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Abstract: The construction of a new class of covalent TTF
lattice by integrating TTF units into two-dimensional cova-
lent organic frameworks (2D COFs) is reported. We ex-
plored a general strategy based on the C,+ C, topological
diagram and applied to the synthesis of microporous and
mesoporous TTF COFs. Structural resolutions revealed that
both COFs consist of layered lattices with periodic TTF col-
umns and tetragonal open nanochannels. The TTF col-
umns offer predesigned pathways for high-rate hole trans-
port, predominate the HOMO and LUMO levels of the
COFs, and are redox active to form organic salts that ex-
hibit enhanced electric conductivity by several orders of
magnitude. On the other hand, the linkers between the
TTF units play a vital role in determining the carrier mobi-
lity and conductivity through the perturbation of 2D sheet
conformation and interlayer distance. These results open
a way towards designing a new type of TTF materials with
stable and predesignable lattice structures for functional
exploration.

- /

Tetrathiafulvalene (TTF) is among the most widely utilized mol-
ecules for developing molecular metals, whereas the mono-
oxidized cation radical of TTF in organic salts presents partially
filled band structure and conductivity in the solid state." How-
ever, the solid-state structure of neutral TTF-based molecules is
essentially determined by short-range and nondirectional van
der Waals forces, which govern the association of TTF mole-
cules and leave an uncontrolled structural formation, as was
observed for the polymorph of crystals.”’ The introduction of
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additional interaction sites to the TTF backbone has been
proven to be useful for directing the supramolecular assembly
of TTF derivatives.”) However, it is difficult to use these strat-
egies to crystallize TTF molecules into robust lattice structures.
Construction of a latticed TTF structure with predesigned mo-
lecular ordering remains a challenge.

Covalent organic frameworks (COFs) are a class of crystalline
porous polymers that allow atomically precise integration of
organic building blocks into periodic structures.” A significant
feature is that the growth pattern of the lattice is solely con-
trolled by the topological design diagram. COFs have emerged
as a powerful platform for synthesizing latticed organic struc-
tures with predesigned molecular orderings. A variety of n
molecules, including arenes, porphyrins, phthalocyanines, thio-
phenes, and diimides have been explored for the synthesis of
COFs, which exhibit remarkable light-emitting, semiconduct-
ing, and photoconductive properties.**” However, the con-
struction of COFs based on TTF, a benchmark electron-donat-
ing molecule for organic metals, is unprecedented. Herein, we
report the design, structure, and electric functions of TTF COFs
(Scheme 1).

TTF assumes a C, geometry with four substitutions at
second, third, sixth, and seventh positions that form intersec-
tion angles substituents defining the COF architecture.?” We
established a general strategy based on the C,+ C, topological
diagram for integrating TTF units into COFs. 2,3,6,7-Tetra(4-for-
mylphenyl)-tetrathiafulvalene monomer®" and two representa-
tive C,-symmetric co-monomers, including the simplest disub-
stituted phenyldiamine and the tetrasubstituted pyrene tetra-
phenyltetraamine, were used for the synthesis of crystalline mi-
croporous and mesoporous COFs (Scheme 1a, TTF-Ph-COF and
TTF-Py-COF). Both COFs consist of lattice structure; however,
their TTF textures are different. In TTF-Ph-COF, the TTF units
occupy all the vertices of the 2D polygons, whereas in the TTF-
Py-COF case, the TTF units only account for half of the vertices
(Scheme 1a). This topological strategy controls the sequence
and density of TTF units in the lattice.

As a typical protocol, a mixture of 2,3,6,7-tetra(4-formylphen-
yl) tetrathiafulvalene and 1,4-phenyldiamine in dioxane/mesity-
lene/3m AcOH (5:5:2 by volume) or a mixture of 2,3,6,7-
tetra(4-formylphenyl) tetrathiafulvalene and 1,3,6,8-tetra(4-ami-
nophenyl)pyrene in  nBuOH/o-dichlorobenzene/3m  AcOH
(5:5:2 by volume) was sonicated for 1 min, degassed through
three freeze/pump/thaw cycles, sealed, and kept at 120°C.
After cooling, the precipitate was collected by centrifugation,
washed with CHCI; and THF, and dried at 100 °C under vacuum

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. a) Schematic representation of the synthesis of mesoporous TTF-Ph-COF and microporous TTF-Py-COF
by a C,+C, topological diagram. Slipped AA stacking structures of TTF-Ph-COF at b) top and c) side views and
eclipsed stacking structures of TTF-Py-COF at d) top and e) side views (yellow: S, blue: N, grey: C; H was omitted

for clarity).

to give TTF-Ph-COF and TTF-Py-COF as brown and yellowish
solids in 55 and 62 % isolated yields, respectively (see the Sup-
porting Information). IR spectra of TTF-Ph-COF and TTF-Py-COF
confirmed the presence of characteristic C=N vibration bands
at 9=1621 cm™' (Figure S1 in the Supporting Information). Ele-
mental analysis revealed that the C, H, and N contents are
close to their theoretical values in infinite 2D sheets (see the
Supporting Information). Field-emission scanning electron mi-
croscopy images showed plate-like morphology (Figure S2 in
the Supporting Information). High-resolution transmission elec-
tron microscopy images revealed the porous textures (Fig-
ure S2 in the Supporting Information).

To resolve the crystalline structure, we employed a combina-
tion of techniques including: 1) Pawley refinement to confirm
the XRD peak assignment; 2) density-functional tight-binding
(DFTB) calculations to produce the optimal structure of the lay-
ered unit cell; and 3) utilization of the optimal unit cell to re-
construct the XRD pattern and to establish the lattice struc-
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ture. TTF-Ph-COF and TTF-Py-
COF are highly crystalline poly-
mers with strong XRD peaks.
TTF-Ph-COF exhibited XRD sig-
nals at 3.70, 7.52, and 26.0°,
which were assignable to the
(110) (220), and (001) facets, re-
spectively (Figure 1a, red curve).
Pawley refinement based on
a G/m monoclinic space group
with lattice parameters of a=
39.964, b=29.267, c=3.894,
and a=y=90, $=89.24° gave
an XRD pattern (green curve)
that is in good agreement with
the experimentally observed pat-
tern, as was evidenced by their
negligible  difference  (black
curve). The slipped AA stacking
mode (see below) generated an
XRD pattern that reproduced the
experimentally observed curves
(blue curve), whereas the stag-
gered AB mode (purple curve)
could not reproduce the XRD
pattern and caused overlapped
pores (Figure 1b). On the other
hand, TTF-Py-COF displayed XRD
peaks at 5.30, 10.86, and 23.2,
which can be attributed to the
(110), (220), and (001) facets, re-
spectively (Figure 1¢, red curve).
Pawley refinement (green curve)
TTF-Py-COF based on a C/m
monoclinic space group with lat-
tice parameters of a=36.739,
b=20.158, ¢=3.69A and a=
v=90, 5 =289.18° reproduces the
XRD pattern, confirming the
above-described peak assignment. XRD pattern simulations by
using the eclipsed AA stacking mode (blue curve) reproduced
the experimental profile, whereas the staggered AB stacking
mode (purple curve) failed to reproduce the XRD pattern and
gave rise to overlapped pores (Figure 1d).

In the case of TTF-Py-COF, there are two potential structures
in terms of different orientation of pyrene and TTF units. TTF-
Py-COF with the parallel alignment of pyrene and TTF units is
named as a-TTF-Py-COF, whereas the one with the perpendicu-
lar alignment of pyrene and TTF units is denoted as B-TTF-Py-
COF. However, B-TTF-Py-COF has two different pore sizes and
give completely different XRD pattern from the experimentally
observed one (Figure S3 in the Supporting Information). There-
fore, TTF-Py-COF is in the form of a-TTF-Py-COF, whereas the
pyrene units are parallel oriented (Scheme 1d and e). We em-
ployed the self-consistent charge-density functional tight-bind-
ing method (SCC-DFTB) with empirical Lennard-Jones disper-
sion for calculating optimal crystal structures (see the Support-
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Figure 1. XRD patterns of a) TTF-Ph-COF and c) TTF-Py-COF (red: observed
curve, green: Pawley refined curve, black: their difference, blue: Slipped AA
stacking mode or eclipsed AA stacking mode, purple: staggered AB mode).
Stacking structure of the staggered AB modes of b) TTF-Ph-COF and d) TTF-
Py-COF (top and side views).

ing Information). The structure of the TTF-Ph-COF monolayer
was first determined by using a hexagonal unit cell to define
the periodic boundary; however, a monoclinic unit cell was re-
quired for TTF-Py-COF as its geometry requires unequal lattice
vector lengths a#b. TTF-Ph-COF and TTF-Py-COF monolayers
have unit-cell lattice parameters of a=24.8, b=24.9 and a=
36.1, b=20.8 A, respectively. Based on these optimal
monolayer structures, three stacking lattices, includ-
ing eclipsed AA, slipped AA, and staggered AB

CHEMISTRY

A European Journal
Communication

crystal stacking energy decreased to 46.5 kcalmol™, as a result
of losing mi—m forces between 2D layers.

TTF-Py-COF adopts the eclipsed AA stacking mode (Sche-
me 1d,e) among the different geometries (Table 1). Compared
with TTF-Ph-COF, the total crystal-stacking energy of TTF-Py-
COF is enhanced to 84.8 and 82.4 kcalmol™" for the eclipsed
and slipped AA stacking modes, respectively (Table 1), indicat-
ing that the large pyrene  linker that occupies the vertices of
TTF-Py-COF does contribute to the interlayer stacking forces, in
addition to the TTF interactions. On the other hand, the
eclipsed AB (Figure S3 in the Supporting Information) and
staggered AB modes exhibited severely reduction of stacking
energy to only 69.2 and 47.0 kcalmol™, respectively (Table 1).
The low total stacking energy of the eclipsed AB stacking
mode also supports that TTF-Py-COF favors the eclipsed AA
stacking structure.

The above-described results indicate that both TTF COFs
constitute periodic TTF columns and ordered porous channels,
as shown in Scheme 1b-e. A closer examination of the inter-
layer structures revealed that their interlayer distance is differ-
ent. TTF-Ph-COF has an interlayer distance of 3.71 A for the
slipped AA stacking mode, whereas TTF-Py-COF adopts
a longer distance of 3.87 A (Table 1). Meanwhile, TTF-Ph-COF
assumes an almost planar sheet conformation, whereas TTF-
Py-COF display a distorted conformation (Scheme 1¢,e). These
differences in layered structures originate from the difference
of linkers between TTF units in the COFs. The phenyl linker in
TTF-Ph-COF has a planar conformation, whereas the paddle-
shaped tetraphenylpyrene linker distorts the 2D layer from
a planar conformation and expands the interlayer distance.
Therefore, the linker in the COFs not only tunes the periodicity
of the TTF columns but also perturbs the conformation of 2D
layers and their interlayer distance, which are the key to elec-
tric functions, such as carrier transport and conductivity. Be-
cause the imine linkage extends m conjugation of the TTF
cores, how the imine linkage and linker unit affect the HOMO
and LUMO levels of the TTF units is an important consideration
in the formation of charge transfer complexes. In the monolay-
er, the HOMO-LUMO pair centers on the TTF units in both
COFs, with some delocalized 7t bonding over the adjacent link-
ers (Figure S4 in the Supporting Information). These frontier
MOs have negligible weight on the pyrene cores in TTF-Py-

modes, were calculated. Table 1. DFTB calculation results on the lattice vector length c value, total crystal-
We set an initial slip distance of 0.8 A along the stacking energy per unit cell (E,), and HOMO-LUMO levels.
a and b directions for the slipped AA stacking struc- COFs Mode c Eispersion Frotal HOMO/LUMO
ture and found that these values converge at 0.35 A. Al [kcalmol'l  [kcalmol™]  [eV]
Of the three modes, TTF-Ph-COF preferred a slipped monolayer - 291.8 - —4.60/—3.31
AA stacking mode (Scheme 1b and c; Table 1). This | ;rrpp.cop  eclipsed AA 3.83 4737 514 —4.30/-3.50
slipped stacking mode gains a total crystal stacking Slt'pped IZAAB ;'Z; 2;?'2 ZZ'; ’:';;*z':;
A K staggere: § . . —4.53/-3.
energy of 56.7 kcalmol™ per unit cell. On the other monolayer B 2488 _ _461/—324
hand, the eclipsed AA stacking mode gives rise to eclipsed AA 387 7317 84.8 —4.39/-3.61
a lower total crystal stacking energy of 51.4 kcal | TTF-Py-COF  slipped AA 3.83 7361 824 —4.51/-3.58
mol~". For the staggered AB stacking mode, the total staggered AB 392 817.0 47.0 —4.85/-3.66
eclipsed AB 4,02 757.0 69.2 —4.54/—-3.49
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a) HOMO

Figure 2. HOMO and LUMO of (a, b) the slipped-AA stacking TTF-Ph-COF
and (c, d) the eclipsed AA stacking TTF-Py-COF.

COF. In both COFs, the HOMO includes the C=C it bond across
the TTF unit, whereas this C=C unit is merely nonbonding (not
anti-bonding) in the LUMO. In the optimized layer lattices, the
stacking only perturbs the frontier orbitals (Figures 2 and S4 in
the Supporting Information); they remain qualitatively the
same as their counterparts in the monolayer. These results sug-
gest that the HOMO and LUMO levels (Table 1) and redox ac-
tivity (see below) of the COFs are dominated by the TTF units,
with less interference by the phenyl and pyrene linkers.

Thermal gravimetric analysis revealed that TTF-Ph-COF and
TTF-Py-COF have no obvious weight loss until 450 °C (Figure S5
in the Supporting Information). The chemical stability in differ-
ent solvents was investigated (Figure 3). The COFs are stable in
hexane, methanol, water, and alkaline solution (aqueous 1m
NaOH solution).

a) b)
‘L Hexane \k Hexane
k MeOH ‘/k MeOH
A H,0 \k H,0
)\ NaOH (1 M) ﬁ NaOH (1 M)
A as synthesized as synthesized
T T T T T 1
I 1 I | J J 1 1 2i 2.
5 10 15 20 25 30 5 0 5 0 5 30

26/ degree ——
26/ degree ——

Figure 3. XRD patterns of a) TTF-Ph-COF and b) TTF-Py-COF upon one-day
treatment in different conditions.
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Nitrogen-sorption-isotherm measurements were conducted
at 77 K. TTF-Ph-COF exhibited a reversible sorption curve with
Brunauer-Emmett-Teller (BET) surface area as high as
1014 m*g~' and pore volume of 1.22cm®g™" (Figure 4a). The
pore-size distribution profile obtained by using nonlocal densi-
ty functional theory (NLDFT) method revealed that TTF-Ph-COF

a) b)
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Figure 4. Nitrogen sorption isotherm curves of a) TTF-Ph-COF and c) TTF-Py-
COF (filled circle: adsorption, open circle: desorption) at 77 K. Pore size dis-
tribution of b) TTF-Ph-COF and d) TTF-Py-COF using the NLDFT method.

consists of one type of mesopore with size of 2.2 nm, which
accounts for the porosity (Figure 4b). On the other hand, TTF-
Py-COF has a BET surface area of 817 m*g™' and pore volume
of 0.76 cm®*g™" (Figure 4c). The pore-size distribution curve
confirmed the presence of only one kind of micropore with
size of 1.3 nm (Figure 4d).

TTF is a typical hole-transporting compound. To reveal the
conducting properties of the COFs with periodically aligned
TTF columns, we utilized the electrodeless flash-photolysis
time-resolved microwave conductivity (FP-TRMC) method,
which measures the inherent charge-carrier mobility within
several nanometers after laser pulse irradiation.">*? The excita-
tion of TTF-Ph-COF by a 355 nm pulsed laser at a photon den-
sity of 9.1x 10" photoncm™ gave a maximum ¢>u value (in
which g is the photocarrier-generation yield and Zu is the sum
of the mobilities of charge «carriers) of 1.1 (£0.05)x
10° cm?V~'s™" (Figure 5a). In contrast, TTF-Py-COF (blue
curve) gave a @y value of 5.0 (£0.1)x 10" cm?V~"s™", which
is half that of TTF-Ph-COF (Figure 5c).

The ¢ values were determined by using a direct current-in-
tegration method (Figure 5b and d and Figure S6 in the Sup-
porting Information). The COF samples were exposed to
a 355 nm laser pulse at 9.0x10" photons cm™ and the ¢
values of TTF-Ph-COF and TTF-Py-COF were evaluated to be
5.8x107° and 6.4x 107%, respectively, by using poly(9,9"-dioctyl-
fluorene) (PDOF) film as a reference. Therefore, the carrier mo-
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Figure 5. FP-TRMC profiles of a) TTF-Ph-COF and c) TTF-Py-COF. Current of
b) TTF-Ph-COF and d) TTF-Py-COF measured by a direct integration method.

bility of TTF-Ph-COF and TTF-Py-COF was 0.2 and
0.08 cm?V~'s™, respectively. The high carrier mobility observed
for TTF-Ph-COF is likely related to its tighter stacking layer
structure, as was revealed by the crystalline structure. TTF-
COFs consist of high crystalline i columns that provide prede-
signed pathways for carrier transport.”! The mobilities of these
TTF COFs are rather high, in comparison with the crystals of
TTF derivatives that have mobilities of 107 to 1 cm?V~'s™
with a majority under 1072 cm?V~"s7" B9

The COFs undergo reversible electrochemical reactions. TTF-
Ph-COF in acetonitrile exhibited a reversible cyclic voltammet-
ric profile and two clear oxidation peaks at 0.21 and 0.54 V (vs.
SCE, Figure S6 in the Supporting Information), which are very
close to those (0.21 and 0.53 V) of the monomer (Figure S7 in
the Supporting Information). This is also the case for TTF-Py-
COF that exhibited two oxidation peaks at 0.22 and 0.55 V.
These results are consistent with the HOMO and LUMO map-
pings and again indicate that the TTF columns in the COFs
retain their redox activities. It is known that iodine acts as
a suitable oxidant, because it has reduction potentials at
0.615 V (for I") and 0.784 V (for 1,7).5¥ We exemplified this po-
tential by using iodine as an oxidant, because it has been
widely utilized for the oxidation of TTF derivatives. Indeed, ex-
posure of the COF samples to iodine vapor caused a quick
color change to black, as a result of the formation of a charge-
transfer complex. Electronic absorption spectra revealed the
drastic enhancement of absorption in the near infrared region
800-1100 nm (Figure S8 in the Supporting Information), which
is characteristic of a TTF radical cation and iodide radical-anion
pair.®¥ The COF samples upon oxidation retained their original
XRD patterns, indicating that their lattice structures remained
intact (Figure S9 in the Supporting Information). We pressed
COF samples to make tapes with a gap of 0.2 cm, width of
0.4 cm, and thickness of around 0.05 cm for the conductivity
measurements (see the Supporting Information). The TTF-Ph-
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COF and TTF-Py-COF tapes at 1.0V bias generate currents of
only 2.6x 1072 and 2.0x 107 "% A, respectively (Figure 6a and c,
black curves). Upon iodine oxidation, the /-V curves of TTF-Ph-
COF and TTF-Py-COF exhibited linear plots, which are charac-
teristics of ohmic conduction (Figure 6a,c, red and blue
curves). Time-dependent current profiles revealed that TTF-Ph-
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Figure 6. |-V curves of a) TTF-Ph-COF and c) TTF-Py-COF (black curves: pris-
tine COFs, red and blue curves: COFs upon iodine oxidation). Time-depen-
dent current of b) TTF-Ph-COF and d) TTF-Py-COF upon iodine oxidation.

COF reaches the maximal current of 5.5 x 107 A upon 36 h ox-
idation (Figure 6b); the current was enhanced by 10° fold. In
contrast, TTF-Py-COF exhibited similar oxidation process and
required 6 h to reach the maximum current of 1.4x1077 A (Fig-
ure 6d); the current was increased by a factor of 10° fold. The
conductivities of TTF-Ph-COF and TTF-Py-COF were estimated
to be 107 and 107° Q'cm™', respectively. Therefore, the lat-
ticed TTF columns in the COFs allow the generation of charge-
transfer complexes that greatly enhance the electric conductiv-
ity, whereas the degree of enhancement is likely related to the
layer conformation and interlayer distance perturbed by the
linker nature.

In summary, we reported the synthesis, structure, and elec-
tric properties of a new class of electric COFs with latticed TTF
structures. We established a general topological diagram for
the design and synthesis of mesoporous and microporous
COFs that are highly crystalline and possess large porosity. The
layered structures constitute periodically aligned TTF mt col-
umns for high-rate carrier transport and enhanced electric con-
duction upon oxidation, whereas the linker units play an im-
portant role in perturbing the layered lattice and thus the con-
ductivity. This work constitutes a great step towards organic
metals with predesignable lattice architectures.
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COMMUNICATION

Stack in a crystal: The construction of
a new class of covalent tetrathiafulva-
lene (TTF) lattice by integrating TTF
units into two-dimensional covalent or-
ganic frameworks (2D COFs) is reported

I Conducting Materials

S. Jin, T. Sakurai, T. Kowalczyk,
S. Dalapati, F. Xu, H. Wei, X. Chen, J. Gao,
S. Seki, S. Irle, D. Jiang*

(see figure). The linkers between the EE-EE
TTF units play a vital role in determining
the carrier mobility and conductivity. Two-Dimensional Tetrathiafulvalene

Covalent Organic Frameworks:
Towards Latticed Conductive Organic
Salts

CHEMISTRY

A European Journal

Ordered tetrathiafulvalene structures...are
constructed by integrating into the lattice of 2D cova-
lent organic frameworks. The tetrathiafulvalene
columnar st-arrays offer pathways for high-rate hole
transport, determine the frontier orbit levels, and upon
oxidation form organic salts that exhibit drastically
improved electric conductivity by several orders of
magnitude. For more details, see the Communication
by D. Jiang et al. on page H M ff.
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