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The development of n-type organic semiconductors has evolved significantly 1. Introduction

slower in comparison to that of p-type organic semiconductors mainly due to
the lack of electron-deficient building blocks with stability and processability.
However, to realize a variety of organic optoelectronic devices,

Electron transport is the fundamental
process that controls the performance
of semiconductors, which are essential

high-performance n-type polymer semiconductors are essential. Herein,
conjugated microporous polymers (CMPs) comprising isoindigo acceptor
units linked to benzene or pyrene donor units (Bl and PI) showing n-type
semiconducting behavior are reported. In addition, considering the challenges
of deposition of a continuous and homogeneous thin film of CMPs for
accurate Hall measurements, a plasma-assisted fabrication technique is
developed to yield uniform thin films. The fully conjugated 2D networks in PI-
and BI-CMP films display high electron mobility of 6.6 and 3.5 cm? V-1 s,
respectively. The higher carrier concentration in PI results in high conductivity
(5.3 mS cm™"). Both experimental and computational studies are adequately
combined to investigate structure—property relations for this intriguing class

of materials in the context of organic electronics.

components in solar cells, organic light-
emitting diodes (OLEDs), organic field-
effect transistors (OFETs), and thermoelec-
tric generators.['2] Compared to traditional
silicon-based electronics, organic semicon-
ductors offer unique benefits including
low-temperature solution processability,
gravimetric advantage, economy, high flexi-
bility, structural tunability, and diversity.>-]
Generally, donor-acceptor (D-A) design is
a well-explored strategy to develop narrow
bandgap organic semiconducting materials
where an electron-rich donor component is
connected to an electron-deficient acceptor
unit.!®’] However, most of the reported
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semiconductors exhibit a p-type character, and therefore, n-type
organic semiconductors evolution is still in its infancy despite
the fact that a few n-type semiconductors have recently shown
promising electron mobilities.[311]

Notably, there are significant obstacles to overcome in order
to develop high-performance n-type organic semiconductors: i)
producing polymers with low-lying, lowest unoccupied molecu-
lar orbital (LUMO) states is a synthetic challenge, ii) a poor elec-
tron injection efficiency because of significant energy mismatch
between the work function of Au electrodes and the material’s
LUMO levels, and iii) the relatively poor film-forming and solu-
tion processability of n-type polymers compared to p-types.!®-11l
Nonetheless, it is required to enhance the performance of both
p-type and n-type organic semiconductors at the same time to
implement diverse organic electronics applications.!'%13] Hence,
there is a vital requirement for the development of high-mobility
n-type organic semiconductors that can perform at ambient con-
ditions.

Over the past few years, much effort has been invested in inves-
tigating the nature of the conductivity in conjugated 2D-porous
polymers.['*17] Despite encouraging mobilities, these polymers
were reported to show low conductivities.['®! To overcome this
challenge, doping techniques have been used to incorporate
guest molecules to improve conductivity. Still, this method fre-
quently resulted in irreversible structural changes of the material
and nonuniform dopant distribution and leaching.[**?% Conju-
gated microporous polymers (CMPs) are a unique class of 2D-
materials that combine extensive z-conjugation with persistently
microporous structures that can be utilized in a wide variety of
applications.['?l However, there has not been much crossover
between organic semiconductors and CMP research, although
many design factors are similar to those in photocatalysis and
photoredox catalysis.!2]

In this context, we have developed n-type semiconducting
CMPs having an isoindigo acceptor unit with different donor
units (benzene and pyrene). Moreover, we have introduced a
plasma-assisted fabrication technique for overcoming the ex-
isting fabrication limitations of CMPs due to their insolubility
and poor surface adhesion with the substratel!?] to prepare 2D-
polymer thin films to perform the conductivity and mobility stud-
ies. We have achieved excellent conductivity (5.3 mS cm™) and
mobility (6.6 cm? V! s71) for the optimized donor-acceptor com-
bination pyrene-isoindigo for PI in comparison with benzene-
isoindigo for BI (electron mobility 3.5 cm? V! 571, conductivity
0.17 mS cm™!). The rationale behind choosing the isoindigo ac-
ceptor unit in our CMPs is because of its proven excellent proper-
ties including low-lying frontier molecular orbital (FMO) energy
levels, backbone planarity and extended conjugation, a large local
dipole, good solubility after N-alkylation, and the ease of synthe-
sis on a large scale.®3] To achieve the optimum stacking and
flexibility for the fabrication of the CMPs, we opted to N-alkylate
the isoindigo unit with a hexyl side chain.®!*) The current work
offers an appealing synthetic chemistry for making 2D-CMPs
with high electron mobility, conductivity, and the useful fabrica-
tion of thin films, which has a wide range of potential applica-
tions in thin-film optoelectronic devices. This work sheds light
on the fundamental understanding of the donor—acceptor inter-
action required to elucidate relationships between the structure—
electronic properties by using an adequate combination of first-
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principles calculations with the deformation potential (DP) for-
malism, which might facilitate the progress of organic semicon-
ducting materials in new directions.

2. Results and Discussion

Sonogashira—Hagihara coupling reactions were employed to syn-
thesize the polymers (Figure 1) from a dibromo derivative of
isoindigo (1) acceptor linker and two distinct donor linkers (ben-
zene and pyrene) containing acetylene (2 and 3; see the detailed
synthetic procedure in the Supporting Information) functional
groups. A comparison of the Fourier-transform infrared (FT-IR)
spectrum of BI and PI with the starting materials reveals the ab-
sence of a C—H band that corresponds to the terminal alkyne at
3,273 cm™!, =C—H bond stretching of acetylene monomers, and
C—Br stretching bands that correspond to the bromo-isoindigo
monomer at 630 cm™ (Figure 2a; and Figure S1, Supporting
Information). FT-IR spectra for both BI and PI polymer net-
works exhibit the aromatic C=C vibration bands at 1680 cm™!,
the alkyne —C=C— stretching band at 2200 cm™?, the C—N—C
stretching vibration band at 1448 cm™!, and the C=0 stretching
vibrations at 1706 cm™". These observations confirm the success-
ful formation of conjugated networks (Figure 2a; and Figures S1
and S2, Supporting Information). Solid state '3carbon cross-
polarization magic-angle spinning nuclear magnetic resonance
(1C CP MAS NMR) spectroscopy was also used to characterize
the polymer networks at their molecular level. *C CP MAS NMR
spectra of BI and PI (Figure 2b-d) displayed characteristic peaks
located at 172 ppm (—C=0), 162 ppm (N—C), 144-110 ppm (aro-
matic carbons, —C=C—), and 92 ppm (—C=C—). These signals
originate from the carbon atoms of the isoindigo ring, acetylene
linkage, and other aromatic rings within the structure. Moreover,
the signals corresponding to the aliphatic hexyl chains are ob-
served at ~40 ppm (—N—CH,—), between 30-21 ppm (—CH,—),
and 12 ppm (—CH,;). These NMR spectra provide conclusive ev-
idence for the successful formation of BI and PI (Figure 2b,d).
Powder X-ray diffraction (PXRD) patterns of BI and PI exhibit
broad signals, centered at 20 = 10° and 26 = 25°, respectively,
associated with an amorphous structure of CMPs in the bulk
state (Figure S3, Supporting Information). Scanning electron mi-
croscope (SEM) images show the bulk structure of BI and PI
composed of stacked layered sheets (Figure 2e,g; and Figures S4
and S5, Supporting Information). Furthermore, the multilayer
stacks of the 2D polymers are clearly evident in transmission
electron microscopy (TEM) images of BI and PI (Figure 2fh;
and Figures S6 and S7, Supporting Information). SEM energy
dispersive X-ray (EDX) mapping reveals the elemental compo-
sition of BI and PI, which consists of a uniform distribution of
carbon, oxygen, and nitrogen atoms over the entire morphology
(Figures S8 and S9, Supporting Information). X-ray photoelec-
tron spectroscopy (XPS) analysis of BI and PI clearly showed
peaks in C 1s, N 1s, and O 1s spectra, matching the CMP struc-
ture, and also confirmed the absence of trapped Pd and Cu cat-
alysts used for the synthesis (Figure 2i,j,k; and Figure S10, Sup-
porting Information). The permanent porosity of BI and PI was
evaluated by measuring N, adsorption isotherms at 77 K. Prior
to the BET experiments, BI and PI were activated for 16 h at
80 °C to release trapped gas molecules and solvents. Reversible
type III adsorption isotherms arise from multilayer adsorption
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Figure 1. Synthetic scheme for the rationally designed isoindigo-based n-type semiconducting conjugated polymers, Bl and PI.

for the microporous structures of BI and PI (Figure 2c).?! The
Brunauer—Emmett-Teller (BET) surface areas of the activated BI
and PI samples were found to be 52 and 109 m? g~!, respec-
tively. Nonlocal density functional theory reveals a narrow pore
size distribution profile centered at 1.8 and 1.9 nm, respectively
(Figure S11, Supporting Information). The observed small sur-
face area is plausible because of the strong 7—z interactions be-
tween the highly conjugated 2D-layers, which is clearly evident
from the broad peak in the PXRD analysis.

The solid-state ultraviolet/visible diffuse reflectance spec-
troscopy (UV/VIS DRS) of BI and PI displayed a broad absorption
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spectrum with absorption peaks extending up to 750 and 800 nm,
respectively (Figure 3a—c). The absorption of PI was redshifted by
50 nm compared to BI (Figure 3a), showing that the 2D network
of PI has a longer extended z-conjugated structure. Both BI
and PI were found to have favorable optical bandgaps of 1.76
and 1.58 eV, respectively, calculated by the Tauc plot method,
suggesting the semiconducting nature of these polymers
(Figure 3d,e). The effective donor—acceptor interaction between
the donor (pyrene) and the acceptor (isoindigo) units reduces
the highest-occupied molecular orbital (HOMO) and LUMO
levels in PI, leading to a narrowing of the bandgap compared to
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Figure 2. Characterization of CMPs. a) FT-IR spectra of Bl and PI showing the relevant signals. b,d) '*C CP-MAS NMR spectra of Bl and P, respectively.
The peaks labeled with numbers and corresponding carbon atoms are shown in the chemical structures. c) N, sorption isotherm of Bl and PI measured
at 77 K. SEM images of the e) Bl and g) Pl. TEM images of f) Bl and h) Pl layered sheets. XPS measurements of Bl (top) and Pl (bottom) i) survey

spectra, j) C 1s of BI, and k) C Ts spectra of PI.
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Figure 3. a) Solid-state UV/VIS absorption spectra of Bl and PI; Visible light photograph of b) Bl and c) PI. Tauc plot of d) Bl and e) Pl for bandgap

calculations.

BI. The electrochemical characteristics of BI and PI were subse-
quently evaluated using cyclic voltammetry (CV), as illustrated
in Figure S12 (Supporting Information). The HOMO levels de-
termined from the oxidation onset of BI and PI are —5.610 and
—5.226 eV, respectively. Their LUMO values are computed from
the reduction onset. The LUMO value for Bl is —3.579, and for PI
is —3.627 eV, which matches the reported isoindigo-based n-type
semiconductors.®13] Table S1 (Supporting Information) sum-
marizes the HOMO/LUMO levels and electrochemical bandgap
of BI and PI. Ultraviolet photoelectron spectroscopy (UPS) was
employed to investigate the detailed information on band energy
levels of BI and PI. The calculation of band structure from UPS
data implies that Fermi levels are close to the conduction band,
and hence they can be potential n-type materials (Figure S13,
Supporting Information).['?]

With the main goal of obtaining the structural and electronic
properties, as well as an estimation of the acoustic-phonon-
limited electron mobilities, for the PI and BI compounds, we
have carried out a large battery of density functional theory (DFT)
based calculations, with an adequate combination with the de-
formation potential (DP) formalism (see full details in the Sup-
porting Information). Results of the calculations yield a struc-
ture for the PI compound with a unit cell of [2.28 X 2.28] nm?
and an angle between lattice parameters of 104.1°, with a pref-
erential stacking configuration very close to the eclipsed (AA)
one and an interlayer distance of 5.11 A, while the BI compound
exhibits a perfectly hexagonal P6 symmetry with a unit cell of
[3.55 x 3.55] nm? and an angle between lattice parameters of 60°
(Figure 4a,b). In this case, the preferential stacking fashion re-
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sults in a perfectly eclipsed AA configuration with an interlayer
distance of 4.98 A (see Figure S14 in the Supporting Informa-
tion). Regarding their electronic properties, in both cases, they ex-
hibit a clear narrow-gap semiconducting character with bandgaps
at X- and I"-points of 1.06 and 1.57 eV for the PI and BI, respec-
tively (see Figure 4c,d), in good agreement with the experimental
evidence. On the basis of the outputs obtained from the DFT cal-
culations, we have used the DP formalism to obtain the acoustic-
phonon-limited electron mobilities at room temperature (300 K),
for which we have computed effective electron masses, relaxation
times, DP constants which represent the strain-induced shift of
the band edges, and elastic moduli obtained from the lattice dis-
tortion by the strain (see full details in the Supporting Informa-
tion) to finally obtain intrinsic electron mobilities of 44.7 and
8.7 cm? V-! 571, for the PI and BI, respectively. Despite only
adopting the acoustic-phonon scattering mechanism approxima-
tion, together with the fact that the theoretical systems are highly
idealized, the comparison between the experimental and theoret-
ical mobilities results is fairly good.

Hall effect measurement is an essential technique to char-
acterize conductivity type, mobility, and carrier density in
semiconductive thin films. In light of the first-principles mod-
eling with the DP formalism, we examined the mobility and
conductive properties of both BI and PI employing the Hall
effect under the van der Pauw geometry.?2l However, accurate
Hall measurements require the deposition of a continuous and
homogeneous thin film, especially for CMPs. Therefore, an opti-
mization of the substrate material and film deposition technique
was required. The exfoliated BI and PI are drop-cast on various

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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SIDE VIEW

Figure 4. Ground-state stacking structures of a) Pl and b) BI. Band structures and electronic density of states profiles for Pl (left) and BI (right). d)

Electronic orbital diagrams of PI (left) and BI (right).

1 X 1 cm? or 3 X 3 cm? pieces of fused silica, quartz, sapphire,
and n-Si with 300 nm of thermal oxide (detailed experimental
procedure in the Supporting Information). BI and PI formed
thin films with acceptable homogeneity and uniformity when
drop cast on fused silica and thermal oxide substrates, which can
be attributed to their noncrystallinity. However, proper surface
adhesion remained a continuous challenge even under rapid and
gradual thermal annealing on hot plates and ovens for all sub-

Adv. Sci. 2023, 10, 2303562

strate types. The cross-linked configuration and nonsolubility in
most solvents create a major challenge to form proper thin films
from CMPs for incorporation in field effect devices.'”l To en-
hance the adhesion between the polymers and substrates, several
established surface alteration methods, such as UV/O;, plasma,
and corona discharge treatments have been demonstrated.[?’] We
choose to employ plasma treatment on the surface of drop-casted
thin films using a radio frequency (RF) glow discharge in the
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Figure 5. a) Schematics of the drop-casted 2D-CMP flakes on the SiO,/Si surface without and with oxygen plasma treatment. b) AFM image of the PI
film. c) The reported mean and std. deviation of the conductivity (left black axis) and mobility (right red axis) for Bl and PI CMPs thin films.

ambient gas of oxygen. By altering the surface of the substrate
using plasma, extra charged electrons are lingering on the
surface of the thin film, seeking lower energy states. The surface
oxygen plasma activation is optimized in an RIE plasma reactor
with 90 W RF power at a 50 sccm flow rate for 3 min. Plasma-
treated films show much better surface adhesion and rigidity
than nontreated films, as shown in Figure S15 (Supporting
Information).

Surface activation triggered by the oxygen plasma treatment
results in increased surface reactivity. The activation reaction
permits the silanol groups and other functional groups to eas-
ily populate the substrate surface, thus improving the 2D-CMP
drop-casted film and substrate surface adhesion, as shown in
Figure 5a.

This type of surface activation reaction of the thermal ox-
ide substrates with oxygen plasma treatment has increased sur-
face hydrophilicity.[?>?*] The plasma treatment leads to surface
cleaning, activation, then chemical modification (hydroxylation)
once the silicon oxide surface interacts with the oxygen plasma.
The oxygen plasma first cleans the substrate surface by allow-
ing contaminations to be partly removed during bombardment
with the oxygen plasma active radicals and particles. The partial
decontamination leads to a surface with much more dangling
bonds and in turn, elevated surface energy compared to pretreat-
ment surfaces, enhancing surface hydrophilicity. Finally, surface
hydroxylation initiates the alteration of the siloxane functional
groups (Si—O—Si) to silanol (=Si—OH) on the substrate surface.
Silanol groups can hydrogen bond at room temperature given
that they are in the vicinity.[?*! Directly after the plasma treatment,
the exfoliated 2D-CMPs (BI and PI) dispersions in isopropyl al-
cohol (IPA) were drop-casted onto the pretreated substrates. This
rapidly covered the whole surface of the substrate since silanol
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2303562 (6 of 8)

groups covered the surface of the plasma-treated substrate and
interacted with 2D-CMPs and IPA molecules via hydrogen bond-
ing rather than Van der Waals forces. The contact between the
flakes and the plasma-treated substrate is boosted by the surface
tension throughout the IPA evaporation.[?] As a result of the bet-
ter attraction between the 2D-CMP thin film and substrate sur-
face, the films have better contact and are more homogenous
on the treated surfaces before the drop-casting procedure, creat-
ing continuous and crack-free films. A representative film of PI
is shown in an atomic force microscopy (AFM) image (Figure 5b).
The absorption features of BI and PI were compared using UV—
VIS spectroscopy and FTIR analysis to investigate the change in
optical band gaps and structural changes before and after oxygen
plasma treatment-assisted thin film fabrication. The stability of
BI and PI under tested conditions is confirmed by the absence
of considerable changes in spectral and bandgap characteristics
from prior experiments (Figures S16 and S17, Supporting Infor-
mation).

As per the previously mentioned optimized protocol, the exfo-
liated 2D-CMPs thin films were prepped for the Hall effect mea-
surements by drop-casting on 1 X 1 cm? square pieces of thermal
oxide wafer. The negative Hall coefficients were found to be con-
sistent with electron conduction and indicated that both BI and
PI are typical n-type semiconductors. The room temperature Hall
carrier densities were =5 x 10'°> and 0.33 x 10> cm~3, and thus
the implied conductivity were 5.3 and 0.17 mS cm™ for PI- and
BI-CMP films, respectively. The PI- and BI-CMP films displayed
a Hall electron mobility in the DC limit of 6.602 + 0.215 and
3.510 + 0.964 cm? V! 571, respectively, as depicted in Figure 5c
and Table 1. The E-k diagrams of PI and BI show a significant
difference in the distribution of both the conduction and valence
bands.
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Table 1. Conductivity, charge carrier concentration, and mobility of Bl and
P1-CMP thin films (2 samples each) obtained by Hall-Effect measurements
at25°Cand 0.55T.

Sample Conductivity Bulk concentration Mobility
[mS ecm™] [em™3] [em? V=157

Pl 5.332 —5.21x 10" 6.387

Pl, 5.281 —4.84 x 10" 6.817

PI2) 5.3065 + 0.026 (=5.02 +0.19) x 10" 6.602 + 0.215

BI, 0.1731 —4.238 x 101 2.55

B, 0.1671 -2.33x 10™ 4.48

BI2) 0.1701 + 0.003 (—3.284 +0.95) x 10™ 3.51+ 0.964

% Mean and std. deviation of the data collected from each sample. All reported data
are averaged over 8 concurrent measurements for two samples, considering the
roughness and variability of the drop-casted thin film thicknesses. After each current
sweep, samples are then rotated 90°, and the measurement is repeated.

When comparing the valleys of the valence and conduction
band, a flatter band shape leads to lower mobility. On the other
hand, a more parabolic band shape is expected to have a smaller
effective mass and higher carrier mobility. Since the carrier mo-
bility and conductivity are directly proportional to the inverse of
the effective mass (1/m*), the observed discrepancy indicates that
the measured alteration in mobility can be attributed to a funda-
mental shift in the band structure. However, it is important to
note that our analysis does not account for other scattering mech-
anisms that may limit mobility. The effective masses calculated
near the band edge reveal that the electron/hole effective mass
of PI along the z-columns is lower than that of BI. This corrob-
orates the Hall effect measurements showing the existence of a
greater number of delocalized and mobile carriers in PI as com-
pared to BI. In short, the Hall electron mobility and conductivity
of the BI and PI thin films were remarkably high and greater
than those of the CMPs previously reported (Table S2, Support-
ing Information).'"*'7 Consequently, PI exhibits better struc-
tural and electronic characteristics that facilitate the transport
and segregation of charge carriers. The experimental Hall effect
measurement and theoretical mobilities of the DFT results are
precisely following the trend.

3. Conclusion

In summary, we have demonstrated that the rational design of
CMPs with suitable electron donor—acceptor pairs can help to
achieve high charge mobility and conductivity in n-type organic
semiconductors. Moreover, our findings suggest that plasma-
assisted fabrication technique is highly useful to prepare uniform
thin organic polymer films for the precise Hall effect mobility
measurements. The BI and PI thin films exhibited remarkably
high Hall electron mobility and electron conductivity at room
temperature, which is higher than that of previously reported
CMPs. We also provide reliable structure—electronic property re-
lationship by combining first-principles modeling with the ob-
served charge-transport properties. These findings pave the way
for the development of efficient conductive n-type organic semi-
conductors for future electronic devices.
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