulation in the resulting 2-ox and 3-ox to the optimum levels,
their room temperature electrical conductivity increased to 6.3
(£0.6) x 107> and 4.1 (+0.4) x 107> S cm ™", respectively. In
contrast, Cs-MOF 4, which possessed the longest d._ and ds...s,
least w-surface overlap, widest bad gap, and a negligible amount
of TTFTC'" radical cation even after prolonged exposure to air,
displayed the lowest (and constant) room temperature electrical
conductivity (1.3 (£0.3) x 1077 S cm™ ') among all these mate-
rials. Interestingly, although 1-ox has shorter m-w-distance
between the adjacent ligands and a greater TTFTC"* population
than 3-ox, the former displayed slightly lower electrical
conductivity, which suggested that other factors possibly
contributed to the electrical conductivity of the latter. While
these MOFs show clear trends of increasing m-m- and S---S-
distances and decreasing mw-overlap between the TTFTC
ligands, they are not strictly isostructural and have some
notable differences in the coordination environments of TTFTC
ligands. Notably, unlike other three MOFs, in Rb-MOF all four S-
atoms were coordinated to Rb" ions and it contained a hepta-
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Fig. 8 The linear /-V plots of (a) 1-ox (dotted red line), (b) 2 (solid blue line) and 2-ox (dotted blue line), (c) 3 (solid green line) and 3-ox (dotted
green line), and (d) 4 (solid pink line) recorded at 293 K, from which their respective electrical conductivity was calculated.

coordinated Rb* ion surrounded by the TTF core that filled the
pores. These structural features possibly contributed to the
higher electrical conductivity of 3-ox. Finally, the conductivities
of free ligands (Fig. S71) were several orders of magnitude lower
than that of all four MOFs: TTFTC-Me, ester acted as an insu-
lator with a conductivity below the measurable limit (¢ <
107'* S em ™), whereas TTFTC-H, tetra-acid displayed a barely
measurable conductivity (8.5 x 10~ S em™ ).

It is worth noting that these pellet conductivity values of
MOFs are usually 1-2 orders of magnitude underestimated than
the corresponding single-crystal conductivity values due to the
contributions of grain boundary and contact resistances in the
former. Furthermore, the single-crystal structures combined
with the calculated electronic band structures and DOS of these
MOFs suggested that the charge movement through the TTFTC
m-stacks or TTFTC/TTFTC'" IVCT stacks located along certain
directions (the c-axis in 1-3 and a-axis in 4), should be aniso-
tropic and therefore, the single-crystal conductivity measured
along these directions should be higher than the bulk electrical
conductivity measured with pressed pellets containing
randomly oriented MOF crystals. However, single-crystal
conductivity measurements require large robust crystals and
sophisticated setups, which were not available for these studies.

Finally, the thermal activation energies (E,) of electrical
conduction in these materials were determined from the
Arrhenius plots (Fig. 9 and Table 2) of their respective
temperature-dependent conductivity values (Fig. S8t). Once
again, having the shortest w-m-distance and a large TTFTC""
population from the outset, which provided significant charge-
carrier concentration and facilitated charge movement through
IVCT interaction, 1-ox enjoyed the lowest activation energy (E, =

13388 | Chem. Sci,, 2021, 12, 13379-13391

0.06 eV), followed by the optimally oxidized 2-ox (E, = 0.16 eV)
and 3-ox (E, = 0.19 eV), which also contained significant
amounts of TTFTC™" radical cations but less effective m—-
overlap than 1-ox. The poor electrical conductivity of largely
neutral 4, which was caused by (i) inadequate charge carrier
concentration (contained only 0.3% TTFTC'") and (ii) the lack of
efficient charge movement through the TTF-stacks having large
m-m-distances and highly staggered orientation, did not change
much with temperature up to 70 °C, indicating that it has a high
thermal activation energy. The PXRD profiles of the MOF pellets
used for electrical measurements were in good agreement with

logo (S/cm)
A
v

4.6
-4.8 1
'5.0 T T T T T
29 30 31 32 33 34
1000/T (K™

Fig. 9 The Arrhenius plots of temperature-dependent electrical
conductivity of 1-ox (dotted red line), 2 (solid blue line), 2-ox (dotted
blue line), 3 (solid green line), and 3-ox (dotted green line), from which
their respective E, values were calculated.
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that of the corresponding bulk powders (Fig. S21), confirming
that their structures and crystallinity were largely preserved
during these measurements. Thus, the electronic properties of
these materials were directly impacted by their charge carrier
concentration, ie., the TTFTC'" population, as well as the effi-
cacy of charge movement pathways, which was largely dictated
by m-m- and TTFTC/TTFTC"" IVCT interactions.

Conclusions

In summary, we have synthesized four new TTFTC-based 3D
MOFs and demonstrated how their structures, compositions,
and the oxidation states of ligands influenced their electronic,
optical, and charge transport properties. While all four frame-
works contained extended TTF-stacks, the w—m-distance, the
extent of w-overlap, and the TTFTC'* population varied signifi-
cantly, which commensurately impacted their electronic and
optical band gaps, electrical conductivity, and activation energy
of electrical conduction. Having the most effective w—m-inter-
action as well as the highest TTFTC'* population from the
outset, which enabled most facile through-space charge delo-
calization via IVCT interaction, Na-MOF 1-ox displayed the
narrowest electronic and optical band gaps, the highest elec-
trical conductivity, and the lowest activation energy among all
four freshly prepared MOFs, whereas the opposite was true for
Cs-MOF 4. In comparison, freshly prepared and not optimally
oxidized K-MOF 2 and Rb-MOF 3 possessed intermediate m—-
overlap and modest TTFTC'" population in the beginning,
which increased upon aerobic oxidation. As a result, they
initially displayed intermediate band gaps and electrical
conductivities, which improved dramatically once they became
saturated with charge delocalized TTFTC"" radical cations after
longer aerobic oxidation. The computational results based on
the single-crystal structures of MOFs primarily showed the
effects of structural features, i.e., d._, ds...s, and the degree of
overlap on their electronic properties, whereas the experimental
results encompassed the combined effects of structural features
and TTFTC'" population on the electronic and optical proper-
ties of these MOFs. The foregoing results demonstrated that
both TTFTC'" population, which dictated the charge carrier
concentration, and the 7-m-interaction, which controlled the
efficacy of IVCT interaction and charge delocalization, played
important roles on the electrical conductivity and band gaps of
these frameworks. Importantly, these studies presented a rare,
if not the first, comprehensive understanding of how the mixed
valency of an electroactive ligand and the subsequent IVCT
interaction influenced the electrical conductivity and band gaps
of a family of 3D MOFs having systematically variable structural
parameters and compositions, delivering a promising design
strategy for electrically conductive MOFs.
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