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ABSTRACT: The tetratopic ligand tetrathiafulvalene-
tetrabenzoate (H4TTFTB) is used to synthesize
Zn2(TTFTB), a new metal−organic framework that
contains columnar stacks of tetrathiafulvalene and
benzoate-lined infinite one-dimensional channels. The
new MOF remains porous upon desolvation and exhibits
charge mobility commensurate with some of the best
organic semiconductors, confirmed by flash-photolysis-
time-resolved microwave conductivity measurements.
Zn2(TTFTB) represents the first example of a perma-
nently porous MOF with high charge mobility and may
inspire further exploration of the electronic properties of
these materials.

H igh surface area conductive materials are poised to
transform the energy landscape in the near future.

Microporous conductive ceramics and activated carbons have
become the norm in high temperature fuel cells and
supercapacitors,1−3 while porous chalcogenide semiconductors
and conductive polymers are attractive targets for applications
in electrocatalysis, separation, and sensing technologies.4−6 One
class of materials with a great impact potential in this area is
metal−organic frameworks (MOFs). These materials have high
intrinsic porosity that has led to applications in gas separation
and storage among others,7−9 but typically exhibit very low
electronic conductivity, which drastically impairs their utility as
high surface area conductors. The low conductivity of porous
MOFs is not surprising: they are usually made from hard metal
ions connected by redox-inactive organic ligands; this
combination does not provide a good conjugation pathway
for charge transport. As such, one of the most challenging and
potentially rewarding endeavors in this rapidly expanding field
is to synthesize porous frameworks that show good charge
mobility and conductivity.10

One means to address this challenge is to use softer, sulfur-
based bridging ligands that form more covalent interactions
with the metal ions. For instance, di- and tetra-thiobenzenes
were known to form conductive nonporous coordination
polymers11−14 and served as inspiration for the only example of
a permanently porous and electronically conductive MOF.15 An
alternative to engineering through-bond charge delocaliza-
tion16,17 is to employ π-stacks of electroactive molecules as the
charge transport pathways. Most famously exemplified by
charge transfer salts such as tetrathiafulvalene-tetracyanoquino-

dimethane (TTF-TCNQ),18,19 π-stacked molecular crystals can
exhibit metallic conductivity and even superconductivity.20,21

They inspired the development of electroactive covalent-
organic frameworks (COFs), wherein stacked layers of flat π
molecules such as porphyrins, phthalocyanines, or triphenyl-
enes define microporous structures with high photoconductiv-
ity and/or charge mobility.22−27 We sought to apply a similar
strategy to design MOFs with high charge mobility. In doing so,
we focused on TTF as a building block, hoping that its high
propensity to π-stack would balance well with the stronger
driving force of the metal−ligand bond formation, thereby
enforcing the construction of a material that exhibits both
porosity and a pathway for efficient charge transport. Although
there have been attempts to control the supramolecular
structure of TTF-based materials while retaining conductivity,
such as through N···I n → σ* interactions,28 coordination to
metal ions through thioalkyl groups,29 and carboxylates directly
appended onto the TTF core,30−32 none have resulted in
permanently porous materials. Herein we show that a TTF-
based ligand containing benzoate spacers generates a zinc-based
MOF that exhibits both columnar stacks of TTF and
permanent pores lined by benzoate linkers. The material
displays charge mobility of a magnitude that matches some of
the best conductive organic polymers, as determined by flash
photolysis-time-resolved microwave conductivity (FP-TRMC).
To our knowledge, this is the first measurement of the intrinsic
charge mobility in a permanently porous MOF, and sets a
standard that should encourage a sustained research effort in
this area.
The ligand tetrathiafulvalene-tetrabenzoate (H4TTFTB) was

synthesized in two steps through a palladium-catalyzed cross-
coupling between TTF and ethyl-4-bromobenzoate33 followed
by saponification34 (see Scheme 1). Treatment of a solution of
H4TTFTB in 3:1 DMF/EtOH with a solution of Zn-
(NO3)2·xH2O in 1:1 EtOH/H2O followed by heating at 75
°C for 2 days afforded [Zn2TTFTB(H2O)2]·H2O·2DMF (1) as
dark red needles.
X-ray diffraction analysis of a single crystal of 1 revealed a

structure comprised of infinite helical chains of corner-sharing
pseudo-octahedra joined together by helical stacks of TTFTB4−

linkers (see Figure 1). Compound 1 crystallizes in the space
group P65 with a racemic twinning domain. The 65 screw axis
bisects the central ethylene unit of the TTF core of TTFTB4−,
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such that adjacent TTF units are rotated by 60° relative to one
another and translated by 3.47 Å in the c direction. The two
dithiole rings in each TTF core are slightly twisted around the
central ethylene bond to give a dihedral angle of 2.32°. The
phenyl rings also exhibit a significant torsion with respect to the
TTF core, defining dihedral angles ranging from 40° to 52°
with the latter. Together with the helical metal-carboxylate
chains that run roughly perpendicular to the TTF cores, the

benzoate groups delineate cylindrical pores with a van der
Waals diameter of ∼5 Å. Finally, the infinite metal-carboxylate
chains are built from two crystallographically independent Zn
atoms, each of which exhibits a pseudo-octahedral coordination
sphere of six oxygen atoms pertaining to carboxylates in one
case and four carboxylates and two cis-oriented water molecules
in the other case. Although the TTF cores are not
perpendicular to the screw axis, one relatively close
intermolecular S···S contact of 3.803(2) Å is found between
neighboring TTF moieties in 1. This value is similar to the
range of intermolecular S···S distances found in TTF-TCNQ
and other conductive charge-transfer salts,35−38 and it
encouraged us to further investigate the potential for charge
mobility in 1.
Thermogravimetric analysis (TGA) of 1, shown in Figure S1,

exhibits a sharp mass loss of 28.3% between 100 and 140 °C,
which agrees well with the 28.2% mass loss expected for the
elimination of 3.5 guest DMF molecules and coordinated water.
Importantly, TGA suggested that 1 exhibits a large plateau of
thermal stability above 180 °C until the final decomposition
upward of 400 °C. Evacuation of 1 was accordingly performed
by heating as-synthesized material at 200 °C and 4 mTorr for
12 h. Its crystallinity and identity were confirmed by powder X-
ray diffraction (Figure 2, inset) and elemental analysis,

respectively, which indicated that the structure is maintained
upon evacuation and exposure to air and that indeed all solvent
molecules are removed. Upon desolvation, 1 absorbs ∼170
cm3/g of N2 at 77 K and displays a Type I isotherm, confirming
its microporous nature (see Figure 2). A BET analysis of the
isotherm data revealed a permanently porous structure with an
apparent surface area of 662 m2/g and confirmed 1 as the first
crystalline TTF-based material with intrinsic microporosity.
Analysis of the N2 isotherm data using the Tarazona nonlocal
density functional theory39 also revealed a narrow pore size
distribution centered around 6 Å, in agreement with the pore
size expected from a space filling model of 1.
Interestingly, an EPR spectrum of as-synthesized 1, shown in

Figure S2, displayed a sharp signal at g = 2.006 characteristic of
organic-based radicals, and suggested that TTF cores in 1 are at
least partially oxidized during the MOF synthesis and that 1 is
already partially doped in its as-synthesized form. To confirm
that the radical character of 1 is centered on the TTF moieties,

Scheme 1. Synthesis of H4TTFTB

Figure 1. Portions of the crystal structure of 1: (a) the infinite helical
Zn-carboxylate chains, (b) a side view of a helical TTF stack with a
depiction of the shortest intermolecular S···S contact, and (c) a view of
the benzoate-lined infinite pores down the c axis. Orange, yellow, red,
and gray spheres represent Zn, S, O, and C atoms, respectively. H
atoms and water molecules in (b) were omitted for clarity.

Figure 2. Isotherm for the adsorption of N2 in 1 at 77 K. The inset
shows the powder X-ray diffraction patterns of as-synthesized 1
(black), simulated 1 (red), and desolvated 1 (blue).
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the free ligand H4TTFTB was oxidized with I2 in ethanol and
the product displayed an EPR signal centered at g = 2.006 as
well. Encouraged by the inherent partial doping of 1 and by the
relatively short S···S distances between neighboring TTF cores,
we sought to investigate the conductive properties of this MOF.
Because of the anisotropic structure of 1, we expected that its
bulk conductivity would be greatly affected not just by grain
boundary resistances, but also by the highly randomized
orientation of individual grains within a pellet or a film. Low
bulk conductivity values defined by an average of the
conductivity in all three directions are well documented in
charge-transfer salts and other one-dimensional conductors.40

To eliminate anisotropy effects in our electrical measure-
ments, we explored the conductivity of as-synthesized 1 using
FP-TRMC. This technique allows the measurement of charge
mobility on the multinanometer length scale, much smaller
than the size of an individual grain or crystallite, and is
therefore indicative of the intrinsic charge mobility of a given
material.41,42 The technique effectively eliminates almost all of
the perturbations resulting from impurities, grain boundaries,
electrode contacts and, most importantly, the directionality of
charge transport, whose influences are unavoidable in other
configurations such as pressed pellets and field-effect transistors
(FETs). FP-TRMC measurements were carried out in ambient
conditions on films made from 1 and PMMA (40/60 wt %).
Samples were pulsed with 355 nm light, and the charge carrier
generation efficiency was obtained by a time-of-flight (TOF)
transient current integration. The FP-TRMC profiles for 1 and
a similar film made from H4TTFTB, both shown in Figure 3a,
display maximum values of ϕ∑μ of 3 × 10−5 and 9 × 10−6

cm2/V·s, respectively, where ϕ is the photocarrier generation
yield and ∑μ is the sum of the generated charge carrier
mobilities for both electrons and holes. The TOF current
transients, shown in Figure 3b, give ϕ values of 4 × 10−3 and 2
× 10−4 for H4TTFTB and 1, respectively. Because of the higher
value of ϕ in H4TTFTB, its current transient response could be
verified using transient absorption measurements, an entirely
noncontact technique. Transient absorption spectra of
H4TTFTB dispersed in PMMA matrices and the corresponding
kinetic trace observed at 650 nm (1.9 eV) are shown in Figure
S10. Notably, this band is red-shifted from that observed for an
isolated TTF radical cation (2.17 eV), but blue-shifted relative
to that expected for a mixed-valent TTF radical cation dimer
(1.69 eV),43,44 suggesting increased delocalization over
neighboring TTF cores in H4TTFTB. Most importantly, the
ϕ value for H4TTFTB obtained by transient absorption
measurements, 2.5 × 10−3, agrees well with that obtained
from the TOF measurements and suggests that holes are the
major carriers in H4TTFTB and, by analogy, in 1.
Combined, the FP-TRMC and TOF current transient

measurements reveal an outstanding intrinsic charge mobility
of 0.2 cm2/V·s for 1. This value is 2 orders of magnitude higher
than that found for H4TTFTB, and is in line with values found
for highly oriented porphyrin and phthalocyanine-based
COFs.22,23,25−27 Most remarkably, the charge mobility in 1 is
higher than those found for common organic conductors such
as some polyphenylenevinylenes (μ = 0.01−0.1 cm2/V·s)45 and
polythiophenes (μ = 0.015−0.075 cm2/V·s)46 measured by the
same technique. We note also that even polythiophenes used in
organic photovoltaic devices, such as poly(3-hexylthiophene)
and poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene)
have field-effect (bulk) mobilities of approximately 0.1 and
0.2−0.6 cm2/V·s, respectively.47,48

We sought to understand the nature of the charge
delocalization in 1, which displays high charge mobility despite
its unusual and less-than-ideal TTF stacking sequence that
allows only one relevant intermolecular S···S contact. To test
whether a band model is an appropriate description of the
electronic structure of 1, one can apply the energy-time
uncertainty principle by assuming a typical electron−lattice
scattering time of τ = 10−14 s and a spacing of 3.81 Å between
components. Using these values, the minimum charge mobility
necessary for treating a system with a band model is 0.3 cm2/
V·s.49 This is only slightly larger than the mobility value found
in 1, suggesting that our system can indeed be described as
partially delocalized. This analysis also suggests that if the
molecular overlap between neighboring TTF cores can be
engineered to either increase the number of S···S contacts or
shorten the length of the contacts, MOFs with even higher
charge mobility may be accessible.
In summary, we have shown that the use of a benzoate-

extended TTF core leads to a permanently porous MOF that
shows very high intrinsic charge mobility within the class of
organic-based conductors. Many challenges must be overcome
before such materials will be implemented in functional
electronic devices, not least of which is their processing as
oriented thin films for interfacing with electrodes.50,51 Never-
theless, these results demonstrate that MOFs are amenable to
designs that promote good charge transfer among the
individual building blocks. We hope that this study will inspire
the exploration of the electronic properties of MOFs, which

Figure 3. (a) Conductivity transients observed by FP-TRMC upon
excitation at 355 nm with 6.5 × 1015 cm−2 photons per pulse for 1
(black trace) and H4TTFTB (red trace); (b) photocurrent transients
observed for 20−26 μm thick solid films of materials in PMMA
matrices sandwiched between Au-semitransparent and Al electrodes.
The transients were observed with a terminate resistance of 10 kΩ
under applied bias at 1.2−1.5 × 104 V/cm.
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have received comparatively less attention than more traditional
applications such as gas storage and separation.
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