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C
ovalent organic frameworks (COFs)
are promising materials for host�
guest studies due to their high

specific surface area, defined pore size,
crystalline structure, and great structural
diversity.1�7 So far, COFs have mainly been
studied as potential host materials for gas
storage and catalysis applications.8�11 How-
ever, COFs have recently been proposed as
interesting candidates for applications in
organic electronics due to the successful in-
corporation of photoactive building blocks
into the frameworks.12�21 The latter interest
is basedon their beneficial stackingbehavior,
which allows one to create structures with a
significant degreeof order. 'Two-dimensional'
COFs are synthesized from planar building
blocks to give extended sheet-like struc-
tures. These two-dimensional structures
assemble into crystalline three-dimensional
materials via dispersive forces (π-stacking).
The π-stacked layers in these COFs are

thought to offer a pathway for charge
transport.22,23 Furthermore, the porous
nature of the COFs allows for the infiltration
of suitable complementary photoactive/
semiconducting guest species.18,19 Thus,
charge separation in highly ordered donor�
acceptor interpenetrated architectures can
be studied.18 To implement COF structures
in photovoltaic devices and to study the
charge separation in interpenetrated archi-
tectures, the fabrication of highly oriented
thin COF films is essential.24�28 Great efforts
have been invested in developing new de-
position methods of photoactive polymers
and photoactive polymer blends as ordered
thin films in order to study the charge trans-
port in the ordered domains.29 The growth
of highly crystalline oriented thin COF
films can provide an access to a suitable
architecture for chargemigration toward the
respective electrodes. Furthermore, oriented
COF thin films can provide open straight
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ABSTRACT A mesoporous electron-donor covalent organic framework based

on a benzodithiophene core, BDT-COF, was obtained through condensation of a

benzodithiophene-containing diboronic acid and hexahydroxytriphenylene

(HHTP). BDT-COF is a highly porous, crystalline, and thermally stable material,

which can be handled in air. Highly porous, crystalline oriented thin BDT-COF films

were synthesized from solution on different polycrystalline surfaces, indicating the

generality of the synthetic strategy. The favorable orientation, crystallinity,

porosity, and the growth mode of the thin BDT-COF films were studied by means of X-ray diffraction (XRD), 2D grazing incidence diffraction (GID),

transmission and scanning electron microscopy (TEM, SEM), and krypton sorption. The highly porous thin BDT-COF films were infiltrated with soluble

fullerene derivatives, such as [6,6]-phenyl C61 butyric acid methyl ester (PCBM), to obtain an interpenetrated electron-donor/acceptor host�guest system.

Light-induced charge transfer from the BDT-framework to PCBM acceptor molecules was indicated by efficient photoluminescence quenching. Moreover,

we monitored the dynamics of photogenerated hole-polarons via transient absorption spectroscopy. This work represents a combined study of the

structural and optical properties of highly oriented mesoporous thin COF films serving as host for the generation of periodic interpenetrated electron-donor

and electron-acceptor systems.

KEYWORDS: covalent organic frameworks (COFs) . porous materials . thin films . interpenetrated systems
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channels that facilitate the infiltration of the acceptor
units into the framework pores. Very recently, Jiang
et al. introduced the conjugated and stable COF
(CS-COF), which showed photovoltaic conversion
efficiency of up to 0.9% when mixed, as a powder,
with electron acceptor units and spincoated on an
electrode. In that report, the authors emphasized the
need to control the COF growth on the desired sub-
strate to obtain better performance.30

Regardless of the potential of COFs for photovoltaic
applications, their highly ordered organic channels
position COFs as interesting nanoscale template
materials. In previous work, highly ordered inorganic
mesoporousmaterials have been used as templates for
the growth of a large variety of compounds such as
carbon nanowires and mesoporous polymers.31�33

However, it has been a long-standing challenge to
achieve vertical orientation of ordered nanochannel
systems on a substrate.34�38 In this context, the
“organic” pores of COFs are intriguing candidates for
oriented growth on various substrates. Such systems
would provide vertical, crystalline nanochannels offer-
ing a great scope for molecular functionalization and
associated functionality. Dichtel et al. introduced the
first oriented thin COF films on substrate-supported
single layer graphene (SLG), since these provide a
suitable substrate for the COF growth through favor-
able π-interactions with the surface.39 Later, COFs with
greater pore sizes based on large chromophores were
synthesized as oriented thin films on substrate-sup-
ported SLG.40

Herein, we describe the synthesis of a new COF
structure based on benzo[1,2-b:4,5-b0]dithiophene-
2,6-diyldiboronic acid, serving as an electron donor
building block in a covalent organic framework. We
introduce, for the first time, oriented thin benzodithio-
phene COF (BDT-COF) films on indium-doped tin
oxide (ITO) substrates with and without a hole-
selective blocking layer, such as NiO. Furthermore,
the growth of thin BDT-COF films was studied on gold
surfaces to illustrate the generality of the synthesis
method. Finally, oriented BDT-COF films were grown
on fused silica substrates in order to study the optical
properties of these highly oriented BDT-COF films.
The BDT core has attracted significant interest as a
component of organic photoactive polymers.41�44 BDT
shows excellent light absorption properties when
co-polymerized with thienothiophene groups or in
donor�acceptor polymers.43,45,46 It is therefore of
great interest to implement a BDT core into a well-
ordered crystalline porous material, such as a COF, and
to study its physical and optical properties in the form
of oriented thin films.

RESULTS AND DISCUSSION

BDT-COF Bulk Characterization. The new thiophene based
COF, BDT-COF, was synthesized under solvothermal

conditions by the co-condensation of benzo[1,2-b:4,5-
b0]dithiophene-2,6-diyldiboronic acid (BDTBA) and the
polyol 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP;
Figure 1a). A detailed description of the reaction para-
meters is given in the Methods section.

Powder X-ray diffraction (PXRD) clearly indicates
the formation of a highly crystalline COF. Its d-values
are in agreementwith a hexagonal unit cell with a=b=
36.9 Å as expected from the planar co-condensation
reaction presented in Figure 1a. For previous COF
structures different packing arrangements of the
hexagonal planar sheets were reported. Thus, to
determine the packing arrangement of the new
crystal, structure simulations were carried out. Two
possible crystal packing modes, namely, eclipsed AA
and staggered AB, together with their corresponding
PXRD patterns were simulated with Materials Studio
software (see Figures S1�S4 in the Supporting
Information). For the simulations of the eclipsed AA
arrangement, we chose the idealized packing of the
P6/m space group where the π-electrons are fully
overlapped. However, we note that other AA packing
arrangements are possible (see Figures S5�S8 in
the Supporting Information). The simulated powder
pattern was then compared to the experimentally
obtained pattern. The experimental PXRD pattern for
BDT-COF agrees very well with the simulated pattern
and confirms the formation of an eclipsed AA arrange-
ment (Figure 1b). The unit-cell parameters, deter-
mined from the experimental X-ray patterns, match
very well with those obtained from the structure
simulations.

The presence of the boronate ester functionality
was verified with FT-IR spectroscopy. The most char-
acteristic modes of the asymmetric B�O and C�O
functionalities can be assigned to the bands at 1347
and 1240 cm�1 (Figure S9, Supporting Information).
The 11B MAS NMR spectrum (Figure S10, Supporting
Information) shows a trigonal-planar boron atom
with a chemical shift of δ = 19.98 ppm, which can
be distinguished from that in the starting material
(BDTBA: δ =15 ppm).

The porosity of BDT-COF was characterized by
nitrogen sorptionmeasurements at 77.3 K. Amesopor-
ous structure was confirmed by the characteristic
type IV isotherm (Figure 2a), which shows a strong rise
in the nitrogen uptake at relatively low partial pressure
as a result of the highly defined mesoporous system.
The Brunauer�Emmett�Teller (BET) surface area was
calculated (P/P0 = 0.09�0.18 in the adsorption branch)
to be as high as 1946 m2 g�1, and the pore volume to
be 1.39 cm3 g�1. The isotherm evaluation, carried out
with an NLDFT-based kernel, yields a pore size of
3.4 nm (Figure 2b). The theoretical values for the sur-
face area andpore volumeof BDT-COFwith an eclipsed
structure were calculated with the Connolly surface
area method to be 2051 m2 g�1 and 1.43 cm3 g�1,
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Figure 1. (a) Reaction scheme for the co-condensation of BDT-COF. (b) Experimentally obtained PXRD pattern (black),
simulated patterns obtained by the Reflex module in MS Studio, based on an eclipsed AA arrangement in (red) and a
staggered AB arrangement in (green).

Figure 2. (a) Nitrogen sorption isotherm of degassed BDT-COF measured at 77.3 K. (b) Pore size distribution of degassed
BDT-COF.
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respectively. This is in good agreement with the ex-
perimental surface area and experimental pore volume
obtained from the sorption data.

Thermogravimetric analysis showed that a major
mass loss takes place at 400 � C. We attribute this mass
loss to the decomposition of BDT-COF (Figure S12,
Supporting Information). The BDT-COF bulk material
absorbs strongly at wavelengths below 430 nm (Figure
S13 Supporting Information).

Scanning electron microscopy (SEM) of bulk BDT-
COF showed small crystals with sizes of about 50 nm.
These crystals tend to aggregate into larger domains
(Figure S15, Supporting Information). Transmission
electron microscopy (TEM) analysis revealed an inter-
grown cauliflower morphology of the polycrystalline
BDT-COF, where the top view along the c-axis showed
hexagonal structures with a pore size of about 3.3 nm.
In addition, pores with distinct sizes and long ordered
channels were observed in a tilted view of the crystal-
lites (see Figure 3).

The bulk characterization confirms the formation of
a new highly crystalline COF structure based on BDT
building blocks. This structure is highly porous and
exhibits a well-defined pore size. As already men-
tioned, in order to study the optical/optoelectronic
properties of COF nanostructures or to utilize these
structures as highly defined template materials, it is
desirable to develop methods for the deposition of
thin COF films on suitable surfaces.

BDT-COF Thin films. Transparent substrates coatedwith
conductive and transparent layers, such as indium-
doped tin oxide, are of greatest importance for fabricat-
ing photovoltaic devices.47 Therefore, we present a new
approach for the synthesis of BDT-COFondifferentmetal
oxide substrates. Thin BDT-COF films were synthesized
under similar solvothermal conditions as described for

the case of bulk BDT-COF, but with a lower concentra-
tion of starting materials in the solvent mixture. In
addition, ITO-coated glass substrates were immersed
face downward into the reaction mixture with the
aid of a Teflon holder (for more details, see Methods).
Top-view SEM analysis of the obtained films revealed a
smooth and homogeneous coverage of organic ma-
terial on the surface of the ITO-coated glass substrate
(Figure S16, Supporting Information). Cross-sectional
SEM analysis clearly shows the formation of the organic
dense thin film on the ITO thin layer with a uniform
thickness of about 150 nm. The thin organic film
appears crack-free and with a good adherence to the
ITO surface, forming a high-quality ITO�COF interface.
(Figure 4a).

To study the degree of crystallinity of the obtained
thin films, a detector scan X-ray diffraction analysis was
performed. The detector scan measurements revealed
the disappearance of all reflections assigned to the
mesoporous structure at low 2θ angles. The strong and
sharp reflection at 26.1� 2θ is related to the π-stacking
of the 2D COF layers (Figure 4b). All other reflections at
high angles are attributed to the ITO film. This result
suggests a preferential orientation of the COF structure
within the thin film on the ITO surface, implying
that the COF layers are aligned parallel to the sub-
strate surface. Effective domain sizes of 11 ( 3 nm in
c-direction of BDT-COF were calculated using the
Scherrer equation for peak broadening.48 To further ex-
amine the preferred orientation, grazing incidence dif-
fraction (GID) investigations were carried out by graz-
ing incidence small and wide-angle X-ray scattering
analysis (GI-SWAXS), which provides 2D information on
structure and orientation. The reflections observed can
be indexed according to the BDT-COF structure ob-
served in the bulk (Figure 4c). We calculated the lattice

Figure 3. TEMmicrographs of bulk polycrystalline BDT-COF showing cauliflowermorphology at lowmagnification (left). The
black square indicates the magnified detail area on the right, showing randomly oriented crystalline BDT-COF with domain
sizes of about 50 �100 nm.
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parameter for a hexagonal structure, a = b = 36.9 Å; this
value is in a very good agreement with the calculated
values for the simulated and the bulk BDT-COF struc-
ture. The reflections (in Figure 4c) centered near q(z) = 0
indicate that indeed preferential orientation of the COF
layerswas obtained, with the [001]-axis (c-axis) oriented
orthogonal to the surface, and rotational freedom
around this axis. This is consistent with previous reports
of COF structures grown on SLG.39 The 001 reflection is
observed as a diffuse arc of scattering at q(z) = 1.85 Å�1,

which indicates a moderate angular spread of the
stacking direction and confirms that the c-axis is
orthogonal to the substrate surface. A crystal domain
size of about 25 nm within the ab-plane was deter-
mined from the scattering data. TEM samples of the
samefilmwerepreparedby removing theBDT-COFfilm
with a fine blade from the ITO surface and then trans-
ferring it onto a copper grid supporting a thin, electron
transparent carbon film. Thus, projections along the
film normal were observed in the TEM (Figure 5a). In

Figure 4. (a) SEMmicrograph (cross section) of BDT-COF thinfilmgrownon an ITO-coatedglass substrate. (b) X-ray diffraction
pattern (detector scan geometry) taken for BDT-COF thin film grownon ITO-coated glass. (c) 2D-GID analysis for BDT-COF thin
film grown on ITO-coated glass.

Figure 5. (a) TEM micrograph of BDT-COF thin film fragment showing the hexagonal structure along the c-axis. (b) Krypton
sorption isotherm of degassed BDT-COF thin film on ITO-coated glass measured at 77.3 K.
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agreement with the GID measurements, almost exclu-
sively hexagonal structures were observed with the
pore channels orthogonal to the surface. Electron dif-
fractionpatterns taken froma large number of BDT-COF
crystallites confirm this observation (Figure S14, Sup-
porting Information).

To make thin porous film systems accessible for
guest molecules, the framework should not only be
well aligned, but must also be free of starting materials
and undesired solvent residues. The porosity must be
maintained throughout the synthesis and subsequent
treatments. For an assessment of the porosity of
thin BDT-COF films, krypton sorption was employed.
Krypton sorption measurements at 77.3 K showed the
characteristic type IV isotherm for mesoporous struc-
tures (Figure 5b).49 The adsorption branch confirmed
the narrow pore size distribution by the sharp rise in
the krypton uptake at relatively low partial pressures.
The BET surface area was calculated to be as high
as 175 cm2/cm2 (P/P0 = 0.03�0.1 of the adsorption
branch). The characterization of the above thin film
samples demonstrates the formation of a porous
crystalline thin BDT-COF film on a transparent con-
ductive substrate with homogeneous thickness and
coverage. Furthermore, it proves the presence of a
highly oriented film with a preferential orientation in
c-direction. This architecture also favors the infiltration
of potential guest molecules. However, if an interpene-
trated system is desired, implying that complementary
donor/acceptor molecules fill the COF pores, an
appropriate charge carrier-selective layer must be
implemented. We therefore incorporated a nickel
oxide layer on the ITO surface as a model system
for inorganicmetal oxide blocking layers. The NiO layer
was synthesized using a solution-processing routewith
nickel acetate tetrahydrate (Ni(OAc)2 3 4H2O) in the
presence ofmonoethanolamine in ethanolic solution.50

The green NiO precursor solution was spin-coated on
the ITO coated-glass substrate. The latter was then
heated to 300 �C on a hot plate to form a uniform
NiO layer of 10 nm thickness (Figure S17, Supporting

Information). In thenext step, BDT-COFwas synthesized
as a thin film as described above. At the end of the
solvothemal synthesis, a high-quality thin COF film was
obtained on the surface of the NiO/ITO-coated glass.
SEM analysis revealed an organic thin film with a
thickness of 150 nm that adhered very well to the NiO
layer (Figure S17, Supporting Information). Consistent
with the X-ray data of the BDT-COF on the plain ITO-
coated glass surface (Figure 4b, c), the thin BDT-COF
film is oriented with the c-axis parallel to the surface
normal (Figure S18a, Supporting Information). TEM
analysis of removed fragments of the thin BDT-COF
film also confirmed the preferential orientation along
the c-direction (Figure S18b, Supporting Information).
Similarly, krypton sorption revealed a type IV isotherm,
corresponding to the mesoporous structure with a
narrow pore size distribution indicated by the steep
rise of the adsorption branch at about P/P0 = 0.2.
The BET surface area for this film was calculated as
145 cm2/cm2 (P/P0 = 0.03�0.1 of the adsorption branch,
Figure S18c, Supporting Information).

The newly discovered growth of oriented thin COF
films on different polycrystalline inorganic substrates
shows that favorable π-interactions of the monomers
or COF oligomers with the surface play a minor role in
achieving preferential orientation. To shed light on the
growth process of BDT-COF, we examined the COF film
morphology at the first steps of formation. The syn-
thesis of thin BDT-COF films on ITO coated-glass was
performed at similar conditions as described above
and interrupted after 2 h. SEM cross section analysis
revealed a thin film of approximately 70 nm thickness
composed of free-standing pillars in close vicinity (see
Figure 6). Consistent with the thin BDT-COF film on ITO
coated-glass, the X-ray diffraction pattern (Figure S19,
Supporting Information) indicates the formation of a
thin COF film with a preferential orientation along the
c-direction. The broadening of the 26.1� reflection
indicates that crystal domains in the c-direction are
smaller than after longer reaction times. We note that
the oriented thin BDT-COF film grows through an

Figure 6. SEMmicrograph in cross section (a) and in top view (b) of BDT-COF thinfilmgrownon an ITO-coated glass substrate,
within short reaction time.
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island formation mechanism. Apparently, the growth
of BDT-COF film in the c-direction is fast, while the
lateral growth occurs at slower rates.

To study the impact of the nature of the surface on
film growth, we investigated the growth of BDT-COF
as thin film on additional substrates. For example, gold
substrates were prepared by sputtering methods.51

The synthesis of BDT-COF was carried out under the
same reaction conditions as for the growth on metal
oxide surfaces, where a freshly prepared gold substrate
replaced the ITO-coated glass. GID investigations con-
firmed the formation of oriented thin films along the
c-axis, consistent with the GID experiments of thin
BDT-COF film grown on ITO (Figure S20, Supporting
Information). TEM analysis revealed a highly oriented
thin COF film along the c-axis. The film consists of small
COF crystallites with distinct grain boundaries comple-
mentary in shape, thus achieving a long-range dense
coverage. (Figure 7 a-c).

Thin COF films grown on appropriate substrates
allow for investigating their optical/optoelectronic
properties. Charge transfer from a COF to acceptor
species in its pore system has been reported for
thienothiophene-based COFs.18,19 We have demon-
strated that the infiltration of [6,6]-phenyl C61 butyric
acid methyl ester ([60]PCBM) into a thienothiophene-
containing COF (TT-COF) powder led to a complete
quenching of the COF photoluminescence, indicating
electron injection from the COF donor to the PCBM
acceptor.18 To study the electron transfer capabilities
of the BDT-COF, photoluminescence (PL) quenching
experiments with the fullerene derivatives [60]PCBM
and [70]PCBM were preformed. Oriented COF films of
150 nm thickness were grown on fused silica serving as
a nonquenching substrate and subsequently infiltrated
with the respective electron acceptor via spin-coating
of a 20 mg/mL solution in 1,2-dichlorobenzene. This
procedure was found to result in good pore filling and
additionally to create a thin PCBM overlayer.18 The
UV�vis spectra of the BDT-COF films before and after
PCBM infiltration (Figure 8a) appear as a superposition
of the absorbance spectra of the COF and of the
respective fullerene. The absence of any observable

change in the UV�vis spectrum of the BDT-COF upon
fullerene infiltration indicates that no change in the
electronic structure of the COF or degradation of the
frameworkoccurred. Thiswas further confirmedbyXRD
measurements after infiltration (Figure S21, Supporting
Information). Upon excitation at 365 nm, the pristine
BDT-COF exhibits PL centered at 485 nm (Figure 8b).
When infiltrated with electron acceptor molecules,
this PL is considerably reduced in intensity. We note
that the observed decrease in intensity (solid blue
and green lines) is partially due to absorption of the
emitted light by the fullerene phase. When correcting
for this (dashed lines), infiltration with [60]PCBM or
[70]PCBM causes a quenching of the COF PL of about
60% in both cases. Some of the remaining PL might
be due to the possible existence of disordered do-
mains in the film that are not accessible to the PCBM
solution.

A further indication for charge separation is the
formation of polarons in both the electron donor and
electron acceptor constituents.52�54 Upon illumina-
tion, excitons and bound polarons are expected to
form on the COF backbone and dissociate into
free polarons by electron transfer to closely located
acceptor molecules at the donor�acceptor interface.
Ultrafast femtosecond spectroscopic studies, exciting
the BDT-COF close to its optical bandgap at 400 nm,
and probing the polaron absorption at a suitable
wavelength allows us to gain insights into the polaron
decay dynamics. To study the formation of hole-polarons
within the electron-donor constituent, i.e., BDTBA
assembled in an oriented BDT-COF film, first the
respective absorption spectrum (cation absorption)
was retrieved (Figure S22, Supporting Information)
by chemical oxidation experiments and sequential
absorption measurements (as detailed in the Support-
ing Information section 10). According to this study,
a wavelength of 650 nm was found to be suitable
for probing the hole-polarons in thin BDT-COF films,
corresponding to the red tail of the polaron absorption.
The chosen probe wavelength allowed us to isolate
the polaron absorption from other spectral contribu-
tions, such as ground state absorption and stimulated

Figure 7. TEM micrographs of BDT-COF thin film fragment grown on a gold surface showing the hexagonal structure along
the c-axis at different magnifications.
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emission of excitons. The normalized transient-absorp-
tion signals of hole-polarons, together with the best fit
biexponential decays curves, are shown in Figure 8c.
The fitted curve of hole-polaran decay dynamics of the
pristine thin BDT-COF film revealed two decay times,
τ1 = 1.7 ( 0.3 ps and τ2 = 19.7 ( 1.5 ps. In the case
of the BDT-COF:[60]PCBM interpenetrated system,
we measured a significantly stronger signal than in
the pristine COF film, which can be seen in a signifi-
cantly improved signal-to-noise ratio, showing longer
decay times, i.e., τ1 = 6.5 ( 0.2 ps and τ2 = 178 ( 4 ps
(attributed to geminate and nongeminate recombina-
tion, respectively). The stronger signal in combination
with a longer liftetime clearly indicates charge dissocia-
tion and formation of polarons at the donor/acceptor
interface. A further indication for efficient electron
transfer from the COF to the [60]PCBM is provided
by the very similar lifetime decay characteristics of
electron-polarons in [60]PCBM (anion absorption
probed at 1050 nm)55 compared to the lifetime decay
of hole-polarons (Figure S23, Supporting Information).
This clearly supports our interpretation that, first, elec-
tron transfer from the COF to the PCBM takes place, and
second, that the interpenetrated system provides an
appropriate interface for charge dissociation.

CONCLUSIONS

The novel benzodithiophene-based covalent organ-
ic framework, BDT-COF, was synthesized as a bulk
crystalline mesoporous material, which exhibits high
surface area and significant thermal stability. Oriented,
thin crystalline porous films of BDT-COF were synthe-
sized on different polycrystalline surfaces, in particular
metal oxides substrates, such as ITO-coated glass and
ITO-coated glass modified with NiO as hole-selective
layer. Krypton sorption analysis demonstrates the
mesoporosity of the thin BDT-COF film. The open
hexagonal COF-channels perpendicular to the surface
provide a perfect architecture for interpenetrated
host�guest systems. Our observations suggest that
the thin BDT films are formed through an island growth
mode. The growth of thin BDT-COF films on a variety
of surfaces also allows for studying their optical pro-
perties. Thin BDT-COF films exhibit two major optical
absorbance bands in the UV spectral region. The thin
oriented BDT-COF films served as a host for different
fullerene-derived acceptor molecules, [60]PCBM and
[70]PCBM. The photoluminescence of the BDT-COF film
was quenched to a large extent by both acceptors,
indicating that charge transfer occurred. We expect that
our newlydevelopedmethodoffilmgrowthwill facilitate

Figure 8. (a) Absorbance spectrumoffilms of BDT-COF grownon a quartz substrate (red), of BDT-COF:[60]PCBM (blue), and of
BDT-COF:[70]PCBM (green), respectively. (b) Photoluminescence spectra of films of BDT-COF (red), BDT-COF:[60]PCBM (blue),
and BDT-COF:[70]PCBM (green) obtained using an excitation wavelength of 365 nm. The dashed curves are the PL spectra
after correction for absorption of emitted light by the PCBM. (c) Femtosecond pump�probe transient absorption
measurements of BDT-COF (red), and BDT-COF:[60]PCBM (blue) hole-polaron lifetime, together with best-fitting biexponen-
tial curves (black). Pump wavelength was 400 nm; probe wavelength was 650 nm.
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the study of charge separation and collection and the
effect of molecular packing on the transport behavior in
ordered organic interpenetrated systems. Specifically,
it will be of interest to further understand the impact of

the mode of π-stacking in oriented thin COF films, the
conjugation in the 2D-network, the COF wall thickness,
and the type of donor�acceptor interactions to realize
the potential of these intriguing ordered materials.

METHODS
Materials. General. All materials (if not noted otherwise)

were purchased from Aldrich, Fluka or Acros in the common
purities purum and puriss. 2,3,6,7,10,11-Hexahydroxytriphenylene
(HHTP) was purchased from TCI Europe. [6,6]-Phenyl C61 butyric
acid methyl ester ([60]PCBM) and [6,6]-phenyl C71 butyric acid
methyl ester ([70]PCBM) were purchased from Solenne BV.
Allmaterials were usedwithout further purification. The building
block benzo[1,2-b:4,5-b0]dithiophene-2,6-diyldiboronic acid
(BDTBA) was prepared as described below. Analytical data of
intermediates were found to match literature data.56 The COF
materials were handled in air.

Synthesis. All reactions for the preparation of the benzo[1,2-
b:4,5-b0]dithiophene-2,6-diyldiboronic acid (BDTBA) building
block were carried out under an argon atmosphere in flame-
dried glassware. Tetrahydrofuran (THF) was continuously re-
fluxed and freshly distilled from sodium benzophenone ketyl
under nitrogen. Yields refer to isolated yields of compounds
estimated to be >95% pure as determined by NMR (25 �C)
and capillary GC. NMR spectra were recorded as solutions in
deuterated chloroform (CDCl3) with residual chloroform (δ =
7.26 ppm for 1H NMR and δ= 77.0 ppm for 13C NMR), acetone-d6
(δ = 2.05 ppm for 1H NMR and δ = 206.3 ppm for 13C NMR),
respectively. Column chromatographic purification was per-
formed using SiO2 (0.040�0.063 mm, 230�400 mesh ASTM)
from Merck.

Synthesis of 2,6-Di(trimethylsilyl)benzo[1,2-b:4,5-b0]dithiophene
(1). In a flame-dried Schlenk flask, equipped with a magnetic
stirring-bar, an argon inlet and a septum, benzo[1,2-b:4,5-b0]-
dithiophene56 (1.90 g, 10.0 mmol, 1 equiv) was dissolved in
THF (50.0 mL, 0.2 M). The solution was cooled down to �30 �C
and n-BuLi (4.93 mL, 11.0 mmol, 1.1 equiv, 2.23 M in hexane) was
added dropwise. After the solution stirred for 30 min, chlorotri-
methylsilane (TMS-Cl) (1.40 mL, 11.0 mmol, 1.1 equiv) was added
and the solution was allowed to warm up to room temperature.
After 45min, the solutionwas again cooled to�30 �C, n-BuLi and
TMS-Cl were added as described before, and the mixture was
allowed to warm up to room temperature. The reaction was
quenched with sat. aq NaHCO3 (30 mL), extracted with diethyl
ether (3� 30 mL), dried over Na2SO4, and concentrated in vacuo.
Purification by flash column chromatography (silica gel, isopen-
tane isomermixture) afforded 1 as awhite solid (3.08 g, 92%). Mp:
189.2�190.9 �C. 1H NMR (400 MHz, CDCl3) δ/ppm = 8.29 (s, 2H),
7.49 (s, 2H), 0.42 (s, 18 H). 13C NMR (100 MHz, CDCl3) δ/ppm =
144.0, 141.1, 139.5, 130.2, 116.4, 0.04. IR (cm�1): ~v = 2953, 1739,
1506, 1439, 1367, 1246, 1170, 1059, 963, 866, 833, 752, 697. MS
(70 eV, EI) m/z (%) = 336 (12), 335 (22), 334 (100) [Mþ], 321 (13),
320 (19), 319 (71), 152 (24), 73 (30). HRMS for C16H22S2Si2
(334.0701): found 334.0685.

Benzo[1,2-b:4,5-b0]Dithiophene-2,6-diyldiboronic Acid (2).
2,6-Di(trimethylsilyl)benzo[1,2-b:4,5-b0]dithiophene (1.67 g,
5 mmol, 1 equiv) was dissolved in DCM (20 mL) at 0 �C. BBr3
(1 mL, 10.5 mmol, 2.1 equiv) was added, and the reaction
mixture was stirred for 12 h. The reaction was quenched by
adding 1 M NaOH/ice mixture (40 mL), and the phases were
separated. The aqueous phase was washed with DCM (2x
20 mL), then adjusted to pH 7 with 2 M HCl and extracted with
ethyl acetate (3� 20 mL). The combined organic phases were
dried over Na2SO4 and concentrated in vacuo to afford 2 as a
white solid (0.95 g, 68%). Mp: 313.1�315.2 �C. 1HNMR (300MHz,
CDCl3) δ/ppm = 8.44 (s, 2H), 8.00 (s, 2H), 7.79 (s, 4H). 13C NMR
(75 MHz, CDCl3) δ/ppm = 140.4, 139.6, 131.9, 117.0. IR (cm�1):
~v = 3351, 1541, 1435, 1398, 1366, 1341, 1312, 1177, 1163, 1106,
1033, 866, 645. HRMS (ESI) for C10H8B2O4S2 (278.0050): found
276.9973 [M � Hþ].

BDT-COF Synthesis. A conventional stainless steel autoclave
equipped with a 3 mL Teflon liner was charged with BDTBA (2)
(14.2 mg, 0.051 mmol) and HHTP (11.0 mg, 0.034 mmol). The
reaction mixture was suspended in 1.5 mL of a 1:1 (v/v) solution
of mesitylene/dioxane and heated for 72 h at 100 �C. The dark
green precipitate was isolated by filtration and washed with dry
acetone (3 mL).

BDT-COF Thin Film Synthesis. A conventional stainless
steel autoclave equipped with a 20mL Teflon liner was charged
with BDTBA (2) (16.2 mg, 0.058 mmol) and HHTP (12.5 mg,
0.038 mmol). The reaction mixture was suspended in 5 mL of a
1:1 (v/v) solution of mesitylene/dioxane. Two clean ITO-coated
glass substrates were placed horizontally on a homemade,Q
-shaped Teflon holder equipped with three slide compart-

ments. The Teflon holder was placed into the starting material
suspension in a way that the ITO surfaces face the bottom of
the autoclave. The autoclave was then heated for 12 h at 100 �C.
The substrates were then removed and washed with dry
acetone (2 mL) and dried under a stream of N2.

NiO-Coated Substrates. Indium tin oxide-coated glass slides
(VisionTek, 12�15 Ω/sq) were cleaned by sonication in deter-
gent solution, water, ethanol, and 2-propanol. A NiO precursor
solution, consisting of 100 mM Ni(OAc)2 3 4H2O and 100 mM
ethanolamine in HPLC-grade ethanol, was deposited via spin-
coating and subsequently converted into a 10 nm thick NiO
layer by heating to 300 �C for 45 min on a hot plate in air.

BDT-COF/Acceptor System. The thin BDT-COF films were
activated at 150 �C for 2 h in high vacuum (10�5 mbar) and
transferred to an argon-filled glovebox. The acceptor was
infiltrated into the COF pores by spin-coating a 20 mg mL�1

solution of the fullerene acceptor in 1,2-dichlorobenzene.
X-ray diffraction analysis was carried out in reflection mode

using a Bruker D8 Discover with Ni-filtered Cu KR-radiation
(1.5406 Å) and a position-sensitive detector (LynxEye). Small
and wide angle X-ray scattering (SWAXS) was carried out with a
SAXSess system (Anton Paar) equipped with an image plate.
The sample was subjected to the X-ray beam at a grazing angle
of 0.35� with respect to the primary beam. The X-rays scattered
perpendicular q(y) and parallel q(z) to the surface normal were
detected by an image plate covering wide angles, correspond-
ing to 42� 2θ in the q(z) axis and 6� 2θ in q(y) axis. The
wavelength of the incident beam was λ = 0.154 nm (Cu KR);
the sample�detector distance was 260.2 mm. Fourier-trans-
form infrared spectra of samples were measured with a Bruker
Equinox 55 equipped with a PIKE MIRacle ATR-unit at room
temperature. Scanning electron microscope images were re-
corded with Jeol 6500F and Zeiss Ultra Plus field emission
scanning electron microscopes. Transmission electron micro-
scopy data were obtained with a FEI TITAN 80�300 microscope
at an acceleration voltage of 80 kV. 11B and 13C MAS NMR
spectra were recorded on a Bruker DSX Avance 500 with a
magnetic field of 11.2 T. A 4 mm MAS triple-resonance sample
headwas used. The frequency of the rotors was 10 kHz. 11B-NMR
spectra were recorded with a single pulse program with 90
scans and a delay time of 1 s. For 13C�CP-MAS NMR spectra,
1808 scans were performed with a delay time of 2 s. TG
measurements were performed in a stream of synthetic air
(25 mL/min) on a Netzsch STA 440 C TG/DSC. The measure-
ments were carried out with a heating rate of 10 K/min and a
temperature range from 30 to 900 �C. Nitrogen sorption
isotherms were recorded on a Quantachrome Autosorb-1. Prior
to the measurement of the adsorption isotherm, the sample
was treated as follows. The product was washed with dry
acetone, separated by filtration, and heated for 12 h at 150 �C
under oil pump vacuum. The calculation of the pore size
distribution was done using the NLDFT model with a carbon
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kernel for cylindrical pores, using the desorption branch.
Kr sorption experiments were carried out with an Autosorb iQ
from Quantachrome Instruments at 77.3 K (liquid nitrogen
temperature), assuming a saturation vapor pressure of p0 =
217 Pa for Kr. Sample outgassing was performed in vacuum for
12 h at room temperature. For the BET surface area calculation,
a saturation vapor pressure of the supercooled liquid (321 Pa at
77.3 K) and a molecular cross-sectional area of 0.205 nm2 were
assumed.57,58 Molecular geometry optimization was performed
with Accelrys MS Modeling 4.4 using the universal force field
method. The final hexagonal unit cell was calculated with the
geometric parameters from the optimized structure. For the
simulation of the PXRD patterns the Reflex module was used
(a software package implemented in MS Modeling 4.4). UV�vis
spectra were recorded on a Perkin-Elmer Lambda 1050 spectro-
meter equipped with a 150mm integrating sphere and a Varian
Cary 5000 spectrometer. Diffuse reflectance spectra of powders
were recorded using a Praying Mantis (Harrick) accessory. Thin
films were measured in transmission geometry and corrected
for reflection losses and losses at the edges of the substrate.
Photoluminescence quenching experiments were performed
using a Photon Technology International QuantaMaster spec-
trometer with an excitation wavelength of 365 nm. The samples
were positioned at an angle of 45� with respect to the incident
beam and illuminated through the fused silica substrate. PL
was detected at 90� with respect to the excitation beam. Time-
resolved transient absorption spectra were measured using
a home-built pump�probe setup. The setup is based on a Ti:
sapphire regenerative amplifier (RegA 9060, Coherent), emit-
ting linearly polarized 60 fs pulses (fwhm) with a pulse energy of
6 μJ at a central wavelength of 800 nm and a repetition rate of
90 kHz. Frequency doubling of a part of the pulse energy in a
nonlinear optical β-barium-borate (BBO) crystal provided pump
pulses at awavelength of 400 nm,which are suitable for exciting
the investigated thin COF films. For probing, a linearly polarized
supercontinuum white-light spectrum was generated by focus-
ing a part of the fundamental laser light at 800 nm onto a
sapphire plate having a thickness of 2 mm within an optical
parametric amplifier setup (Coherent OPA-9450). Spectral filter-
ing allowed measuring at each of the desired probe wave-
lengths of 650 and 1050 nm, which were achieved by using
dielectric interference bandpass filters (Thorlabs). Said filters
were placed in the optical path after the white-light probe was
transmitted through the sample, in order to prevent deteriora-
tions of the probe pulse shape before reaching the sample. For
the purpose of detecting polarons in COFs and PCBM, bandpass
filters with a transmission wavelength range of 650 ( 10 and
1050 ( 10 nm, respectively, were used. With the used setup,
a temporal resolution of about 350 fs was achieved. For all
measurements shown in this manuscript, the polarization of
pump and probe were kept parallel with respect to each
other. Detection of the transmitted probe pulses was done with
a Si-photodiode (Thorlabs), and the resulting photocurrent
was read out by two lock-in amplifiers (Stanford Research)
referenced to the laser repetition rate (90 kHz) and the sum
frequency (96 kHz) of the repetition rate and chopping fre-
quency (6 kHz). The latter was obtained by mechanically chop-
ping the pump pulses.
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