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ABSTRACT: Two-dimensional covalent organic frameworks (2D COFs) containing heterotriangulenes have been theoretically identified as 
semiconductors with tunable, Dirac-cone-like band structures, which are expected to afford high charge-carrier mobilities ideal for next-gener-
ation flexible electronics. However, few bulk syntheses of these materials have been reported, and existing synthetic methods provide limited 
control of network purity and morphology. Here, we report transimination reactions between benzophenone-imine-protected azatriangulenes 
(OTPA) and benzodithiophene dialdehydes (BDT), which afforded a new semiconducting COF network, OTPA-BDT. The COFs were pre-
pared as both polycrystalline powders and thin films with controlled crystallite orientation. The azatriangulene nodes are readily oxidized to 
stable radical cations upon exposure to an appropriate p-type dopant, tris(4-bromophenyl)ammoniumyl hexachloroantimonate, after which 
the network’s crystallinity and orientation are maintained. Oriented, hole-doped OTPA-BDT COF films exhibit electrical conductivities of up 
to 1.2 × 10–1 S cm–1, which are among the highest reported for imine-linked 2D COFs to date. 

INTRODUCTION 
The discovery of graphene and its extraordinary electronic proper-
ties has inspired a surge of interest in the preparation of other two-
dimensional (2D) nanomaterials for use in next-generation elec-
tronics.1-5 Pairing ultrahigh charge-carrier mobility6, 7 with excellent 
tensile strength,7, 8 flexibility,9 and high thermal conductivity,10 gra-
phene is well-positioned to become an integral component of cir-
cuitry in printable electronics.9, 11, 12 Despite these advantages, its zero 
band gap and limited structural tunability largely preclude its use in 
most semiconductor-based devices, motivating the search for analo-
gous 2D materials with tunable band gaps.13 Two-dimensional cova-
lent organic frameworks (2D COFs) are an emergent class of crys-
talline polymers that could fill this gap.14-16 These materials are pre-
pared by condensing multifunctional monomers into stacks of mac-
romolecular sheets, such that the resulting pore sizes, shapes, and 
functionality emerge from the monomer structures.17 By combining 
planar, conjugated monomers that form tight π-stacks, semiconduct-
ing COF networks with tunable band gaps have been prepared,18-30 
which have already shown promise in photovoltaics,31, 32 organic 
field-effect transistors,25, 30, 33 and chemiresistive sensors.23 Despite 
this progress, all tested materials exhibit far lower charge-carrier mo-
bility and conductivity values compared to state-of-the-art one-di-
mensional (1D) conducting polymers due to their nanoscale crystal-
lite sizes, frequent lack of crystallite orientation, disordered grain 

boundary defects, and poor conjugation within and between mono-
mers, impeding their transition to industrial relevance.20, 34 Chemical 
doping has been leveraged to introduce additional charge carriers 
into COFs, thus increasing their electrical conductivity.20, 22, 24, 27-29, 35 
However, many studies predominantly examine uncontrolled p-type 
doping with iodine vapor,22, 27, 28, 35 which presents several complicat-
ing factors because of its weak oxidant strength and high volatility.36, 

37 Most notably, the high vapor pressure required for doping leads to 
the accumulation of excess iodine within COF pores and grain 
boundaries that disperses over time, leading to unstable device per-
formance.24, 37 Hence, the design of new conductive 2D COF mate-
rials, as well as the investigation of controlled, liquid-phase doping 
strategies, remain important frontiers. 

Towards this objective, heterotriangulenes have recently at-
tracted substantial interest as COF building blocks, as they are pre-
dicted to tile into hexagonal networks exhibiting Dirac-cone-like 
electronic structures similar to that of graphene, leading to high 
charge-carrier mobilities and conductivities.5, 38 In particular, azatri-
angulenes have been targeted due to their greater synthetic accessi-
bility compared to boron and carbon radical-based alternatives.5, 39, 40 
Azatriangulene-based 2D polymers are predicted to have tunable 
band gaps (<3 eV) between unfilled flat bands and filled Dirac-cone-
like sharp bands that can support hole mobilities of up to 800 cm2 V–

1 s–1 depending on the chemical structure.5 Moreover, the electron-
rich central amine of some azatriangulenes can be oxidized to a 



 

stable radical cation at moderate potentials, thus enabling charge in-
jection or chemical doping to increase the number of charge carri-
ers.22 Although the on-surface syntheses of azatriangulene 2D poly-
mers and macrocycles have been reported,41-43 the first bulk synthesis 
of an imine-linked azatriangulene COF as a polycrystalline powder 
was only recently reported by Perepichka and coworkers.22 This ma-
terial, composed of a tris(amine) derivative of oxygen-bridged tri-
phenylamine (4,4',4''-triamino-2,2':6',2'':6'',6-trioxytriphenyla-
mine, OTPA-NH2) and 2,5-dihydroxyterephthalaldehyde, was 
compressed into pellets, whose conductivities were measured as pre-
pared (up to 1.6 × 10–5 S cm–1) and after p-type doping with iodine 
(up to 1 × 10–2 S cm–1). While these are among the highest values 
reported for 2D imine-linked COFs thus far, the authors noted that 
the OTPA-NH2 precursor must be generated and consumed exclu-
sively under inert atmosphere, as it undergoes rapid oxidation in air. 
This sensitivity precluded monomer purification and direct charac-
terization prior to COF synthesis, potentially leading to the incorpo-
ration of impurities and defects into the tested materials. In addition, 
the preparation of azatriangulene-based COF thin films with con-
trolled crystallite orientation has not yet been demonstrated, and 
uniform orientation may improve electrical conductivity by maxim-
izing contact between crystalline domains.33 Therefore, new meth-
ods to synthesize oriented, crystalline azatriangulene-based COF 
materials from air-stable precursors are greatly needed. 

Here we report the synthesis of a second-generation imine-linked 
azatriangulene 2D COF, which overcomes the challenges outlined 
above. In this case, OTPA-NH2 is paired with a conjugated benzodi-
thiophene dialdehyde (4,8-diethoxybenzo[1,2-b:4,5-b']dithio-
phene-2,6-dicarbaldehyde, BDT, 1), as it has been shown to better 
facilitate charge transport in semiconducting COFs compared to 
more conventional monomers, such as terephthalaldehyde.24 More-
over, rather than using a crude sample of the air-sensitive OTPA-

NH2 monomer, we use an air-stable equivalent, a benzophenone-
imine protected form (OTPA-benzophenone, 2). 2 is readily acces-
sible using Pd-catalyzed amination reactions and is bench stable, 
which facilitated its purification. The isolated monomer was then 
subjected to solvothermal COF polymerization via transimination 
reactions.44 The resulting network (OTPA-BDT COF, Scheme 1) 
was prepared in the forms of polycrystalline powders and oriented 
thin films in one pot, with the latter obtained by submerging an ap-
propriate substrate in the reaction mixture. OTPA-BDT COF thin 
films were oxidatively doped with tris(4-bromophenyl)ammoni-
umyl hexachloroantimonate (commonly known as magic blue) 
while maintaining their crystallinity and orientation. Finally, we 
measured the electrical conductivity of the thin films before and after 
doping, revealing reproducible values of up to 1.2 × 10–1 S cm–1 after 
doping depending on film thickness, which, to the best of our 
knowledge, is one of the highest values reported for an imine-linked 
2D COF.35 Collectively, these results highlight the potential of het-
erotriangulene COFs as semiconducting materials in next-genera-
tion organic electronic devices. 

RESULTS AND DISCUSSION 
Solvothermal transimination reactions between 1 and 2 afford poly-
crystalline OTPA-BDT COF powders, which exhibit X-ray diffrac-
tion features consistent with the expected hexagonal lattice. To pre-
pare 2, 4,4',4''-tribromo-2,2':6',2'':6'',6-trioxytriphenylamine  
(OTPA-Br) was first synthesized by following previously reported 
protocols,39, 40 then elaborated with three benzophenone imines via 
a Buchwald-Hartwig amination reaction.45 The resulting monomer 
was heated in the presence of 1, acetic acid, and a 4:1 v/v 1,4-diox-
ane/mesitylene mixture under nitrogen atmosphere, resulting in the 
precipitation of black OTPA-BDT COF powder in 5 days (Scheme

 
Scheme 1. Synthesis of OTPA-BDT COF via transimination reactions 
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1, see Supporting Information for synthetic procedures). These 
powders were washed with methanol and activated by supercritical 
CO2 drying prior to characterization by powder X-ray diffraction 
(PXRD) and infrared (IR) spectroscopy (Figure 1). PXRD meas-
urements of OTPA-BDT COF powder reveal the presence of four 
sharp diffraction features at 2θ values of less than 10°, which are con-
sistent with a typical 2D COF diffraction pattern. To assign these 
peaks and confirm the COF structure, a model of the targeted net-
work was constructed and refined (Pawley method) against the ex-
perimental pattern (see Supporting Information for details). The 
Pawley-refined model (Figure 1A) exhibits a simulated PXRD pat-
tern that agrees (RP = 2.96, RWP = 3.99) with the experimental data 
(Figure 1B), indicating that the synthesized materials are well-rep-
resented by a hexagonal unit cell with eclipsed stacking (a = b = 
37.98 Å, c = 3.31 Å, α = β = 90°, γ = 120°). According to this analysis, 
the peaks at 2θ = 2.7°, 4.7°, 5.4°, and 7.2° can be assigned to the 
(100), (110), (200), and (210) planes, respectively. We note that 
this model may oversimplify the network’s true interlayer stacking 
behavior, as 2D COF PXRD patterns include few if any out-of-plane 
reflections that can be used to distinguish subtle differences in pack-
ing. Moreover, recent single-crystal electron-diffraction measure-
ments of multiple common 2D COF networks suggest the presence 
of more complex packing arrangements.46, 47 In addition, IR spectros-
copy of the COF powder reveals a sharp imine stretch at 1610 cm–1, 
confirming the formation of the desired linkages (Figure 1C). Ther-
mogravimetric analysis (TGA) of the COF powder suggests that 
bulk decomposition of the network occurs between 250 and 400 °C 

(Figure S1). We note that upon formation of the COF lattice, the 
OTPA nodes become sensitized to oxidation by atmospheric oxy-
gen. This results in the inadvertent p-type doping of the OTPA-BDT 
COF over time when stored in air, as confirmed by electron para-
magnetic resonance (EPR) spectroscopy (Figure S2). Therefore, all 
OTPA-BDT COF materials discussed from this point forward were 
stored under a nitrogen atmosphere immediately after the workup, 
unless otherwise noted. Collectively, these data strongly support the 
formation of the targeted OTPA-BDT COF lattice. 

Polymerizing 1 and 2 in the presence of flat substrates results in 
the deposition of OTPA-BDT COF thin films onto their surfaces, 
with crystallite orientation defined by the reaction conditions and 
choice of substrate. To facilitate conductivity measurements, we ex-
plored thin-film growth on non-conductive sapphire substrates with 
atomically flat surfaces, which contain sparsely and regularly-spaced 
prepatterned pairs of gold electrodes (channel length = 2 μm, Figure 
S15).18 When this substrate was submerged in the optimized COF 
powder reaction mixture described above, a continuous, purple film 
formed over the surface of the sapphire substrate and gold contacts 
(see Supporting Information for a detailed procedure). Grazing-in-
cidence wide-angle X-ray scattering (GIWAXS) measurements of 
these films (Figure 2B) reveal several bright diffraction features at q 
< 1.0 Å–1, with intensity localized along qy, which agree with the pre-
dicted in-plane diffraction features of the OTPA-BDT COF. Like-
wise, the bright feature at q > 1.5 Å–1, with greater intensity along qz, 
is assigned to the consistent interlayer spacing between 

 

 

Figure 1. (A) Top-down (left) and side-on (right) views of the OTPA-BDT COF model after Pawley refinement. (B) An experimental PXRD pattern 
of OTPA-BDT COF powder (orange) is in excellent agreement with a Pawley-refined simulation (blue) as indicated by the limited difference between 
the two (green), suggesting that the model in (A) accurately represents the lattice structure of the prepared materials. A simulated PXRD pattern of the 
geometry optimized OTPA-BDT COF model before Pawley refinement (purple) is plotted alongside them for reference. (C) IR spectra of OTPA-
BDT COF powder, OTPA-benzophenone, and BDT. Both the COF powder and OTPA-benzophenone monomer produce sharp peaks at approxi-
mately 1610 cm–1, indicating that these materials contain the expected imine linkages. 



 

π-stacked COF sheets. The anisotropic intensity of in-plane and out-
of-plane signals indicates that COF layers are preferentially oriented 
parallel to the sapphire surface. This arrangement may facilitate 
charge transport by minimizing gaps between crystallites.35 Alt-
hough a recent study reported only subtle differences in electrical 
conductivity between moderately oriented COF films and unor-
iented powder pellets, the anisotropy is expected to be higher in 
highly conducting COF films.24 Atomic force microscopy (AFM) 
measurements suggest that the films are reasonably smooth (rms 
roughness, Rq ≤ 25 nm), with mean thicknesses of 170-190 nm 
measured for three separately prepared films (Figures S3 and S13B), 
although we note that residual powder byproducts are scattered 
across the surface in all cases. Scanning electron microscopy (SEM) 
images of the film surface further corroborate the surface morphol-
ogy observed by AFM (Figure S4). Films with greater preferential 
crystallite orientation can be prepared by exchanging sapphire sub-
strates for silicon-supported monolayer graphene (Figure S5), 
which templates COF growth through π-stacking,48 but graphene’s 
high conductivity precludes its use in experiments designed to eval-
uate the intrinsic electronic properties of the COF layer. Alterna-
tively, polymerization in 1:1 v/v o-dichlorobenzene/n-butanol af-
fords OTPA-BDT COF films on patterned sapphire with equivalent 
crystallinity but no preferential orientation (Figure S6, see Support-
ing Information for synthetic protocol). Collectively, these results 
demonstrate the formation of OTPA-BDT COF thin films with tun-
able crystallite orientation, which will facilitate the comprehensive 
characterization of their electronic properties. 

OTPA-BDT COF thin films can be doped with holes (p-type 
doping) via exposure to magic blue while maintaining their long-
range order and crystallite orientation. Hole doping is a convenient 
way to incorporate additional charge carriers into oxidizable COF 
networks, thus increasing their electrical conductivities. Although 
most studies thus far have used iodine vapor for this purpose,35 the 
lack of stoichiometric control and unstable device performance af-
forded by this method23, 24 motivated us to develop a solution-phase 
doping protocol involving a stronger dopant for OTPA-BDT COF 
materials (Figure 2A). Magic blue was identified as a suitable dopant 
because it has been shown to provide controlled and stable p-type 
doping for other materials,49, 50 and because of its reduction potential 
(+0.7 V vs. FeCp2

+/0 in CH2Cl2),51 making it a sufficiently powerful 
and stable oxidant for OTPA’s electron-rich central amine (the oxi-
dation potential for 2,2’:6’,2’’:6’’,6-trioxytriphenylamine is 
+0.20 V vs. FeCp2

+/0 in CH2Cl2, see Figure S7). To test this do-
pant, pristine OTPA-BDT COF powder was first soaked in a di-
chloromethane solution of magic blue under nitrogen atmosphere, 
then washed with fresh solvent to remove the excess dopant (see 
Supporting Information for detailed procedures). After drying in a 
nitrogen atmosphere, the powder was characterized by EPR spec-
troscopy, revealing the emergence of a strong signal consistent with 
the oxidation of the OTPA nodes to stable radical cations (Figure 
S8). Monomer 2 is also oxidized upon incubation with magic blue, 

 

 

Figure 2. (A) Schematic of the doping protocol for OTPA-BDT COF, in which magic blue oxidizes the central amine of the OTPA nodes to a stable 
radical cation. (B) GIWAXS pattern and photograph of a pristine, moderately oriented OTPA-BDT COF thin film on patterned sapphire. (C) 
GIWAXS pattern of the same film after exposure to magic blue reveals that its crystallinity and orientation are maintained upon doping. Inset: A pho-
tograph of the film surface reveals a slight color change after doping. (D) Horizontal linecuts of the GIWAXS patterns in (B) and (C) (0° ≤ ϕ ≤ 10°), 
which showcase their in-plane diffraction features, are in good agreement with a simulated diffraction pattern of the geometry optimized OTPA-BDT 
COF model prior to Pawley refinement (purple), indicating that the films exhibit the intended crystal structure. (E) UV-Vis absorption profile for an 
OTPA-BDT COF thin film grown on sapphire before (red) and after (blue) p-type doping with magic blue, plotted as a function of wavelength. The 
absorption profile is red-shifted upon oxidation of the azatriangulene nodes. 



 

as verified by EPR measurements (Figure S9).  With appropriate 
doping conditions identified, the same protocol was then applied to 
an oriented OTPA-BDT COF thin film on patterned sapphire. The 
film became subtly darker in color after soaking in the magic blue 
solution, providing a first indication of successful oxidation. UV-Vis 
spectroscopy measurements of the film reveal that the COF absorp-
tion profile is red-shifted and extends into the near-IR (>900 nm) 
after exposure to magic blue (Figures 2E and S10), as expected for 
the formation of triarylamine radical cations.52 There is also an in-
creased absorbance in the mid-IR (up to 3300 nm) likely arising 
from intervalence transitions induced by doping. GIWAXS meas-
urements (Figure 2B-D) indicate that the COF film retains its signa-
ture diffraction features and crystallite orientation after doping. No-
tably, the relative intensity of the (100) diffraction signal increased 
with respect to the higher-order peaks, which may be due to the in-
corporation of SbCl6

– counterions into the oxidized COF lattice. 
Identical behavior was observed upon exposure of an unoriented 
OTPA-BDT COF film to magic blue (Figure S6). To further con-
firm the successful oxidation of the azatriangulene nodes with magic 
blue, the compositions of pristine and p-type doped OTPA-BDT 
COF films were probed by X-ray photoelectron spectroscopy 
(XPS). Prior to doping, the film exhibited only carbon, nitrogen, ox-
ygen, and sulfur peaks, as expected for the OPTA-BDT COF net-
work (Figure S11). Exposing this pristine film to magic blue resulted 

in the emergence of additional strong antimony and chlorine peaks 
(Figure S12), consistent with the SbCl6

– counterion incorporation 
into the oxidized COF lattice. A weak bromine signal was also ob-
served, suggesting that a small quantity of residual dopant, or the 
corresponding neutral tris(4-bromophenyl)amine byproduct, re-
mains adsorbed to the surface of the film or in its pores after solvent 
washing, although this is predicted to have minimal impact on the 
electrical properties of the COF film. Taken together, these findings 
are consistent with magic blue acting as a p-type dopant for the 
OTPA-BDT COF, as expected based on electrochemical potentials. 

Electrical conductivity measurements of an oriented OTPA-BDT 
COF film reveal a moderate intrinsic conductivity on par with other 
semiconducting COFs,35 which increases by almost five orders of 
magnitude upon p-type doping with magic blue. To investigate bulk 
conductivity, we performed two-probe current-voltage (I-V) meas-
urements with an oriented OTPA-BDT COF thin film grown on 
sapphire-supported gold electrodes (190 nm thick, Figures S13, 
S15). The device shows ohmic behavior at low biases (V < 5 V) be-
fore and after doping, enabling the straightforward extraction of bulk 
conductivity. As-grown pristine COF films show a value  (7.1 ± 1.0 
× 10–7 S cm–1) similar to other undoped semiconducting COFs (Fig-
ure 3A-B), as anticipated given the low expected charge-carrier  

 

 

Figure 3. (A) Current-voltage (I-V) curves measured across 10 separate pairs of gold electrodes beneath a single, pristine OTPA-BDT COF thin film, 
each represented by a different color. (B) A log-log plot of the I-V curves shown in (A) reveals that current increases linearly as a function of voltage 
below 5 V, as indicated by the straight dotted line, demonstrating ohmic contacts. (C) I-V curves measured across the same 10 devices from (A) after 
doping the OTPA-BDT COF film with magic blue. (D) A log-log plot of the I-V curves from (C) displays linear behavior below 10 V, suggesting that 
ohmic contacts are maintained after doping. (E) Bulk conductivity values for 10 devices before and after doping the COF layer. (F) Temperature-
dependent conductance (G = I/V) of a doped device (black) is in excellent agreement with a 3D variable range hopping model (red). Corresponding 
I-V curves for different temperatures are shown in Figure S17. 



 

concentrations.35 On the other hand, the bulk conductivity of the 
COF film after doping was 6.5 ± 0.8 × 10–2 S cm–1, which is one of 
the highest measured values for 2D imine-linked COFs (Figure 3C-
E).35 

Conductivities measured from ten distinct electrode pairs over 
the ~1 cm2 area chip suggested good uniformity of the COF film and 
doping levels (Figure 3E).18 The I-V characteristics become super-
linear (I ~ V2.5) at high biases (> 10 V), which can be explained by 
space-charge limited current (SCLC) and trap-limited processes.53-

55 While I ~ Vm behavior with m = 2 is commonly seen in organic 
semiconductors, m > 2 is also widely observed in bulk materials, 
where the coefficient m depends on trap density of states.56 Nonlin-
earity in I-V curves can also be attributed in part to internal thermal 
heating in the devices that increases their bulk conductivity in a pos-
itive feedback manner, but these devices do not show any hysteretic 
loop, suggesting that this is not the primary mechanism.57 The doped 
devices reach current compliance (1 mA) at 14 - 16 V. If the current 
compliance is increased to 10 mA or higher, the devices undergo cat-
astrophic breakdown, which is likely due to excessive heating in the 
channel. To evaluate the performance stability of the doped COF 
film, the same film was remeasured after storage in a nitrogen glove-
box for 8 months, revealing a 50-fold reduction in electrical conduc-
tivity (1.2 × 10–3 S cm–1) compared to the freshly doped sample (Fig-
ure S16). This decrease in conductivity may be indicative of some 
degree of chemical degradation of the doped network during ex-
tended storage. We note that iodine-doped COF networks have 
been reported to undergo an equivalent loss of conductivity in as lit-
tle as 24 hours after doping,23, 24 highlighting the superior perfor-
mance stability afforded by our liquid-phase doping protocol. The 
underlying charge-transport mechanism in the doped COF film was 
further investigated via variable-temperature conductivity measure-
ments. Low-bias conductivity was found to be in excellent agree-
ment with a three-dimensional variable range hopping (3D VRH) 

model, given by 𝜎(𝑇) = 𝜎! exp )
𝑇!
𝑇* +

"!.$%
 (Figure 3F).58 3D 

VRH charge transport can be expected for these COF films, where 
mobile carriers are largely localized within individual nanocrystalline 
domains or within even smaller regions depending on the localiza-
tion length.36 This finding suggests that further chemical modifica-
tions should aim to delocalize the carrier state to attain band-like 
transport for high conductivity and field-effect mobility in COF-
based electronic devices. 

Electrical conductivity measurements for OTPA-BDT COF de-
vices with variable interelectrode distances reveal consistent con-
ductivity values across all tested channel lengths and enable the cal-
culation of contact resistance. To evaluate the impact of interelec-
trode distance on the measured conductivity values of OTPA-BDT 
COF thin films, a pristine film was grown on the surface of a sapphire 
substrate prepatterned with pairs of gold electrodes exhibiting varia-
ble channel lengths of 1-16 μm. In this case, the COF layer grew to a 
thickness of 430 nm, as verified by AFM (Figure S14).  I-V measure-
ments demonstrate that the resistance of the pristine COF film in-
creases linearly as a function of channel length, corresponding to a 
consistent, moderate conductivity of 8.3 × 10–5 S cm–1 (Figure S18) 
for the pristine devices.  After hole-doping with magic blue, the film 
conductivity increased to 1.2 × 10–1 S cm–1, with device resistance 
still scaling linearly based on channel length (Figure S19-20). We 
note that the measured conductivity values for this film (430 nm 
thick) are higher than those observed for the 190 nm thick film (Fig-
ure 3) before and after p-type doping, which may be due to improved 

percolating effects in the thicker film. By extrapolating the linear fit 
of the resistance versus channel length curve (Figure S20), a contact 
resistance of 5.91 kΩ	was	 calculated	 for	 the	 doped	 COF	 de-
vices.	 This	 resistance	 corresponds	 to	 a	width	 normalized	
value	of	14.8	Ω-cm,	indicating	good	ohmic	electrical	contact	
between	the	COF	layer	and	gold	electrodes.	The reproducibly 
high conductivity values highlight the excellent quality of the OTPA-
BDT COF thin films, as well as their potential for use in semicon-
ductor-based devices. 

CONCLUSION 
Polycrystalline powders and thin films of the new azatriangulene-
based OTPA-BDT COF were prepared and characterized. By select-
ing appropriate polymerization conditions and substrates, thin films 
with tunable crystallite orientation were prepared, which should fa-
cilitate future investigations into the influence of orientation on fun-
damental electronic properties. Solution-phase p-type doping with 
magic blue oxidized the OTPA nodes to the corresponding radical 
cations while maintaining bulk network crystallinity. Finally, ori-
ented thin films of hole-doped OTPA-BDT COF were found to ex-
hibit electrical conductivities of up to 1.2 × 10–1 S cm–1 depending on 
film thickness, which is among the highest values reported for 2D 
imine-linked COFs to date. These results highlight the potential of 
designed 2D polymers to function as high-performance semicon-
ductors, but they also demonstrate the need for further improve-
ments in COF materials quality to ensure that their intrinsic proper-
ties are measured and ultimately leveraged in electronic devices. De-
spite our best synthetic efforts and choice of monomers, these mate-
rials still exhibit electrical conductivities well below state-of-the-art 
doped 1D polymers (>103 S cm–1), perhaps because a high density 
of grain boundaries between nanoscale crystallites impedes charge 
transport.35, 36 By prioritizing the formation of much larger crystalline 
domains in future materials, semiconducting COFs with macro-
scopic charge carrier mobilities rivaling or exceeding those of 1D 
polymers might be prepared, which would accelerate the realization 
of sophisticated electronic devices based on flexible organic macro-
molecules. 
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amino-2,2':6',2'':6'',6-trioxytriphenylamine; OTPA-benzophenone, 
N-Aryl Benzophenone Imine of 4,4',4''-triamino-2,2':6',2'':6'',6-triox-
ytriphenylamine; BDT, 4,8-diethoxybenzo[1,2-b:4,5-b']dithiophene-
2,6-dicarbaldehyde; OTPA-BDT, imine-linked COF prepared via trans-
amination reactions between OTPA-benzophenone and BDT. 
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