#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Engineered solid-state aggregates in brickwork
stacks of n-type organic semiconductors: a way to
achieve high electron mobility

{ ") Check for updates ‘

Cite this: Chem. Sci., 2024, 15, 9630

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Indrajit Giri,? Shant Chhetri,® Jesslyn John P.,2 Madalasa Mondal,? Arka Bikash Dey®

and Ratheesh K. Vijayaraghavan (2 *@

Efficient, economically viable n-type organic semiconductor materials suitable for solution-processed
OFET devices with high electron mobility and ambient stability are scarce. Merging these attributes into
a single molecule remains a significant challenge and a careful molecular design is needed. To address
this, synthetic viability (achievable in fewer than three steps) and using cost-effective starting materials
are crucial. Our research presents a strategy that meets these criteria using naphthalene diimide (NDI)
core structures. The approach involves a simple synthesis process with a cost of $ 5-10 per gram for the
final products. This paper highlights our success in scaling up the production using affordable known
reagents, creating ambient condition solution-processed OFET devices with impressive electron
mobility, on—off current ratio (1 cm? V™! s™ and Ion/logr ~ 10°) and good ambient stability (more than

100 h). We conducted a comprehensive study on EHNDIBr,, a material that demonstrates superior
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Accepted 16th May 2024 performance due to its unique supramolecular arrangement in its brickwork stack. This was compared

with two similar structures to validate our findings. The superior performance of EHNDIBr, is attributed

DOI: 10.1039/d4sc02339% to the effective interlocking of charge-hopping units within the NDI core in its brickwork stack. Our
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Introduction

In the past decade, significant progress has been made in
developing n-type molecular semiconductors with efficient
charge transport properties." Due to the possibility of diversi-
fying molecular features and obtaining the desired functional
outcome suitable for various electronic devices, immense
efforts have been made towards developing new materials.>*®
Apart from focusing on molecular features, their solid-state
packing and supramolecular structures are equally significant
in deciding their charge transport properties.”* In the supra-
molecular arrangement, the relative position and magnitude of
molecular displacement immensely influence (i) the intermo-
lecular frontier molecular orbital overlap, (ii) the electronic
structure and state energies, and (iii), thereby, the bulk charge
carrier transport. Such interconnected complex parameters in
the supramolecular structure necessitate tedious effort to
unravel their roles in charge transport. From the point of view of
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findings include detailed electronic, spectroscopic, and microscopic analyses of these layers.

molecular packing, widely recognized promising molecular
packing motifs for efficient carrier transport include herring-
bone and a brickwork structure.'®"*

Molecular aggregates formed by weak intermolecular inter-
actions would yield mechanically flexible active layers and
devices.'**** The intrinsic solubility and processibility of such
materials are also eventually determined by such non-covalent
interactions. In many cases, such strong and cooperative
interactions adversely affect the processibility. Hence, it is
highly recommended to have a balance to achieve such con-
flicting requirements, and it is essential to address these non-
covalent interactions at the molecular level and tailor them to
obtain the desired materials with suitable carrier transport.**
Additionally, in systems with poorly managed molecular
ordering due to the lack of appropriate functional groups to
benefit such non-covalent interactions, thermally induced
lattice vibrations and, thereby, lowering of charge carrier
transport are well known. Hence, reduction of dynamic disorder
by engineered supramolecular lattice assembly and crystalline
active layers are essential to achieve high performance in
semiconductor devices. There are some recent reports in the
abovementioned directions.”**® Some molecular semi-
conductors and OFETs derived from them have exhibited
benchmark performance in laboratory scale devices. Most of
them fall into p-type materials.’** N-type materials developed
by an easy synthetic strategy and less expensive chemicals are
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essential for the mass production and wide use of such mate-
rials. Hence, our comprehensive approach to tackle most of
these requirements is summarized here. Complex electron-
deficient backbones are purposefully excluded from the
molecular design due to the complex synthetic routes that limit
the scalability. Special attention was devoted to designing the
molecular structure to yield multiple intermolecular solid-state
interactions to minimize the longitudinal slip, thereby reducing
the free volume in the crystal lattice and, hence, the lattice
vibrations. Synthetic easiness was also given equal importance
to ensure the scalability and economic utility of these materials.
The desired functional group should also favour operational
and ambient stability and effective solid-state aggregation
crucial in achieving high carrier mobility. Substitution of planar
aromatics with electron-withdrawing functional groups or
electronegative atoms to yield n-type molecular semiconductor
materials is a known concept.”*** However, apart from orbital
engineering, a comprehensive approach to understand the role
of functional groups in dictating solid-state molecular packing
and, thereby, efficient charge hoping still warrants careful
attention. Some random design concepts and examples are
known along similar lines of thought, but a lucid approach to
investigate the structural features is limited. Primarily, such
atoms or groups should endorse a deep LUMO to ensure effi-
cient electron injection at a low operational bias and favour
substantial non-covalent interactions in their aggregated
superstructures. Despite fluorine (F) being the most electro-
negative atom, chlorine (Cl) and bromine (Br) are also efficient
in lowering the LUMO due to the presence of the empty
d orbitals, making them better m-acceptors.”” They are more
efficient in enhancing non-covalent interactions due to better
polarizability and large van-der Waals radii, enhancing the in-
plane structural rigidity.*® The significance of such planar
interactions and the resultant rigid frameworks in reducing the
lattice vibrations and electron scattering would be essential for
better carrier transport and electron mobility."* This report
addresses the importance of such 3-D structural motifs in self-
assembled structures of molecular semiconductors.

Results and discussion
Structural features and synthesis

For our core units, we prioritize features like a low-lying LUMO,
distinct optical signatures to track the self-assembly, reversible
redox properties, ambient stability, and well-organized aggre-
gated structures, making naphthalene diimides (NDIs) an ideal
choice. NDIs offer ease of functionalization and the addition of
end groups. Incorporating bromine (Br) atoms into the back-
bone (EHNDI — EHNDIBr, — EHNDIBr,) is expected to lower
the LUMO and create diverse in-plane C-H---Br hydrogen bond
interactions. Notably, EHNDIBr, forms brickwork stacks
without lateral C-H---Br interactions due to the absence of
a corresponding hydrogen bond donor. These molecules were
synthesized through known synthetic routes in two to three
steps (Scheme 1a),* yielding 25-80% (EHNDI-EHNDIBr,). The
cost per gram of EHNDIBr, is approximately 6-8 USD. The
synthesis  involved  reacting commercially available

© 2024 The Author(s). Published by the Royal Society of Chemistry
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naphthalenetetracarboxylic dianhydride (NDA) with 1,3-
dibromo-5,5-dimethylhydantoin (DBH) in concentrated H,SO,,
followed by a reaction in acetic acid with (+)2-ethyl-1-
hexylamine (EHA) to obtain the imide compounds (racemic
mixture of the amine was used). This might yield the following
combinations of products (R-R, S-S, R-S/S-R). The tetra-bromo
derivative required an additional step of refluxing with PBr; in
toluene. All compounds were further purified by column chro-
matography. Detailed synthetic procedures and characteriza-
tion data are available in the ESI (Scheme S1%). The resulting
solids were white (EHNDI), pale yellow (EHNDIBr,), and orange
(EHNDIBr,), with purity confirmed by TLC, '"H NMR, and single
crystal X-ray analysis. Single crystals of EHNDIBr, and
EHNDIBr, were grown using solvent evaporation methods from
specific solvent mixtures of chloroform and ortho-dichloro
benzene (0-DCB) (9:1). After several attempts, EHNDI single
crystals were successfully grown for diffraction, albeit with poor
crystal quality, through the slow solvent (ethanol) diffusion
process into a solution of chloroform and ethanol mixture (2 :
1). Interestingly, single crystals of all derivatives yielded the
‘meso’ product (R, S/S, R). Here, the focus is not on the chirality
of the sidechains or its intriguing effects on crystallinity,
morphology and electron transport. A detailed study in those
aspects is in progress. To avoid the intervention of the effect of
end group chirality, crystals obtained from these samples
(meso) were further subjected to the present studies. DFT
calculations revealed low-lying LUMOs (—3.70, —3.86, —3.94 eV
for EHNDI, EHNDIBr,, and EHNDIBr,, respectively) and local-
ized FMOs within the aromatic enclosures (Scheme 1b). The
role of Br atoms in the HOMO indicated a hybrid n-7 nature for
the FMOs in substituted derivatives. The molecular electrostatic
potential (ESP) was mapped (Fig. la-c) upon sequentially
substituting core-hydrogens with Br atoms to understand their
role in forming 2-D networks. In EHNDIBr,, large positive (6")
potentials at the H atoms (m-core) and largely negative (67)
potentials at O atoms and slightly positive and negative poten-
tials at two different faces of Br atoms, respectively, are
distinctly visible (Fig. 1b). As a result, EHNDIBr, 7t-cores consist
of 2-fold C-Br---H and 2-fold C-Br---O attractive interactions
between the neighboring lateral pair of molecules preventing
considerable longitudinal misalignment (L) (Fig. 1e). The lower
longitudinal misalignment due to multiple non-covalent inter-
actions and strongly interconnected 2-D brickwork stacks was
evident in the crystal packing (vide infra). This extended, 2-D
network is expected to facilitate bulk electron transport and
inhibit lattice vibrations.**** In contrast, the scenario was
entirely different for the other two derivatives (EHNDI and
EHNDIBr,). Considerable longitudinal slip was evident due to
the mismatch in the lateral interactions. Distinct 6" and 6~
charges were present over the H and O atoms, leading to 2-fold
C-H---O associative interactions across the lateral neighbors (in
EHNDI), whereas a distinct 6~ on the O atom and 6" at the front
face of the Br atom (Fig. 1c) were evident in EHNDIBr, resulting
in 2-fold C-Br---O intermolecular interactions between the
neighboring pair. In both EHNDI and EHNDIBr,, relatively high
longitudinal misalignment (Fig. 1d and f) is envisaged
compared to EHNDIBr,. More significant longitudinal
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Scheme 1

misalignments would reduce the 2-D lateral aggregation, and
poor orbital overlap among m-stacked molecules is anticipated
in the latter pair, decreasing the 2-D bulk electron transport.
Spectroscopic studies were conducted to explore these deriva-
tives' self-assembly features and electronic states, providing
insights into their potential for efficient charge transport in
semiconductor applications.

Optical and photophysical features

Optical properties of these NDI derivatives would offer valuable
insights into their molecular assembly pathways. These prop-
erties were studied by UV-VIS absorption and PL spectroscopy
using monomeric and aggregated films. Dilute chloroform
solutions and thin film samples (Fig. 2a-c) were used. Intro-
ducing bromine atoms into the NDI core led to a redshift in the
absorption band edge and a reduction in the optical bandgap
(E,). An additional transition, originating from Br-centered non-
bonding orbitals, was predicted based on natural transition
orbital (NTO) calculations (Fig. 2e). For EHNDIBr, in CHCl;, we
observed well-defined vibronic bands at 408 nm (0-0), 387 nm
(0-1), and 364 nm (0-2), and a broader band at 349 nm. The thin
film absorption spectra showed an 18 nm redshift in the 0-
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(a) Structure and the speciality of the NDI derivatives under study and (b) computed frontier molecular orbital (FMO) distributions for
three compounds with Me-side chains. Core Br-substituted NDI molecules indicating the contribution of the halogen groups’ non-bonding
orbitals to the HOMO in the last two cases.

0 absorption band compared to the monomeric solution state,
and the intensity ratio of this band (ly_o/Io-;) increased from
1.13 to 2.6, transitioning from the monomeric solution state to
the film state. This shift suggested strong excitonic coupling in
densely packed chromophores in film state samples.** Corre-
sponding vibronic bands in the film were at 426 nm (0-0),
398 nm (0-1), and 345 nm (0-2). For EHNDI films, the shift was
less pronounced, only 9 nm (0-0) compared to the solution state
(from 381 nm to 390 nm). EHNDIBr, showed a 2 nm redshift,
and its spectral profile in the film state was similar to the
monomeric solution state, indicating minimal excitonic
coupling. Photoluminescence (PL) spectra analysis showed that
EHNDI exhibited structured emission in chloroform solution,
while exhibiting a broad emission band centered near 460 nm,
characteristic of NDI excimer emission. In contrast, the
substituted derivatives EHNDIBr, and EHNDIBr, displayed
non-luminescent behavior in solution, likely due to intersystem
crossing and non-radiative triplets under ambient conditions,
a phenomenon associated with the presence of heavy atoms like
bromine, which can induce spin crossover in the excited
state.>*? Further, PL spectra of deaerated toluene solutions
were also recorded, revealing intense emission bands at 665 nm
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Fig. 1 Chemical structures and ESP maps of (a) MeNDI, (b) MeNDIBr,, and (c) MeNDIBr4 calculated at the B3LYP/6-31+G(d) level of DFT.
Schematic lateral interactions, expected from (d) MeNDI, (e) MeNDIBr,, and (f) MeNDIBry4. (g) indicates the different brick-work stacks of
molecules in three derivatives under study. Three different colors indicate three layers in each of them.
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(a) Solution and film state absorption spectra and emission spectra (a) EHNDI, (b) EHNDIBr, and (c) EHNDIBr,4. (d) Cyclic voltammograms

(in reduction cycle) in CH,Cl, solvent (vs. Fc/Fc*) of EHNDI, EHNDIBr, and EHNDIBr,. (e) The NTO hole and particle distributions in the first,
second and third excited states indicating the contribution of Br centric orbitals to the optical transition.

and 715 nm for EHNDIBr, and EHNDIBr,, respectively (Fig.
S87). This behavior underscores the complexity of the photo-
physical properties of NDI derivatives and their potential
applications in electronic devices, where understanding and
manipulating such properties are crucial for optimizing their
performance. Overall, the optical studies demonstrate the
significant impact of bromine substitution on the electronic
structure and excitonic interactions and provide insights into
the intricate interplay between the molecular structure,
assembly, and photo-physics.

Electrochemical and thermal properties

Electrochemical redox properties of these derivatives were
analysed using cyclic voltammetry (CV) in dichloromethane
(CH,Cl,) at 25 °C, with gold (Au), silver/silver chloride (Ag/AgCl),
and platinum (Pt) serving as the working, reference, and
counter electrodes, respectively. The CV results (Fig. 2d)
revealed two electron reversible reduction peaks, indicating the
high electron affinity of these molecules. Consistent with
expectations, bromination of the NDI core successively reduced
the first onset reduction potential, indicating a deeper LUMO
(Lowest Unoccupied Molecular Orbital) level upon introducing
electronegative atoms into the core. The LUMO levels were
calculated to be —3.82, —3.92, and —4.02 eV for EHNDI,
EHNDIBr,, and EHNDIBr,, respectively, using ferrocene (Fc)/
ferrocenium (Fc') as an internal standard.** These
compounds' Ionization Potential (IP) values were estimated
using Ultraviolet Photoelectron Spectroscopy (UPS). A progres-
sive reduction in IP values was observed with adding bromine
atoms, as shown in Fig. S10f and summarized in Table 1. The
experimentally obtained parameters, including the HOMO
(Highest Occupied Molecular Orbital), and values from CV and
optical bandgap measurements, correlated well with the

© 2024 The Author(s). Published by the Royal Society of Chemistry

computed values. Further analysis of the materials’ physical
properties was conducted using Differential Scanning Calo-
rimetry (DSC) and Thermal Gravimetric Analysis (TGA). All three
compounds displayed high thermal stability (Fig. S97), with
decomposition onset temperatures exceeding 320 °C (T4). DSC
analysis revealed the melting temperatures (7,,,) of the mole-
cules, with EHNDIBr, exhibiting the highest melting tempera-
ture at 253 °C, compared to EHNDI (201 °C) and EHNDIBr,
(approximately 244 °C), despite variations in molecular mass.
Intriguingly, the corresponding enthalpy changes (AH,,) also
showed notable differences. EHNDIBr, had the highest melting
enthalpy change at 53 k] mol !, which was 15% greater than
that of EHNDIBr, and 66% higher than that of EHNDI. These
superior thermal parameters of EHNDIBr, solids are attributed
to the highest lattice energy among the derivatives, resulting
from its unique structural features. The higher melting
enthalpy indicates a more rigidly packed structure of EHNDIBr,
in the solid state, potentially contributing to lower effective
lattice vibrations. This observation is consistent with the find-
ings from single crystal structure analysis. Consequently, these
structural characteristics of EHNDIBTr, contribute to its superior
charge carrier transport properties, demonstrating its potential
for efficient and stable performance in electronic devices.

OFET device and charge transport characteristics

Organic field-effect transistors (OFETSs) with bottom-gate top-
contact (BG-TC) geometry were fabricated using solution-
processed active layers. These layers were deposited by spin-
coating 4-5 mg mL ' chloroform (CHL) solutions of the mole-
cules on n-octadecyltrichlorosilane (n-OTS) modified Si/SiO,
substrates.** Optimal post-deposition thermal annealing
conditions were determined for each derivative: 150 °C for
EHNDIBT,, none for EHNDI, and 80 °C for EHNDIBr,. Gold (Au)

Chem. Sci., 2024, 15, 9630-9640 | 9633
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Table 1 Summary of the molecular properties in solution and solid-states and the computed HOMO/LUMO levels for the NDI derivatives

Solution Solid-state Computed

LUMO® [eV] HOMO“’[ev]  ES[ev] IP°[eV] Tp?[°C] AHy?[kImol*] T, [°C] HOMO[ev] LUMO [eV]
EHNDI -3.8 7.0 3.2 7.4 201 32 323 -7.3 -3.7
EHNDIBr,  —3.9 —6.9 2.9 7.3 253 53 366 -7.3 -3.9
EHNDIBr,  —4.0 6.8 2.8 7.2 244 46 322 -7.2 -3.9

“ Extracted from CV. ? From
experiments. AHp,: enthalpy changed during melting. E,: optical bandga

source-drain (S-D) electrodes were then thermally evaporated
onto the substrates. The EHNDIBr, active layers exhibited
impressive dopant-free electron mobility (u.) in the saturation
regime, reaching up to 1.0 cm® V™" s~ !, with an average mobility
of 0.71 em®> V' s7' across 12 devices. This performance
included a high on-off current ratio (Ion/Iog > 10°%) and low
hysteresis. In contrast, EHNDI and EHNDIBr, showed signifi-
cantly reduced carrier mobility, orders of magnitude lower than
that of EHNDIBr,, with the best devices achieving u. values of
1.8 x 10 >em®>V 's 'and 4.5 x 10* cm®> V™' 577, respectively.
Fig. 3 summarizes representative transfer and output charac-
teristics of EHNDIBr,, and the summary of device performance
is provided in Table 2. This considerable variation in carrier
mobilities among the derivatives is primarily attributed to
differences in m-overlap between neighboring molecules in
their solid-state structures, as determined by film X-ray
diffraction (GIXD and WAXD) measurements. EHNDIBr,'s
higher order of molecular assembly and higher degree of
aggregation in the film state, compared to EHNDI and
EHNDIBr,, result in superior charge transport. All devices
exhibited high threshold voltage (i), regardless of the pro-
cessing conditions, indicating high contact resistance due to an

0.02
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P

electron injection barrier at the semiconductor-S-D electrode
interface. This suggests poor energy level alignment, potentially
caused by mismatched work functions, interfacial and bulk
traps, and interface morphology.**** Efforts are ongoing to
minimize contact resistance and improve the threshold voltage.

A reliability factor (r) was introduced to ensure accuracy in
carrier mobility extraction, accounting for high Vy; in devices.*®
The r factors were found to be 30 &+ 2% for all devices.
EHNDIBr,'s high carrier mobility is credited to its low -
stacking distance, significant w-overlap, low in-plane molecular
slip, and well-organized packing in the film state, as observed in
single crystal structural analysis and GIXRD measurements. It is
known that in the brickwork stack of planar aromatic diimides,
the long-axis displacement between the neighboring pair in a -
stack affects the charge transfer integral more intensely than
the short-axis displacement.**® The same hypothesis can be
extended to the above example of EHNDIBr,. Ambient stability
was also assessed for these OFET devices, considering that
a deep LUMO (<—4.0 €V) is crucial for operational stability.*”
Electrical characterization over 100 hours under ambient
conditions (75% humidity) showed that the average charge
carrier mobility after 85 hours remained around 16%, 66%, and
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Fig. 3 OFET (a) transfer curve and (b) output curves for the EHNDIBr, thin film. (c) usa (left) and V4, (right) variations of EHNDI, EHNDIBr,, and
EHNDIBr,4 devices. (d) lon (top left), lo¢ (bottom left), and lon/log (right) variations of EHNDI, EHNDIBr,, and EHNDIBr,4 devices.
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Table 2 Summary of the performances of OFET devices, prepared under optimized conditions and

atmospheric humidity)®
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their ambient storage stability (75%

Annealing 7/°C pe’® (em® vts™h p&™ (em® vts™ Ven (V) Ion/IoFr ue'® retention (%)
EHNDI NA 0.9 x 102 1.8 x 10?2 56 >10’ 16
EHNDIBr, 150 0.71 1.0 52 >108 66
EHNDIBr, 80 1.6 x 10° 45x10° 49 >10° 67

% Mobility retention (in %) after 85 h.

67% for EHNDI, EHNDIBr,, and EHNDIBr,, respectively
(Fig. 4a). EHNDIBr, and EHNDIBr,'s better ambient stability is
attributed to the hydrophobic effect of Br atoms in the NDI core
and their low-lying LUMO levels, which likely hinder moisture
diffusion and interfacial charge trapping.

The EHNDI-based devices degraded under ambient expo-
sure, indicating faster air/moisture diffusion and reactivity as
EHNDI has higher LUMO values and no hydrophobic groups in
the core. The average threshold voltage shifts (AVy,) were 43 V,
15 Vand 13 V for EHNDI, EHNDIBr, and EHNDIBr,, respectively
(Fig. 4b). This possibly indicates the incorporation of charge-
trapping states at the dielectric/active layer interface from the
atmosphere and the damage of the metal-OSC interfaces by the
air. The damage is highest in the case of EHNDI and lowest for
EHNDIBr,.

Single crystal structure analysis

The study of solid-state molecular interactions and packing in
EHNDI, EHNDIBr, and EHNDIBr, was conducted using single-
crystal X-ray diffraction experiments (CCDC numbers: 2346855,
2323962, 2323963).1 All three compounds crystallized in the
triclinic space group P1. The molecular structure of EHNDI
demonstrates planar conformations of the NDI core. Intermo-
lecular interactions primarily involve C-H---O attractive forces,
with a distance measuring 2.45 A (Fig. 5a and S14f). The

interplanar m-7 stacking distance is around 3.3 A. In the
molecular structure of EHNDIBr,, the NDI core also exhibits
planar conformations. The intermolecular interactions are
characterized mainly by two types of attractive forces: C-H---Br
(with a distance of 2.94 A) and C-Br---O (3.14 A) interactions
(Fig. 5b and S1471). These distances are shorter than the
summation of their van der Waals radii (H---Br = 3.05 A and
Br---O = 3.37 A),*® indicating efficient intermolecular interac-
tions, resulting in the low longitudinal misalignment (L) of two
lateral neighbors. Additionally, a noticeable intermolecular
steric hindrance and structural locking among the adjacent
molecules were evident, which also imparted additional
stability to the molecular stack. Precisely speaking, the
hindrance was among the branched ethyl unit of the side chains
between the neighboring molecules and an ethyl-hexyl unit of
a molecule, and the core substituted Br atom of the same
(Fig. 5d). These steric and intermolecular interactions helped to
lock the dimers, minimizing longitudinal slip along the long
molecular axis. The low longitudinal misalignment (L) between
lateral neighbors enhances m-stacking, while steric hindrance
and structural locking among adjacent molecules provide
additional stability to the molecular stack. This unique
arrangement results in effective m-overlap between adjacent
stacks, leading to asymmetric m-stacks with low displacement
values of 0.79 and 0.82 A. The 2-D brickwork packing in
EHNDIBTr,, characterized by face-to-face stacking and molecular

10"
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Fig.4 Ambient stability measurement: (a) average saturation mobility change and (b) the threshold voltage changes (AVy,) with time of the OFET
devices with exposure to the ambient atmosphere. (c) Summarized literature reports on the best device performances.*®4° PVD processed and

single crystal devices excluded.
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overlaps, contributes to its high charge carrier mobility. In
contrast, EHNDIBr, exhibits major lateral interactions such as
C-O---Br (around 2.92 A) and C-H---Br (2.91 A) (alkyl chain H)
(Fig. 5¢ and S147). However, the absence of (i) core-bromines in
EHNDI and (ii) core-hydrogens in EHNDIBr, results in different
interaction possibilities compared to EHNDIBr,, leading to
a relatively large longitudinal displacement in the former pair.
Despite a short inter-planar distance (3.3-3.4 A) (Fig. 5f and g),
EHNDI and EHNDIBr, show a mix of good and minimal -
overlap in their asymmetric m-stacks, which affects their charge
transport properties. The presence of one stack with low L
(approximately 0.96 A and 0.78 A for EHNDI and EHNDIBr,
respectively) indicates good 7t-overlap, while another stack with
high L (approximately 5.2 A and 6.9 A for EHNDI and EHNDIBr,
respectively) shows minimal overlap, resulting in weaker 2-D
charge transport features for both EHNDI and EHNDIBr,. The
increased displacement observed in EHNDIBr, compared to
EHNDI suggests even poorer charge transport in EHNDIBI,,
a conclusion supported by the device results. These findings
demonstrate how the molecular structure and intermolecular
interactions within the solid-state significantly influence the
electronic properties of these materials, particularly in relation

9636 | Chem. Sci,, 2024, 15, 9630-9640

to their charge transport capabilities. The distinct molecular
arrangements and packing in EHNDI, EHNDIBr, and EHNDIBr,
lead to notably different electronic performances, with
EHNDIBr, showing superior charge carrier mobility due to its
more effective m-stacking and molecular interactions.

Film state WXRD and GIXRD

Out-of-plane wide-angle XRD measurements (WXRD) were
conducted on OTS-modified Si/SiO, substrates (Fig. S15hft).
Considering the molecular dimensions, plausible molecular
stacking on substrates was simulated following known reports
of NDI-derived materials. At first glance, EHNDIBr, films
exhibited more crystalline domains than the other two,
considering the higher order of diffraction from its sample
surface. Considering the d-values of the first-order signal and
the molecular dimension (end-to-end distance of ~21.5 A as
obtained from their single crystal structures), along with the
absence of reflection due to m-7 ordering (around 26 = 25°-
30°), we confirmed that vertical molecular alignment on the
substrate surface (ordering along 001) is prevailing. Higher-
order reflections indicating extended periodicity along the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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vertical direction confirmed well-organized lamellar supramo-
lecular structures of EHNDIBr, on the substrate surface. The
position of the first-order signal for the latter pair was at 26 =
5.8-6.1°, whereas it was 4.28° for EHNDIBr,. This difference in
the first-order reflection position for the former pair is attrib-
uted primarily to the inclined molecular long axis on the
surface, as indicated in Fig. S15.f Comparing the molecular
length and the first-order reflections, a relative inclination of
the molecular long axis is predicted to be ~73° for EHNDIBr,
and ~43°-45° for the other two derivatives. Further, on
comparing the simulated powder XRD patterns from the SCXRD
data and the experimentally obtained film state WAXRD of
EHNDIBTr,, we confirmed that the planes (00N) were positioned
parallel to the substrate with the unit cell axes @ and » on the
parallel plane. Subsequently, EHNDIBr, molecules are posi-
tioned on the substrate surface with the w—7 stacking direction
parallel to the substrate surface, which helps to achieve excel-
lent 2D charge transport.

To understand the in-plane periodicity in the bulk films
deposited on the substrates, and alterations of the diverse packing
patterns, including molecular orientations, GIXRD measurements
were conducted on oxide substrates. EHNDIBT, films exhibited in-
plane and out-of-plane (g, and g,,) ordering indicative of strong
signals, as shown in (Fig. 6b and S15%). In contrast, weak in-plane
diffractions were observed in the case of the EHNDI-film, indi-
cating weak long-range in-plane ordering and no out-of-plane
signals were observed, indicating extremely weak lamellar
ordering along the vertical direction. For EHNDIBr, films, neither
in-pane nor out-of-plane signals were evident, which confirms
a highly amorphous character (Fig. 6¢c and S157) as indicated in
the WXRD experiment (vide supra). Additionally, the (00!) ordered
patterns along g, were visibly spotted for EHNDIBr, films (Fig. 6d),
which appeared as higher ordered (001) to (004) peaks, inferring

EHNDIBr,

View Article Online

Chemical Science

a controlled edge-on molecular orientation (Fig. 6f). The conju-
gated backbones are aligned perpendicular to the substrate,
having strong intermolecular 7t-stacking interactions, which is the
most favorable condition for lateral charge transport in devices
such as OFETs. The g, d-spacing (from (001) peak) of 20.3 A again
confirmed that the molecular long axis is positioned at nearly 71°
tilt angle (as the molecular length of 21.5 A). The g, d-spacing
value calculated from the (20/) peak of the in-plane profile (Fig. 6e)
is 3.6 A, signifying m-m stacking distances, which endorse the
value obtained from a single crystal structure. The 2-D diffraction
profile of EHNDI indicated less ordering in their film states with
a minimum d-spacing of 4.1 A in g, (Fig. S157). On the other
hand, EHNDIBr, displayed only (001) diffraction spots lacking
higher-order signals, indicating a lack of periodic ordering in both
the lateral (xy) and z directions. To summarize, EHNDIBr, is ex-
pected to have the most favorable molecular orientation on
surfaces to facilitate the charge carrier transport, while EHNDIBr,
has the least.

AFM and SEM analysis

To understand the effect of film morphologies on charge
transport, atomic force microscopy (AFM) and scanning elec-
tron microscopy (SEM) experiments were carried out on the
films, keeping the device deposition condition fixed. Fig. 7
shows AFM and SEM images for all three molecules. Fig. 7a
shows the large micron-size grains in the film state of EHNDI
with a few visible grain boundaries, whereas many small grains
(~80-100 nm) containing large numbers of boundaries were
observed in the case of EHNDIBr, (Fig. 7c). Significant grain
boundaries create high resistance for charge transport through
the bulk, which is observed in the lowest u. value of
EHNDIBr,.”** Both the compounds contain relatively higher
roughness (root-mean-square (RMS) roughness, EHNDI: 4.8 nm

EHNDIBr,

(d) Out of Plane EHNDIBr (e) In Plane EHNDIBr, (f) EHNDB’z‘E‘?j—_ ‘ \
(004) ; |
3 5
© (001) (003) © (200 i O O O V. O . O
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z Z b
2 I a ] pa
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transport °
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Fig. 6

(a—c) 2-D GIXRD diffraction profile of the optimized samples, (d) and (e) 1-D line cut profile of the EHNDIBr; films: (e) in-plane and (d) out-

of-plane indicating periodic reflections of 001 planes. (f) Plausible molecular ordering on the surface.
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and EHNDIBr,: 3.18 nm) than EHNDIBr, (RMS: 2.66 nm).
EHNDIBI,, consisting of highly crystalline domains in the film
state (Fig. 7b), shows a relatively smooth surface with very few
grain boundaries, which is favourable for excellent charge
transport.

Conclusion

The structural requirements of efficient n-type organic semi-
conductors and their device characteristics are summarized
here. A simple and known skeletal unit (NDI) was considered for
the case study, and the core unit was derivatized by Br atom
substitution to yield three derivatives for studies. The most
efficient candidate (EHNDIBr,) in terms of processibility,
superior carrier mobility and ambient stability was subjected to
critical analysis. Brickwork supramolecular stacks were
confirmed by single crystal XRD studies. Interestingly, rigid in-
plane molecular ordering originated from steric locking mode,
and multiple favourable non-covalent interactions were holding
the molecular hoping centres, minimizing the longitudinal
dimeric slip, and possibly lowering the thermal oscillations in
the bulk lattice. The structural and stability of the samples were
confirmed by a detailed thermal analysis. Our multi-faceted
approach on picking up the right molecular unit is expected
to trigger a new design strategy. We expect that our report on n-
type molecular semiconductors substantially advances organic
electronics.
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