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1. Introduction

Covalent organic Frameworks (COFs) are crystalline, highly 
ordered, porous polymers that are formed mainly by reversible 
condensation reactions of a large selection of organic building 
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The synthesis of covalent organic frameworks (COFs) based on a novel 
thiophene-extended benzotrithiophene (BTT) building block is described, 
which in combination with triazine-based amines (1,3,5-triazine-2,4,6-triyl)
trianiline (TTA) or (1,3,5-triazine-2,4,6-triyl)tris(([1,1´-biphenyl]-4-amine)) 
(TTTBA)) affords crystalline, and porous imine-linked COFs, BTT TTA and BTT 
TTTBA, with surface areas as high as 932 and 1200 m2 g−1, respectively. Ori-
ented thin films are grown successfully on different substrates, as indicated 
by grazing incidence diffraction (GID). Room-temperature in-plane electrical 
conductivity of up to 10−4 S m−1 is measured for both COFs. Temperature-
dependent electrical conductivity measurements indicate activation energies 
of ≈123.3 meV for BTT TTA and ≈137.5 meV for BTT TTTBA and trap-domi-
nated charge transport via a hopping mechanism for both COFs. Moreover, 
conductive atomic force microscopy reveals directional and defect-dominated 
charge transport in the oriented BTT COF films with a strong preference for 
the in-plane direction within the molecular 2D-planes. Quantum mechanical 
calculations predict BTT TTTBA to conduct holes and electrons effectively in 
both in-plane and out-of-plane directions. In-plane, charge carrier transport is 
of hopping character where the triazine cores represent the barrier. Out-of-
plane, a continuous charge-carrier pathway is calculated that is hampered by 
an imposed structural defect simulated by a rotated molecular COF layer.
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blocks. The slightly reversible nature of 
the covalent bond-formation ensures 
“proof-reading” related to building block 
assembly faults, leading to the formation 
of highly structurally defined products.[1] 
The use of organic building blocks has 
opened up the opportunity to construct 
tailor-made COFs, whose key properties 
such as pore structure, optical proper-
ties, and conjugation of monomers can be 
modified by fine-tuning of the chemical 
structure and geometry of the building 
blocks. These unique features of COFs 
provide access to study chemical character 
– structural paradigm – performance cor-
relations for a variety of applications such 
as gas storage,[2] sensing,[3] catalysis,[4] 
and separation.[5] Inspired by photoactive 
and semiconducting organic polymers, 
COFs consisting of photoactive building 
blocks have been synthesized. Typically, 
the building blocks feature geometries 
suitable for constructing 2D COF sheets, 
extended in-plane, upon polymerization. 
The nascent molecular COF sheets grow 
in size and interact, aggregate and fall out 

of solution as a layered solid. The 2D-COF structure paradigm 
provides several intriguing structural properties, such as precise 
positioning of the organic moieties in a columnar manner, in-
plane conjugation, accessible pore channels, and a large variety 
of pore sizes and shapes. In 2D electroactive conjugated COFs, 
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charge migration is expected both in the plane of the conjugated 
COF sheets and perpendicular thereto via the columns. The 
study of charge migration in 2D-COFs benefits from deposition 
with a preferential layer orientation with respect to the surface, 
which in turn allows charge migration to be probed, both in the 
conjugated plane and in the noncovalent molecular columns 
of the COF.[6] In recent years, research on multi(thiophene)-
fused aromatic compounds has gained interest owing to their 
successful implementation as active materials in organic light-
emitting diodes,[7] photovoltaic devices,[8,9] or organic thin-film 
transistors (OTFTs).[10] Moreover, much effort has been devoted 
to the synthesis on benzo[1,2-b:4,5-b´]dithiophene (BDT) 
and benzo[1,2-b:3,4-b´:5,6-b´´]trithiophene (BTT) derivatives 
as potential organic semiconductors.[11] Benzotrithiophene 
comprises three thiophenes fused to a central benzene ring, 
resulting in a planar and electron-rich system.[12,13] The BTT 
core and its different isomers have been used successfully as 
part of a polymeric active layer in organic solar cells,[9,14] aggre-
gation agent promoting self-assemblies[15] and 2D-covalent 
organic frameworks.[16] Extended BTT, and particularly thio-
phene-extended BTT cores suitable for the formation of COFs 
has not yet been reported. In the context of COFs, designing 
an extended BTT photoactive core requires solubility and 
symmetry to be considered for COF formation. This includes 
extension of the BTT core in three vertices with the desired 
functional groups and the installation of solubilizing side 
chains that synchronize and are compatible with the COF layer 
stacking.[17]

We now describe the synthesis of a novel three-pod thio-
phene extended benzotrithiophene (BTT)-based tricar-
baldehyde that features the central BTT-unit decorated with 
three peripheral thiophene moieties. Combining the novel 
BTT building block with multidentate amines, namely 
(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) or (1,3,5-triazine-2,4,6-
triyl)tris(([1,1´-biphenyl]-4-amine)) (TTTBA)), two novel, highly 
crystalline and porous imine-linked COFs, termed BTT TTA 
and BTT TTTBA, respectively, are presented. The presence of 
the peripheral thiophene units at the BTT core building block 
leads to the formation of squished hexagonal pores. Moreover, 
highly oriented, crystalline thin films were successfully grown 
on different substrates, featuring layer orientation parallel 
to the substrate and thickness of 300–500  nm. BTT TTA and 
TTTBA films show light absorption in the 300–600 nm wave-
length range and photoluminescence (PL) emission at 740 nm 
and 705 nm for BTT TTA and TTTBA, respectively. Directional 
electrical conductivity of the BTT COF films was determined 
by constructing various devices of different electrode architec-
tures. Room temperature in-plane electrical conductivity values 
as high as 10–4 S m–1 was determined for BTT TTA and TTTBA. 
Temperature-dependent electrical conductivity measurements 
indicate trap-dominated charge transport in-plane.

2. Results and Discussion

2.1. Synthesis

We aimed at synthesizing COF building blocks containing 
six conjugated thiophene units. Therefore, initially, the novel 

terthieno-benzotrithiophene (BTT)-based COF building block, 
termed BTT(T)3, was synthesized. First, the BTT core was 
obtained following a reported protocol.[13] Subsequently, the 
BTT core was stannylated and coupled to 5-bromo-4-butyl-
thiophene-2-carbaldehyde through a Stille coupling reaction 
(Scheme  1) to afford the desired building block, BTT(T)3 (for 
more information see Supporting Information). The as-pre-
pared BTT(T)3 building block was suspended in mesitylene 
and 1,4-dioxane (8:1, v:v) together with (1,3,5-triazine-2,4,6-triyl)
trianiline (TTA) or (1,3,5-triazine-2,4,6-triyl)tris(([1,1´-biphenyl]-
4-amine)) (TTTBA) as complementary building blocks. 
Employing a Schiff-base acid-catalyzed imine condensation 
reaction under solvothermal synthesis conditions for 72  h at 
120 °C resulted in the precipitation of a dark orange powder for 
BTT TTA and dark yellow powder for TTTBA (Scheme 1). After 
the given reaction time, the precipitated powders were filtered 
under reduced pressure and washed with THF. The wet pow-
ders were subjected to supercritical CO2 extraction for further 
drying[18] (for further information see Figure S1 and Section B, 
Supporting Information).

In models, the presence of the peripheral thiophene units 
at the BTT core results in a rigid and chiral building block, 
subsequently leading to the formation of highly distorted 
hexagonal pores (Figure  S2, Supporting Information). These 
two features typically limit the formation of a crystalline 
product.[19] The formation of highly crystalline BTT TTA and 
TTTBA materials was confirmed using powder X-ray diffrac-
tion (PXRD) analysis (Figure 1c,f ). Impressively, the obtained 
BTT COFs feature long-range order with observed high order 
Bragg reflections in the case of BTT TTA. The PXRD diffrac-
tion patterns reveal highly defined and intense reflections at 
3.8°, 6.6°, 10.1°, 13.1°, 15.2°, 16.6°, and 25.7° 2θ for BTT TTA 
and 2.9°, 5.1°, 5.9°, and 7.9° 2θ for BTT TTTBA. According to 
the symmetry of the building blocks, structure models were 
constructed using the Materials Studio software package 
(Accelrys Inc.), the structure simulations and geometry opti-
mization were carried out using the Forcite module employing 
the universal force field and P1 symmetry. The resulting 
theoretical PXRD patterns were compared to those obtained 
experimentally. In 2D-COFs, different stacking arrangements 
of the 2D layers are possible; eclipsed layer stacking (AA), 
alternating, staggered, or unidirectional stacking as well as 
a random arrangement.[20] For both COFs, the simulations 
show that the eclipsed layer stacking (AA) and unidirectional 
stacking agree well with the experimental patterns. For both 
models, unit-cell parameters suggest structures close to a hex-
agonal crystal system; however, considering the packing of the 
alkyl side chains, we ruled out a fully overlapped AA stacking 
of the layers, hence for further refinement of the unit cell we 
used unidirectional stacking model (Figure 1a–c,f ).

The simulated unit cells obtained were refined using the 
Reflex module in the Materials Studio software using the 
Pawley method for powder refinement according to the experi-
mentally obtained PXRD patterns. Thereby, unit cell parame-
ters of a = 27.7 Å, b = 28.0 Å, c = 3.7 Å, α = β = 90°, γ =  122° 
for BTT TTA and a  =  34.4  Å, b  =  35.1  Å, c  =  4.0  Å, α  =  89°, 
β = 90°, γ =  120° for BTT TTTBA were obtained. Additionally, 
the observed reflections at the PXRD patterns were indexed 
and attributed to the corresponding hkl planes. For BTT TTA, 
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hkl (100), (110), (210), (220), (400), (230), and (001) correspond 
to 3.8°, 6.6°, 10.1°, 13.1°, 15.2°, 16.6°, and 25.7° 2θ. For BTT 
TTTBA, hkl (100), (110), (200), and (210) correspond to 2.9°, 5.1°, 
5.9°, and 7.9° 2θ. For BTT TTA COF, a reflection associated with 
the stacking distance at 25.7° 2θ was obtained, corresponding to 
an interlayer distance of ≈3.5 Å.

The porosity of the two BTT COFs was analyzed by nitrogen 
gas physisorption at 77 K. For BTT TTA, the nitrogen sorption 
isotherm shows typical type I sorption profile with a sharp 
nitrogen uptake at relatively low partial pressure (p/p0  <  0.09 
and up to 240 cm3 g–1), which is characteristic for microporous 
materials. The nitrogen sorption isotherm of BTT TTTBA fea-
tures type IVb sorption isotherm profile.[21] In the isotherm, two 
steep and well-defined nitrogen uptakes at low partial pressures 
(p/p0  <  0.17 and up to 320  cm3  g–1) related to the presence of 
a mesoporous material are shown. In addition, the adsorption 
isotherm is fully reversible, showing no hysteresis, which is a 
common feature of materials containing aligned 1D-mesopores 
with diameter smaller than 40  Å.[22] Both BTT TTA and BTT 
TTTBA revealed high porosity with apparent and calculated 
Brunauer–Emmett–Teller (BET) surface areas of 932 and 
1200  m2  g–1, respectively (Figure  1d,g; Figure  S4, Supporting 
Information). For the analysis of the pore sizes, the quenched 
solid density functional theory (QSDFT) model was employed. 
Thereby, pore sizes of 1.8 and 2.6 nm with a narrow pore size 
distribution were determined for BTT TTA and BTT TTTBA, 
respectively (Figures S5 and S6, Supporting Information).

Thermogravimetric analysis (TGA) under synthetic air flow 
revealed that both BTT COFs are thermally stable at temper-
atures up to 350  °C. Here, significant weight loss at ≈350  °C 

associated with the beginning of a structural degradation of 
the COF materials is detected; at 600  °C the process ceases 
with complete weight loss (Figure  S7, Supporting Informa-
tion). Notably, the continuous and complete weight loss is an 
excellent indication for the high purity of the COF materials 
and the absence of residual synthesis agents originating from 
ligand synthesis. Scanning electron microscopy (SEM) analysis 
of the COF powders revealed nanometer-sized COF particles of 
≈50–150 nm in diameter which aggregate into cauliflower-like 
assemblies of different sizes (Figure  S8, Supporting Informa-
tion). We note that the majority of the COF crystallites appear 
spherical. However, in some cases faceted, hexagonally shaped 
crystallites are clearly observed, which corresponds well with the 
high structural definition observed by PXRD and the simulated 
pseudo-hexagonal structure. Transmission electron microscopy 
(TEM) analysis of both COFs further supports the highly crys-
talline nature of the COFs. Projections along the c-axis reveal 
the expected honeycomb structure of the COF (Figure  1e,h). 
Electron diffraction patterns of the obtained images further 
support the formation of highly crystalline COFs, showing 
high order diffraction lines for a single BTT TTTBA crystallite 
(Figure S9, Supporting Information).

2.2. Oriented Thin Films of BTT TTA and BTT TTTBA

To study and characterize the BTT COF properties regarding 
their photophysical and electronic properties further, ori-
ented COF thin films were synthesized on various substrates. 
The synthesis was carried out in glass vessels equipped 
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Scheme 1.  a) A Stille coupling reaction scheme, affording the tricarbaldehyde BTT(T)3 building block. Schematic representation of the synthesis of  
b) BTT TTA, using 4,4´,4´´-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) and c) BTT TTTBA using 4,4´´´,4´´´´´-(1,3,5-triazine-2,4,6-triyl)tris(([1,1´-
biphenyl]-4-amine)) (TTTBA) as complementary building blocks.
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with a Teflon substrate holder using the non-epitaxy in situ 
approach under developed solvothermal synthesis protocols 
for the BTT COFs.[6,23] Thus, the substrates were positioned 
and immersed horizontally using a Teflon substrate holder 
into the reaction vessel, charged with the appropriate reac-
tive precursor solution. Subsequently, acetic acid was added, 
and the reaction vessel was heated to 120 °C for a fixed reac-
tion time (ranging from 12 to 72 h, depending on the desired 
thickness of the film). After removal from the reaction mix-
ture, the substrate was thoroughly washed with dry tetrahy-
drofuran (THF) and dried under a stream of nitrogen to 
reveal a homogeneous shimmering layer on the substrate. 
SEM cross section and top-view images showed that a con-
tinuous and homogeneous coverage of the substrate was 

obtained (Figure 2d,e; Figures S10 and S11, Supporting Infor-
mation). Depending on the reaction time, the thickness of 
the resulting COF layer is tuned, ranging from 320 to 590 nm 
for BTT TTA and 290 to 480 nm for BTT TTTBA (Figure S12, 
Supporting Information).

A coplanar grazing incidence X-ray diffraction (GIXRD) 
analysis indicated the preferential parallel orientation of the 
COF molecular layers with respect to the substrate, with the 
(001) reflection (at 25.7° and 26.2° 2θ for BTT TTA and BTT 
TTTBA, respectively) being the only reflection visible in the 
diffraction pattern (Figure  S13, Supporting Information). 
Complementary to the 1D-diffractogram, grazing-incidence 
small and wide-angle X-ray scattering analysis (GI-SWAXS) 
was carried out to examine the crystallinity of the films and 

Adv. Funct. Mater. 2022, 32, 2205949

Figure 1.  a,b) Schematic representation of BTT TTA and BTT TTTBA. c,f) Experimental PXRD pattern (black dots) of BTT TTA and TTTBA COF, respec-
tively. Pawley refinement (red line), difference plot between the experimental data and the Pawley-refined PXRD pattern (blue line), Bragg reflection 
positions are indicated by green ticks. The insets in both XRD patterns show a magnified view of 2θ > 5°. d,g) Nitrogen physisorption isotherms at 
77 K of BTT TTA and BTT TTTBA, respectively. e,h) TEM images of BTT TTA and BTT TTTBA bulk material, respectively.
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to confirm the preferential orientation of the COF crystallites 
with respect to the substrate. For both COFs, strong distinct 
reflections at qy 2.78, 4.89, 7.56, 9.82  nm–1 and qz 19.13  nm–1 
for BTT TTA corresponding to hkl (100), (110), (210), (220), 
(001) and qy 2.18, 3.86, and 5.85  nm–1 for BTT TTTBA cor-
responding to hkl (100), (110), and (210) were obtained. The 
q-values obtained by data-reduction to 1D-plots match those 
obtained for the bulk powder XRD patterns (Figure S14, Sup-
porting Information). The GIWAXS data of both COF thin 
films confirm the preferential orientation with the [001]-axis 
(c-axis)  to be oriented orthogonal to the surface (Figure  2a; 
Figure S11a, Supporting Information). The SEM cross section 
and top-view images showed that in both cases a homoge-
nous and continuous COF deposit was obtained with residual 
powder that is attributed to a secondary nucleation on top of 
the oriented thin films. High-magnification SEM micrographs 
targeting the crystallites on top of the film revealed hexagonal 
facets, which is in line with the observed bulk COF mor-
phology (Figure  2d,e; Figure  S11, Supporting Information). 
Additionally, TEM analysis of scratched-off film confirms the 
formation of highly oriented COF crystallites that form a con-
tinuous tile; (Figure 2b,c; Figure S11, Supporting Information) 
projections along the c-axis reveal the expected honeycomb 
structure of the COF. Furthermore, electron diffraction of 
the non-oriented residual deposit on top of the oriented film 
reveals highly crystalline COF materials.

2.3. Photophysical Properties

Next, we analyzed the photophysical properties of the BTT 
COFs using UV–vis and photoluminescence (PL) spectros-
copies (Figure  3). For both BTT COF samples examined, 
the absorption bands are located in the UV and blue spec-
tral regions. Further, the BTT TTA has an absorption onset 
of ≈560  nm. The absorption spectrum of BTT TTTBA is 
slightly blueshifted compared to the BTT TTA. We attribute 
this effect to the additional benzene rings in TTTBA being 
rotated out-of-plane, which can affect the extent of conjuga-
tion (Figure  3a). This shift can also be seen in the color of 
the resulting thin films, with BTT TTA films revealing bright 
orange and BTT TTTBA films bright yellow colors. Assuming 
a direct bandgap transition, Tauc plots allowed for estimating 
the optical band gaps of the two structures, yielding band 
gaps of 2.32  eV for BTT TTA and 2.41  eV for BTT TTTBA 
(Figure  3b). Steady-state PL of the BTT COFs was measured 
at an excitation wavelength of 378  nm. BTT TTA exhibits 
two distinct emission bands at ≈575 and 740  nm, the latter 
being more intense. For BTT TTTBA, only one distinct emis-
sion band was detected at ≈705  nm. Both COFs show broad 
emissions that range from the green to the near-infrared 
spectral regions (Figure 3c). When compared to the PL emis-
sions of the BTT(T)3 building block a significant red-shift 
of the emission bands of the corresponding COFs can be 
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Figure 2.  a) GIWAXS 2D patterns of BTT TTA thin film grown on ITO. b,c) TEM and electron diffraction images of BTT TTA thin films on ITO scratched 
off the substrate. d,e) SEM cross section and top-view images of BTT TTA thin films on gold-coated glass substrates.

Figure 3.  a) Normalized absorption spectra of BTT TTA (red) and BTT TTTBA COF (blue) thin film on quartz substrates. b) Tauc plots of the BTT TTA 
(red) and BTT TTTBA (blue) UV–vis absorbance spectra calculated for a direct band transition model. c) Normalized PL (λexc = 378 nm) spectra for 
BTT TTA (red) and BTT TTTBA (blue) thin films.
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detected, indicating the formation of a new electronic struc-
ture with extended conjugation on framework COF formation 
(Figure S15, Supporting Information).

2.4. Electrical Conductivity in Oriented Thin Films of BTT TTA 
and BTT TTTBA COFs

Electrical conductivity measurements were used to assess the 
charge-transport properties of the BTT COFs, both in-plane 
along the 2D molecular sheets and out-of-plane across the 
stacked 2D-COF columns. The temperature-dependent electrical 
conductivity was determined using two-probe measurements 
in the temperature range from 296 to 6  K. The measurements 
were performed on macroscopic COF films (thickness ≈500 nm) 
that had been deposited onto silicon wafers coated with an insu-
lating layer of 300  nm SiO2. The voltage sweeps performed for 
the BTT TTA, exemplarily shown for different temperatures in 
Figure  4b, are nonlinear, which we attribute to the impact of 
non-ideal injection at the COF-gold contact.[24] The temperature-
dependent conductivity values presented in Figure 4a are there-
fore determined at drain-source voltage (VDS)  =  40  V, since the 
influence of the contact resistance is less pronounced at such 
high voltages.[25] At room temperature, this results in a conduc-
tivity of ≈8.7 × 10–4 S m−1 for of BTT TTA and ≈1.1 × 10–4 S m−1 
for BTT TTTBA, which places them among the most conductive 
non-doped COFs reported to date.[26] Notably, in-plane conduc-
tivity measurements of films of different thicknesses (320, 380, 
and 590 nm in the case of BTT TTA and 290, 430, and 480 nm in 
the case of BTT TTTBA) show similar conductivity values.

The temperature-dependent data in Figure 4a reveal thermally 
activated in-plane conductivity for both COFs. Activation energies 
(Ea) can be derived from fitting an Arrhenius plot of the form 
σ(T) = σ0 exp[-(Ea/kBT)] (with the Boltzmann constant kB) to the 
conductivity data σ plotted against the inverse of the tempera-
ture T–1. The activation energies Ea derived by this method are 
≈123.3 meV for BTT TTA and ≈137.5 meV for BTT TTTBA. Based 
on the electrical conductivity data obtained, it is challenging to 
determine whether the activated behavior arises due to a band 
gap in the electronic structure or by charge traps in the form of 
defects. In the case of semiconductors with doping levels below 
the electrostatically accessible range (≈1012 cm–2 in our geometry), 
electrical conductivity can be altered by varying the charge-car-
rier density using a gate voltage. In the case of BTT COFs, such 
an effect was not observed. This, together with the band gaps 
obtained from the Tauc plots (Figure 3b), which are an order of 
magnitude larger than the activation energies determined, sug-
gests that the activated behavior observed is rather defect related. 
Such defects might be present at boundaries between single-crys-
talline grains. Furthermore, the low-temperature conductivity 
data are in good agreement with the characteristic temperature 
dependence of Mott variable-range hopping, which could indi-
cate hopping-based transport.

In contrast to the conductivities, up to 8.7  ×  10–4  S  m−1 
reached for the in-plane measurements, charge transport in 
the out-of-plane direction is strongly suppressed. Two-point 
measurements on a macroscopic scale with an indium tin 
oxide (ITO) bottom contact and a gold top contact show a room-
temperature conductivity of ≈9.5  ×  10–11  S  m−1 with a strong 
temperature dependence for the BTT TTTBA (Figure  4e). 

Adv. Funct. Mater. 2022, 32, 2205949

Figure 4.  a) Temperature dependent electrical conductivity measurements of BTT TTA and BTT TTTBA in the in-plane direction. Conductivities cal-
culated from two-point measurements in the temperature range from 6 to 296 K. b) The underlying I–V curves, shown for 100 K, 200 K, and room 
temperature for BTT TTA reveal a significant impact of contact resistance. c) cAFM measurement on the BTT TTTBA film on Au. d) Schematic repre-
sentation of the out-of-plane conductive AFM measurements of the thin BTT COF films. e) Temperature dependence of the out-of-plane conductivity 
for the BTT TTTBA. f) The polycrystalline regions in the cAFM can also be observed with an optical microscope.
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A  conductivity several orders of magnitude smaller compared 
to the in-plane direction was also confirmed by conductive 
AFM measurements on both BTT COF films on gold substrates 
(Figure 4d). As shown in Figure 4c, a current of up to 0.97 nA 
is observed at the polycrystalline non-oriented COF deposits 
on the film, where charge transport along the covalent bonds 
in these areas is possible in all spatial directions (Figures  4f 
and  2b–e). The strong suppression of charge transport in the 
out-of-plane direction shown by our experimental measure-
ments could be the result of structural defects along the mole-
cular stacks. With only weak bonds between the layers in the 
columnar stacking and a hopping-based transport, these single 
deviations of the AA stacking can represent barriers that sup-
press the charge transport effectively.

Overall, the electrical conductivity measurements show strongly 
directional, defect-dominated charge transport in the BTT COF 
films and, given the more than five orders of magnitude trans-
port anisotropy, with a strong preference for the in-plane direction 
within the conjugated 2D-planes over the out-of-plane direction. 
Both the strong channel length dependence and cAFM in-plane 
measurements on a microscopic scale suggest that the room 
temperature conductivities of ≈8.7  ×  10–4 for the BTT TTA and 
≈1.1 × 10–4 S m−1 for the BTT TTTBA represent only a lower limit, 
since they were measured on a macroscopic scale and depend 
strongly on the charge traps in the measured channel.

2.5. Charge-Carrier-Pathway Simulations

The possible charge-carrier migration pathways in BTT TTTBA 
were studied using classical molecular-dynamics (MD) simu-
lations and subsequent charge-propagation simulations. The 
thermal fluctuations of the structure were studied with classical 
MD using the Universal Force Field (UFF)[27] with AM1[28,29] 
atomic charges.

A snapshot from the end of the simulation (Figure  5a) 
was used for imaginary-time-evolution simulations[30] of 
electron- and hole-transport. The charge-transport simula-
tions for electrons and holes are based on the local electron 
affinity[31] (Figure 5b) and the local average ionization energy[32] 
(Figure  5c), calculated using AM1[28,29] semiempirical molec-
ular-orbital (MO) theory. The calculated conductance paths for 
electrons and holes are shown in Figure  5d,e and Figure  S17 
(Supporting Information), respectively. Details of the simula-
tions are given in the Supporting Information.

Contrary to our initial expectations, the charge transport 
along the columns perpendicular to the COF-plane shows a 
continuous path, which would indicate that perfect COF-crys-
tals conduct strongly in this direction (Figure 5e; Figure S17d, 
Supporting Information). The conduction paths in the COF-
plane (Figure  5d; Figure  S17a–c, Supporting Information) 
indicate facile hopping conduction via tunneling between the 

Adv. Funct. Mater. 2022, 32, 2205949

Figure 5.  a) Top view of the equilibrated BTT TTTBA after 11  ns MD run. Top and side views of the isovalue-surfaces of the EAL (blue, contour 
level = −1 eV) b) and IEL (red, contour level = 14 eV) c) for BTT TTTBA calculated with AM1. The Cartesian directions (x, y, z) used for the charge-
transport simulations relate to the crystallographic axes (a, b, c) in the following manner: x = a; y = 2b + a; z = c. Calculated electron-transport paths 
for the BTT TTTBA in the Cartesian directions x (d) and z (e). Isocontour plots for eight simulation steps of the electron (green to blue; contour 
level = 1.2 × 10−5 e-Bohr−3). The initial Gaussian functions are shown as transparent spheres. f) Calculated electron-transport path in the Cartesian z 
direction for the displaced model structure of the BTT TTTBA COF.
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sulfur-rich centers. This conduction mechanism is consistent 
with the experimental results.

To estimate the effect of grain boundaries parallel to the 
plane of the COF between crystallites, a 180° rotation was 
introduced into the structure at the position of the dashed 
line in Figure  5f and Figure  S17e (Supporting Information). 
The charge-transport simulations now show a significant bar-
rier at this boundary (which is far tighter than expected in the 
real system). This barrier can only be crossed by tunneling. 
Figure 5f and Figure S17e (Supporting Information) show this 
behavior for an electron and a hole, respectively. The tunneling 
distance is clearly far larger than that in the in-plane paths 
between sulfur-rich centers.

3. Conclusions

In summary, we showed the synthesis of a novel three-pod 
thiophene-extended based tricarbaldehyde. In combination 
with different three-pod triazine-based amines we were able 
to synthesize two new highly crystalline, porous and imine-
linked COF structures, namely BTT TTA and BTT TTTBA. 
To study their transport properties, the frameworks were 
successfully grown on different substrates using the in situ 
approach as electroactive, highly oriented thin films and room-
temperature in-plane conductivities of up to 10–4  S  m–1 were 
measured. Temperature dependent electrical conductivity meas-
urements revealed a temperature dependence indicative of trap-
dominated hopping type charge transport. All in all, with our 
measurements we identified a strongly directional, defect-dom-
inated charge transport in the BTT COF films, with a strong 
preference for the in-plane direction within the conjugated 
2D  planes over the out-of-plane direction. Quantum mechan-
ical calculations predict a hopping type charge transport in the 
2D molecular planes, and molecular COF columns perpendic-
ular to the in-plane direction to provide a continuous path. By 
imposing a grain boundary in the form of a rotated COF layer, 
dramatically hampered charge transport in this direction. This 
study emphasizes the role of defect in the overall conductivity 
performance of COF materials and particularly for BTT COFs 
presented, where the electrical conductivity values obtained for 
the latter represent the lower limit and are expected to improve 
dramatically by defect-controlled synthesis strategies.

4. Experimental Section
General: All materials were purchased from Sigma–Aldrich, Acros 

or TCI Europe in the common purities "purum," "puriss," or "reagent 
grade." The materials were used as received without additional 
purification and handled in air unless otherwise noted.

BTT(T)3 Building Block Synthesis: The BTT core was obtained following 
a reported protocol.[13] Subsequently, the BTT core was stannylated and 
coupled to 5-bromo-4-butylthiophene-2-carbaldehyde through a Stille 
coupling reaction to afford the desired C3-building block BTT(T)3 (for 
more information see the Supporting Information).

BTT COF Thin Film Synthesis: The thin films were synthesized using 
a bottom-up, in situ approach. An autoclave equipped with a teflon liner 
and a substrate was charged with BTT(T)3 (4.99 mg, 16.7 µmol) and TTA 
(2.37  mg, 10.0  µmol) or TTTBA (3.9  mg, 10  µmol). Next, a mixture of 
mesitylene and 1,4-dioxane (2000  µL, v:v 8:1) and 200  µL of acetic acid 

(aqueous, 6 m) were added. The autoclave was sealed and heated at 120 °C 
for 16 h. After cooling to room temperature, the COF film was rinsed with 
anhydrous THF and dried under reduced pressure. The thickness of the 
resulting films could be increased by increasing the reaction time.

In-Plane Conductivity Measurements: The temperature-dependent 
transport measurements were performed at a Lakeshore CRX-VF probe 
station at vacuum conditions with p < 2 ×  10–7 mbar. The electrical gold 
contacts (60 nm thickness) were evaporated through a shadow mask. An 
electrically conductive sample stage was used for gating through the back 
gate. This stage was thermally coupled to a helium refrigerator allowing 
for measurements from 6  K to room temperature. Two source meters 
(Keithley 2450) were used to apply source-drain and gate voltages.

Out-of-Plane Conductivity Measurements: The conductive AFM 
(cAFM) measurements were performed on a Jupiter XR AFM by Oxford 
Instruments using SCM-PIT conductive AFM tips with PtIr5 coating. The 
BTT COF films for this analysis were grown on glass substrates covered 
by a gold layer.

Charge-Carrier Pathway Simulations: A hexagonal simulation cell of 
dimensions 35.0  ×  35.0  ×  32.0  Å was constructed for BTT TTTBA by 
stacking eight unit cells. The UFF force field with AM1 Coulson charges 
was used for the classical molecular-dynamics (MD) simulations. 
The system was prepared using slightly modified tools developed by 
Boyd et al.[33] A cutoff of 12.5 Å was used for the nonbonding interactions; 
Coulomb interactions beyond this distance were treated using a 
particle−particle Ewald approach.[34] The system was equilibrated for 1 ns 
and an additional 10  ns simulation using a Nosé−Hoover thermostat 
and barostat in the anisotropic NPT ensemble (1  fs time step, 298  K, 
1 atm, 100 timesteps temperature damping, 10 000 timesteps pressure 
damping), using LAMMPS.[35] A snapshot taken at the end of the 
simulation was used for further processing.

Semiempirical molecular-orbital (MO) single-point calculations 
with periodic boundary conditions using the AM1 Hamiltonian within 
the restricted Hartree−Fock formalism were carried out using the 
cluster version of EMPIRE 20.[36] The calculations were performed 
on the nearly hexagonal simulation cell of BTT TTTBA of dimensions 
34.4 × 34.1 × 25.0 Å consisting of 1200 atoms. 3D local electron affinity 
and local-ionization energy maps were generated with EH5cube 20[37] 
and stored in Gaussian cube-file format[38] as orthogonal cells of 
34.4 × 59.1 × 25.0 Å.

Propagation of the hole- or electron density in imaginary time used an 
in-house program.[39] Simulations of electron and hole charge-transport 
in the different Cartesian directions were performed on supercells of 
the electron affinity and local-ionization energy maps by applying a 
linear term describing a homogeneous electric field in the appropriate 
direction to the external potential, as described in Ref. [39].The results 
were visualized using Vipster v1.19.1b[40] and VMD 1.9.1.[41]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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