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www.rsc.org/ Despite the high charge-carrier mobility in covalent organic frameworks (COFs), the low intrinsic
conductivity and poor solution processability still impose a great challenge for their applications in
flexible electronics. We report the growth of oriented thin films of a tetrathiafulvalene-based COF (TTF-
COF) and its tunable doping. The porous structure of the crystalline TTF-COF thin film allows the
diffusion of dopants such as |, and tetracyanoquinodimethane (TCNQ) for redox reactions, while the
closely packed 2D grid sheets facilitate the cross-layer delocalization of thus-formed TTF radical cations
to generate more conductive mixed-valence TTF species, as is verified by UV-Vis-NIR and electron
paramagnetic resonance spectra. Conductivity as high as 0.28 S/m is observed for the doped COF thin
films, which is three orders of magnitude higher than that of the pristine film and is among the highest
for COF materials.

Introduction Recently on-surface growth of COF has been demonstrated to
form preferentially oriented columnar stacks''™' or single
layers.'® On the other hand, the low intrinsic electrical
) ) °"  conductivity can be remedied by chemical doping methods
representative classes, have garnered much attention for their which has been applied on organic semiconductors.®
Combining the thin film growth and chemical doping, a recent
study on metal-organic frameworks (MOFs) has shown
enhanced electrical conductivity up to six orders of
magnitude."” However, a pure organic porous framework
material that can satisfy both easy thin film growth and
chemical doping remains unprecedented.

Electroactive organic materials, with charge-transfer molecular
crystals' and conjugated polymers® being the most

potential applications in flexible electronics.’ Two-dimensional
(2D) covalent organic frameworks (COFs),* which contain
periodic structure within a 2D sheet and columnar alignment in
the third dimension, are a class of lightweight porous materials
that combine both the long-range order feature of molecular
crystals and the extended conjugation as in conjugated
polymers. With the additional feature of permanent porosity,
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Tetrathiafulvalene (TTF) is an excellent electron donor that
is known to form highly conductive charge-transfer crystals
with electron acceptors such as I, or tetracyanoquinodimethane
(TCNQ).""® A well-defined 2D framework containing TTF
units offers great opportunity for the particular alignment and
stacking of TTF conductive pathways."
Meanwhile, the open nanochannels within the 2D COFs allow
the incorporation of molecular dopants as charge-transfer
partner.®® The confluence of such structural features sets the
stages for the generation of mixed-valence TTF stacks, an
essential species for high conductivity (Figure 1). Here we
report the synthesis and characterization of a crystalline TTF-
COF in the form of both powder® and thin film. Corresponding
thin film devices show much enhanced electronic conductivity
upon doping with electron acceptors, which are correlated to
the formation of paramagnetic mixed-valence TTF species that
can only be produced in closely packed TTF lattices.

columns as

Results and discussion

Single Crystal X-ray Structure

Scheme 1. Synthesis of TTF-COF and Its Molecular Analogue 2.

Journal Name

carbonyl group, this vibration is thus believed to be intrinsic to
the tetra-aryl-TTF skeleton, which happens to overlap with the
carbonyl vibration. '*C cross-polarization magic-angle spinning
(CP-MAS) solid state NMR spectrum confirms the full
conversion of aldehyde groups to imine bonds by the absence
of carbonyl groups in the range of 180-200 ppm, together with
new peaks appearing at 157.8 ppm and 150.2 ppm (Figure
S13). Scanning electron microscopy (SEM) indicates (Figure
S14) the presence of parallelogram-shaped microcrystals with
defined edges. The PXRD pattern of TTF-COF shows a
strongest diffraction peak at 26 = 3.65°, together with weaker
peaks at 260 = 2.57, 5.87, 7.45 and 9.53°, which match the
proposed 2D COF structure (Figure 2a-c and Figure S15) with
AA packing. The diffraction peaks can be ascribed to the (110),
(100), (210), (220) and (320) facets, respectively. Based on this
structure, Pawley refinement of the PXRD pattern confirms the
peak assignment and indicated negligible difference from the
observed PXRD pattern (Figure 2a). In contrast, another
“eclipsed” packing model with the TTF units in the second
sheet lying orthogonal to these in the first one does not fit well
with the experimental PXRD pattern (Figure S15 and S16).
Permanent porosity of TTF-COF is illustrated by the nitrogen
adsorption isotherm at 77 K (Figure S19), which indicates a
Type 1 adsorption isotherm with steep uptake of 240 cm’/g at
P/Py = 0.1. The Brunauer—-Emmett-Teller (BET) surface is 720
m?/g. Thermal stability of TTF-COF is examined by thermal
gravimetric analysis (TGA), which shows no weight loss up to
360 °C (Figure S20).

Synthesis of the TTF-COF was carried out by reacting the TTF
tetraaldehyde 1*' with 1,4-diaminobenzene in a mixture of
degassed aqueous acetic acid (3 M)/dioxane/mesitylene (1:5:5
v/v/v) at 120 °C for 3 days (Scheme 1). TTF-COF was isolated
as deep purple solid in 52% yield after filtration and extensive
solvent wash. A “monomeric” analogue tetraimino-TTF (2) was
also synthesized from condensation between aniline and 1.
Both 1 and 2 were characterized by single-crystal X-ray
analysis (Scheme 1 and Figure S1 in Electronic Supplementary
Information, ESI). Elemental analysis of TTF-COF reveals a
CHN composition that matches well with the theoretical value
(Calcd. for C46HsN4S,: C, 72.22; H, 3.69; N, 7.32%. Found: C,
72.03; H, 3.73; N, 7.59%). The formation of imine linkage in
TTF-COF was confirmed by Fourier-transform infrared (FTIR)
(NMR)
spectroscopy, which was compared against those of its
molecular analogue 2. The FTIR spectrum of TTF-COF (Figure
S7) shows an imine stretching vibration band at 1620 cm’,

and solid-state nuclear magnetic resonance

which is identical to that of 2. A resonance at 1700 cm™ in the
spectrum of TTF-COF occurs at the same position in the
spectra of both 1 and molecular analogue 2. Since 2 contains no

2| J. Name., 2012, 00, 1-3
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Figure 2. (a) Experimental and simulated PXRD patterns of TTF-COF. (b) Top and
(c) side view of 2D TTF-COF with AA packing. GIWAXS and the in-plane diffraction
patterns of (d) thin-film grown on substrate and (e) powder. Inset: cartoon
showing the preferential (d) and random orientation (e) of crystallites in thin film
and powder.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 7



Page 3 of 7

Thin films of TTF-COF with nominal thickness around 150
nm were grown in situ from the liquid phase on Si/SiO,
substrates and transparent ITO-coated glass. Grazing incidence
wide angle X-ray scattering (GIWAXS) of the thin films
indicates (Figure 2d) their polycrystalline nature with
preferential orientation of the columns normal to the substrate.
In contrast, the bulk powder TTF-COF is also polycrystalline
but only consists of randomly oriented crystallites, as suggested
by the multiple isotropic scattering rings in its GIWAXS
pattern (Figure 2e). The horizontal line cut of the powder
GIWAXS has the same pattern as that of the powder XRD
(Figure S17 in ESI), which validates that GIWAXS is a
sensible technique in probing the solid state ordering within
COFs. A comparison of the horizontal line cuts of the thin film
and powder COF samples reveals the same (110) and (220)
scattering peaks at 0.28 A and 0.55 A™!, suggesting the similar
framework in both samples. Meanwhile, the (100) peak at 0.20
A" and (210) peak 0.44 A disappear and a new (200) peak at
0.38 A emerges in the thin film scattering pattern, which were
attributed to preferential orientation of COF in the thin film.
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Figure 3. The -V curves of the TTF-COF thin film devices (a) before (black) and
after exposure to |, for 24 hours (red), and (c) before (black) and after exposure
to TCNQ for 24 hours (red). Time dependent conductivity changes of TTF-COF
thin films upon exposure to (b) I, and (d) TCNQ. The arrows in (b) and (d) indicate
the time of the thin films being removed from doping environments and kept in
open air.

Conductivity measurements were carried out on TTF-COF
thin films grown on Si/SiO, (300 nm) substrate with pre-
fabricated Au/Cr electrodes that were 3 mm long, 50 nm thick
and 125 pum apart (Figure S21). Current-voltage curves (I-V)
obtained on such thin film devices exhibit (Figure 3a, black
curve) a linear /-V response, corresponding to a conductivity of
1.2x10™ S/m. This is in contrast to the I-¥ characteristics of the
analogue compound that is insulating (Figure S22). Exposure of
the thin film to I, vapor in a closed chamber results in
significant increase of electrical conductivity. A time-
dependent study reveals (Figure 3b) that the conductivity

This journal is © The Royal Society of Chemistry 2012
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reaches a maximum of 0.28 S/m and saturates after exposure to
I, for 24 hours. This doping is reversed to some extent, as the
conductivity decreases to 1.0x10° S/m after the film is
removed from the I, chamber and left in open air over the
course of 48 hours.

The TTF-COF thin film on transparent glass substrates
allows detailed optical absorption studies in transmission mode.
The UV-vis-near IR (NIR) spectra of TTF-COF thin films
reveal (Figure 4a) a strong peak at 378 nm and a low intensity
broad intramolecular charge-transfer band*? centered at 550 nm,
which are red shifted by 45 nm and 90 nm, respectively, when
compared to these of the analogue 2 (Figure S23). Such
bathochromic shifts are consistent with the formation of
extended 7 systems in the COF films. Notably, a broad, low
intensity peak in the NIR region is present only in the spectra of
TTF-COF thin films but not the analogue 2. This is a diagnostic
NIR absorption band for the mixed-valence TTF species
formed between TTF and TTF radical cation,?® suggesting that
there are significant free radicals delocalizing across the
stacked sheets, which are responsible for the relatively high
conductivity in the pristine TTF-COF.
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Figure 4. (a) UV-vis-NIR spectra of the TTF-COF thin film that is exposed to I,
vapor for various amount of time (colored curves), (b) UV-vis-NIR spectra of
TCNQ (blue, in THF), the TTF-COF thin film before (black) and after exposure
(red) to a TCNQ solution in CH,Cl,. The dotted curves are the absorption of
doped films after leaving in open air for 24 hours.

The UV-vis-NIR spectra of the TTF-COF thin film at
different times of I, doping reveals (Figure 4a) that the NIR
peak exhibits a progressive red shift from 1200 nm to more
These
spectroscopic changes, which correlate with the conductivity
enhancement, the
delocalized mixed-valence TTF species. After leaving the
doped film in open air for 24 hours, the NIR peak undergoes a
hypochromic shift to a position close to that in the spectrum of

than 2000 nm over the course of I, exposure.

clearly indicate formation of more

the pristine sample, suggesting that the formation of such doped
state is reversible to some extent. This reverse spectroscopic
shift corroborates with the decrease of the film conductivity and
is attributed to the volatility of I,. The TTF-COF film was also
doped with nonvolatile TCNQ by immersion in its CH,Cl,
solution. Bathochromic shift of the NIR peak (Figure 4b) as
well as conductivity enhancement (Figure 3c) are again
observed albeit with a lower magnitude. The UV-vis-NIR
spectrum of the TCNQ-exposed film indicates a 200 nm red
shift of the diagnostic NIR band, which is stable and remains
unchanged in the air over the course of 24 hours. Such
spectroscopic changes are once again consistent with the

J. Name., 2012, 00, 1-3 | 3
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conductivity measurement — after the conductivity reaches
equilibrium, it remains similar after the TTF-COF film is
removed from the TCNQ solution and kept in open air (Figure
3d).

Electron paramagnetic resonance (EPR) studies of the solid
compounds further confirmed the effectiveness of chemical
doping. A weak signal in the EPR spectrum of the pristine TTF-
COF amount of
paramagnetic TTF™, which corresponds to weakly doped TTF

indicates the presence of very small

in as-synthesized COF and is consistent with the absorption
spectrum (Figure 5). The paramagnetic intensity increased by
approximately one and three orders of magnitude after TCNQ
and I, doping, respectively, clearly validating the increased
concentration of TTF™ and different degrees of doping. In
addition, doping with TCNQ gives rise to a hyperfine structure
associated with formation of TCNQ™ and consequent nitrogen
nuclear magnetic coupling with peak splitting. Simulated
results for the TTF-COF sample indicate the existence of two
types of paramagnetic centers, with a main component of
g=2.0065 (97%) and a minor component (3%) with g=2.003
(Figure 6 and Table S3). After doping with TCNQ, the EPR
spectrum shows hyperfine splitting induced by the two "N
from TCNQ structure, in addition to the g value from TTF".
The g-values for this system are g,, = 2.0026, g, = 2.0065, and
g,y = 2.0086, which are consistent with literature results for
TTF-TCNQ single crystal.** Similar to previously reported EPR
measurements of polymer based-TTF,” simulated results of I,-
doped TTF-COF show that the g-value is 2.0065 and equal to
the average g-value for TTF-COF, with increased spin-spin
interaction upon doping.
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Figure 5. (a) The X-band EPR spectra of pristine (black), TCNQ doped (red), and I,
doped TTF-COF (blue), and (b) the blowup of the signals of pristine and TCNQ-
doped TTF-COF.

Similar to these observed in organogels’® and in
mechanically interlocked [3]catenanes,”’ the close proximity of
pre-organized TTF units within COF is a prerequisite for the
formation of such mixed-valence TTF species. In the control
experiments when a thin film of the analogue compound 2 was
subjected to doping, no NIR peaks were observed, highlighting
the importance of columnar preorganization (Figure S24).
While the corresponding FTIR spectra indicate doping-induced
spectroscopic shifts (Figure S9 and S12), PXRD studies suggest
that the crystallinity of the TTF-COF is maintained after doping
(Figure S18). Structure-enabled properties are thus manifested

in TTF-COF: the porous network structure permits dopant

4| J. Name., 2012, 00, 1-3

diffusion for effective charge transfer, while the columnar
stacking of TTF units enables delocalization of radical cations
to generate more conductive mixed-valence species. The
different doping levels could be ascribed to the mobility of the
dopants within the pores as well as different degree of charge-
transfer.
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Figure 6. Experimental and simulated EPR spectra of (a) TTF-COF, (b) TTF-doped
with TCNQ and (c) TTF-COF doped with I,.

Conclusions

In summary, we report the synthesis and full characterization of
a novel class of conductive 2D COF material, and its tunable
electrical conductivity upon doping of the thin films grown on
substrates. Different levels of doping are realized, resulting in
high conductivities up to 0.28 S/m. The conductivity changes
are correlated with diagnostic signatures in UV-vis-NIR and
EPR spectra, pointing to effective radical delocalization within
mixed-valence TTF stacks. It is conceivable that bicontinuous
channels can be further optimized when different chemical
linkage or spacers are employed. The present study thus opens
the door to a more informed search for new electronic organic
materials that combine the features of porous framework
structure, convenient thin film formation, and tunable electrical
conductivity.

Experimental section

Materials and Methods

The TTF
tetrabenzaldehyde®' and the “monomeric” analogue compound

synthetic route is outlined in Scheme 1.
tetraimino-TTF?® were synthesized according to literature
procedures. Other materials were reagent grade obtained from
Aldrich and used without further purification; Dry solvents
were collected from solvent purification system (JC Meyer
Solvent Systems). Prepatterned ITO-coated glass substrates
were purchased from Thin Film Devices Inc. 4" n-doped
(Arsenic) Silicon Wafers with a thermally grown 300 nm oxide
layer were obtained from Silicon Quest International. Thin-
layer chromatography (TLC) was carried out using aluminum
sheets, precoated with silica gel 60F (Merck 5554). The plates
were inspected by UV-light. Melting points were measured by
using an Electrothermal MEL-TEMP 3.0 apparatus and are
uncorrected. Elemental analyses for C, H, N were performed on
a Perkin Elmer 2400 Series II combustion analyzer. Grazing
scattering (GIWAXS) was

conducted at Beamline 7.3.3 at the Advanced Light Source

incidence wide angle X-ray

(ALS), Lawrence Berkeley National Laboratory, using an
approximately 0.5 mm wide 10 keV X-ray beam. Electron

This journal is © The Royal Society of Chemistry 2012
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paramagnetic resonance (EPR) spectra were acquired using a
Bruker ELEXSYS-II Brker spectrometer, equipped with a
SuperX FT-EPR bridge and a 4102ST universal resonator, at
the X-band (~9.8 G) at room temperature under air. Modulation
frequency of 100 KHz, modulation amplitude of 5 G, and
microwave attenuation of 2 db were employed to ensure the
peak resolution and maximum intensity.

Single Crystal Measurement. Suitable single crystals of
compounds 1 and 2 were selected under an optical microscope
and quickly coated with epoxy before being mounted on a glass
fiber for data collection. Data for them were collected on a
Bruker APEX II CCD diffractometer equipped with a silicon
111 monochromator (T = 100 K, k = 0.7749 A) on Station
11.3.1 at the ALS using synchrotron radiation. Structure
solutions were solved by direct methods®® and refined with the
full-matrix least-squares methods on F2.* All non-hydrogen
atoms were refined anisotropically, and all the hydrogen atom
positions were fixed geometrically at calculated distances and
allowed to ride on the parent atoms. Details of the crystal
parameters, data collections, and refinements are summarized in
Table S1. Crystallographic information files (CIFs) were
deposited in Cambridge structural database, with Cambridge
Crystallographic Data Center (CCDC) numbers 1001673-
1001674 for compounds 12, respectively.

Powder X-ray Diffraction Data Collection. Powder X-ray
diffraction (PXRD) was measured on a Bruker Gadds-8
diffractometer with a Cu-Ka source operating at 40 kV and 20
mA. Powder X-ray diffraction data were collected using a
Bruker D8-advance 0-0 diffractometer in parallel beam
geometry employing Cu Ka line focused radiation at 1600 W
(40 kV, 40 mA) power and equipped with a position sensitive
detector with at 6.0 mm radiation entrance slit. Samples were
mounted on zero background sample holders by dropping
powders from a wide-blade spatula and then leveling the
sample with a razor blade. For the THF exchanged sample, an
air-tight sample holder was employed to avoid solvent
evaporation during the data acquisition. The best counting
statistics were achieved by collecting samples using a 0.02° 20
step scan from 2 — 50° with exposure time of 5 s per step. The
Pawley PXRD refinement was performed using the Reflex
module in the Materials Studio 5.0, in which a Pseudo-Voigt
profile function was wused for the profile fitting (peak
broadening, peak asymmetry, and zero shift error were taken
into account). Unit cell and sample parameter were refine
simultaneously.

Device Fabrication and Testing. Silicon substrates were cut
into 16 x 8 mm? pieces, and were then cleaned at 40 °C in soap
water, DI water, acetone, and isopropanol under subsequent
sonication before being dried in an oven at 130 °C for at least
one hour. The substrates were then transferred to a thermal
evaporator in a nitrogen glovebox where 45 nm of Au was
evaporated on top of a 5 nm Cr adhesion layer through a
shadow mask, to give a channel width and length of 3 mm and
125 pm, respectively. After the COF film was grown upon the
substrate as described below, the I-V responses were measured
by two-probe measurement using a model CPX-HF Lakeshore

This journal is © The Royal Society of Chemistry 2012
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Probe Station and an Agilent 4155C Semiconductor parameter
Analyzer at room temperature and pressure.

Synthesis of TTF tetrabenzaldehyde (1). A 50 mL two-neck
round bottom flask was charged with Cs,CO; (1.95 g, 6.0
mmol), Pd(OAc), (78.6 mg, 0.35 mmol) and PrBu;*HBF, (267
mg, 0.90 mmol), and was subjected to three cycles of
evacuation and refilling with nitrogen. Anhydrous THF (8.0
mL) was added and the suspension was heated at 76 °C for 15
min under stirring. Then, a solution of tetrathiafulvalene (204
mg, 1.0 mmol) and 4-bromobenzadehyde (1.11 g, 6.0 mmol) in
anhydrous THF (8.0 mL) was added. The reaction mixture was
refluxed for 15 h and then cooled to room temperature. The
solid was filtered off and washed with THF thoroughly, and the
combined filtrate was concentrated under reduced pressure. The
resulting residue was washed with hexane (150 mL) and
subjected to column chromatography (silica gel, chloroform
100%). The compound was further purified by recrystallization
from chloroform/cyclohexane to yield 1 as dark red needle
crystals (155 mg, 25% yield). '"H NMR (CDCls, 298 K, 500
MHz): 6 = 7.40 (d, J = 8.0 Hz, 8H), 7.80 (d, J = 8.5 Hz, 8H),
10.00 (s, 4H); *C NMR (CDCls, 298 K, 125 MHz): 108.8,
129.7, 130.1, 130.3, 136.2, 138.0, 191.1. M.P.: >330 °C (dec).
MS (MALDI-TOF): [M + H]" caled for C34H,00,4S,: 620.02;
found: 620.24.

Synthesis of the analogue compound tetraimino-TTF (2). A
mixture of 1 (19.2 mg, 0.031 mmol) and aniline (14.4 mg,
0.155 mmol) in a round bottle flask was dissolved in dry
toluene (8.0 mL). The flask was connected to a Dean—Stark
apparatus and stirred at 130 °C for 5 h. The reaction mixture
was cooled to room temperature and the dark red crystals of the
model compound were obtained by filtration and dried under
vacuum (26.8 mg, 94% yield). '"H NMR (CDCl;, 298 K, 500
MHz): 6 =7.23 (dd, J= 8.5 Hz, 1.0 Hz, 8H), 7.25-7.28 (m, 4H),
7.38 (dd, J=6.5 Hz, 1.5 Hz, 8H), 7.41-7.44 (m, 8H), 7.83 (dd,
J=6.5Hz, 1.5 Hz, 8H), 8.44 (s, 4H); °C NMR (CDCl;, 298
K, 125 MHz): 108.7, 120.9, 126.2, 129.1, 129.2, 129.5, 129.8,
135.3, 136.3, 151.7, 159.2. M.P.: >330 °C (dec). MS (MALDI-
TOF): [M + H]" caled for CsgH,4oN,S4: 920.21; found: 920.31.
Synthesis of TTF-COF powder and thin films. A 10 mL
microwave reaction vial was charged with 1 (24.8 mg, 0.040
(8.64 mg, 0.080 mmol),
anhydrous 1,4-dioxane (2 mL), mesitylene (2 mL) and 3 M

mmol), 1, 4-diaminobenzene
acetic acid (0.4 mL). The resulting mixture was sonicated for
15 minutes and then was bubbled with nitrogen for 15 minutes
under stirring. The vial was quickly sealed by a Teflon cap and
heated at 120 °C for 3 days. After cooling to room temperature,
the deep purple precipitate was collected by vacuum filtration,
washed with anhydrous THF for several times and anhydrous
acetone once, before being dried under vacuum at 120 °C
overnight to yield a deep purple solid of TTF-COF (16.7 mg,
52% yield). Elemental analysis: Calcd. for Cy4sHpsN4S,: C,
72.20; H, 3.69; N, 7.32%. Found: C, 72.03; H, 3.73; N, 7.59%.

For thin film growth, a piece of corresponding substrate (ITO
glass, Silicon wafer with or without prepatterned Au electrodes)
was placed in the reaction vial containing the above mixtures.

J. Name., 2012, 00, 1-3 | 5
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After the reaction, the substrate was retrieved, washed

thoroughly with organic solvents, and dried before testing.
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