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ABSTRACT: Naphthalene tetracarboxylic diimides (NDIs),
possessing low-lying and tunable LUMO levels, are of wide
interest for their aptitude to provide cost-effective, flexible, and
environmentally stable n-type organic semiconductors through
simple solution processing. NDI-based aromatic hydrazidimides
are herein studied in relation to their chemical and environmental
stability and as spin-coated stable thin films. In the case of the
pentafluorinated residue, these were found to be crystalline, highly
oriented, and molecularly flat (roughness = 0.3 nm), based on
optical and atomic force microscopy, X-ray diffraction in specular
and grazing incidence geometry, and X-ray reflectivity measure-
ments. A new polymorph, previously undetected during the
isolation of bulk powders or in their controlled thermal treatments,
is found in the thin film and was metrically and structurally characterized from 2D GIWAXS patterns (monoclinic, P2/c, a = 17.50; b
= 4.56; c = 14.24 Å; β = 84.8°). This new thin-film phase, TF-F5, is formed no matter whether silicon, glass, or
polymethylmethacrylate substrates are used, thus opening the way to the preparation of solution-grown flexible semiconducting
films. The TF-F5 films exhibit a systematic and rigorous molecular alignment with both orientation and packing favorable to electron
mobility (μ = 0.02 cm2 V−1 s−1). Structural and morphological differences are deemed responsible for the absence of measurable
conductivity in thin films of polyfluorinated analogues bearing −CF3 residues on the hydrazidimide aromatic rings.

1. INTRODUCTION
The advantages of organic electronics in terms of cost-effective
manufacturing, lightweight, printable, and flexible devices have
been consolidated by decades of fundamental and experimental
studies.1−7 In this field, a special focus has been dedicated to
developing π-conjugated molecular materials of the n-type
(electron transporting) class, presently not reaching the level of
performance of p-type (hole transporting) semiconductors.8 In
this regard, the bottleneck is the intrinsic poor ambient (air,
moisture, heat, and light) stability of n-type semiconduc-
tors.9,10 Additionally, since solution-based deposition methods
are the ideal procedures warranting practical fabrication of low-
cost electronic devices,11 several additional aspects such as
crystallinity, structure, and morphology12 of solution-grown
thin films remain critical issues.
Thanks to their large electronic affinity (EA), efficient π−π

intermolecular interactions, and easy functionalization, tetra-
carboxylic aromatic derivatives such as naphthalene dimiide
(NDI) and perylene diimide (PDI) have worked as first-class
n-type molecular candidates.8,13−15 Against oxidation, their
core functionalization with electron-withdrawing (EW) groups
(F, CF3, Br, and CN) is one of the most effective strategies to

raise EA (i.e., lowering the LUMO energy level) above 4.0
eV16,17 (without exceeding 4.6 eV, to avoid nucleophilic attack
or even one-electron reduction18). Additionally, efforts have
been spent in interpreting and optimizing intermolecular
interactions (distance and offset of π−π stacked aromatic
cores) in the solid state,19−21 as a route to improve the
electron mobility,22 although no definite recipe is to date
consolidated. Finally, recent renovated interest in solution-
grown (doped) NDI and PDI n-type derivatives is as organic
thermoelectrics (O-TE) operating at low-to-medium temper-
atures (<300 °C),23−25 an application favored by the low
thermal conductivity of organic solids (as required by efficient
TE materials). In particular, the thermally or solution-
processing-driven polymorphic landscape of NDI/PDI materi-
als adds an undesired variability to their manufacturing and
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insertion in functional devices. In this respect, in the past, we
have studied PDI derivatives with linear26 and branching27 side
chains to increase molecular solubility thus improving
materials processability, while directly influencing the self-
assembly and consequently the electrical properties of thin
films. We have shown that the disorder generated by the
asymmetric branched chains when the molecule is physisorbed
in thin films can be instrumental for enhancing charge
transport via thermal annealing.27

More recently, we have been studying NDI derivatives with
a variety of branching “axial” residues and found that NDI
derivatives bearing linear (CH2)(n−1)CH3 residues (n = 4, 6, 8,
and 10) manifest an intrinsic and (too) rich polymorphic
versatility and a poor control over the crystal structure upon
film deposition and processing, attributed to the flexibility of
the linear alkyl chains.28 After replacing the alkyl chains with
aryl residues, much higher thermal/polymorphic stability was
obtained (above 500 °C, up to melting),29 at the expense of
solubility issues. In the present work, we focus on solution-
grown thin films of highly fluorinated NDI dihydrazimides,30

possessing, at the same time, low LUMO levels (compatible
with ambient stability31), high thermal and polymorphic
stability, and good solution processability. The strategy behind
the new derivatives was adding numerous EW groups (F or
CF3 residues) on the aromatic rings in the molecular
periphery, boosting the approach already outlined with
benzylamine-based NDIs with single CF3, OCF3, and SCF3
residues in para position, for which significantly improved
electron mobility and materials stability are reported.32,33

Indeed, it is well-known that the high electronegativity and low
molar polarization of the fluorinated (F and CF3-based)
groups, often provide, for polyfluorinated species, new and
appealing features, such as improved dielectric properties and
low moisture uptake.34 Additionally, the pronounced hydro-
phobicity granted by fluorinated substituents and the partially
inverted charge density distribution in perfluoroaryl rings favor
the solubility of these species in comparison to the
corresponding hydrocarbons.35−38 On the other hand, when
fluorine atoms bond with carbon atoms, they create a highly
stable chemical bond (with ΔHdiss up to 540 kJ mol−1).

39 This
stability is indeed what gives perfluorinated chemicals their
distinct properties, providing strength, resilience, and durability
to a variety of products.40

The species herein investigated, containing the highly
fluorinated 1,4,5,8-naphthalenetetracarboxylic-bis-hydrazi-
mides, are illustrated in Figure 1, where the labeling scheme
(F3, F5, F7) recalls the degree of fluorination versus the

nonfluorinated precursor (F0). A comprehensive character-
ization (structural, thermal, polymorphic, and spectroscopic)
of the bulk solid materials is presented elsewhere.30 The first
sections of this contribution are dedicated to the spectroscopic
characterization of the precursors, complemented by density
functional theory (DFT) computational results addressing the
LUMO energy variations versus the degree of fluorination and
fostering a correct interpretation of the solution UV−vis
spectra. We also discuss the outcome of tests on the chemical
(redox) stability of the precursors, in solution, prior to film
deposition. In the following sections, we present the thin film
optimization by spin coating and their morphological (atomic
force microscopy - AFM and X-ray reflectivity - XRR data) and
structural (specular X-ray diffraction - XRD and synchrotron
grazing incidence wide-angle X-ray scattering - GIWAXS)
characterization. Highly reproducible preparations of thin films
of F5 (20-to-60 nm thick) on a variety of substrates ended up
in the formation of a (so far unknown) thin-film phase,
exhibiting environmental (chemical and structural) stability
over 18 months and thermal stability up to 250 °C. The n-type
transport properties of the F5 films were demonstrated by
assessing their electrical performances in organic thin film
transistor (OTFT) devices, indicating, for a film deposited in
the air by spin coating on an unpassivated silicon chip (i.e.,
without specific precautions), measurable mobility and a time-
dependent electrical response in air, which can be recovered by
moisture removal in gentle vacuum. Altogether, in this paper,
we present and discuss polyfluorinated NDI derivatives, which,
though sharing similar chemical and thermal stability,
molecular shapes, polarizability, frontier orbitals, and packing
features in their solids, do manifest remarkably different
performances when deposited as films. Finally, the distinct
performances of F5 are interpreted by the serendipitous
formation of a new thin-film phase with molecularly flat and
extremely oriented slabs of tightly stacked parallel molecules, a
feature apparently not shared by F3 and F7 films.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Differently Substituted Bis-phenyl-

hydrazimides. 2.1.1. Naphthalene-1,4,5,8-tetracarboxyl-
bis-phenylhydrazimide (F0). The synthesis and character-
ization of F0 species were fully described in a recent paper of
ours.29

2.1.2. Naphthalene-1,4,5,8-tetracarboxyl-bis-4-
(trifluoromethyl)phenylhydrazimide (F3) Naphthalene-
1,4,5,8-tetracarboxyl-bis-2,3,4,5,6-pentafluorophenylhydra-
zimide (F5). F3 and F5 were prepared following a slightly
modified protocol than that described in a previously reported
procedure.41,42 Details of the full synthetic procedures, jointly
with the NMR, IR, and UV−vis spectral properties, are
presented in the Supporting Information file as Supporting
Text ST1.

2.1.4. Naphthalene-1,4,5,8-tetracarboxyl-bis-2,3,5,6-tet-
rafluoro-4-(trifluoromethyl)phenyl-hydrazimide (F7).
2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenylhydrazine (2.22
g, 8.95 mmol, 3 equiv) was added to a mixture containing
naphthalene-1,4,5,8-tetracarboxylic dianhydride (0.80 g, 2.98
mmol, 1 equiv) in 40 mL of anhydrous dimethylformamide
(DMF) under argon atmosphere. The reaction mixture was
stirred at 140 °C for 6 h and then cooled to room temperature.
The solution was poured in 150 mL of deionized water and
extracted with ethyl acetate. The organic phase was washed
with brine solution (4 × 75 mL) and dried over anhydrous

Figure 1. A sketch of the common chemical reaction leading from
1,4,5,8-naphthalene-tetracarboxylic-dianhydride (NDA) to symmetric
fluoro-substituted bis-hydrazimides, with the chemical structures of
the nonfluorinated (F0) and fluorinated (F3, F5, and F7) molecules.
The arrows indicate the τ1 and τ2 torsional angles, giving
conformational freedom.
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Na2SO4 and the solvent was removed under reduced pressure.
The crude product was suspended in CHCl3, filtered, and
washed with CHCl3. F7 was obtained in 78% yield (1.70 g,
2.34 mmol) as an off-white powder. NMR, IR, and UV−vis
spectral properties can be found in the Supporting Information
file (Figures S1−S3).
2.2. Redox Stability Tests. The redox chemical stability of

the F0−F7 species was tested by comparing UV−vis
absorption spectra of their 1,4-dioxane solutions before and
after the addition of diluted solutions of H2O2 and, separately,
of N2H4. The molar ratio between each organic species and the
oxidizing (H2O2) and reducing (N2H4) agents was chosen to
be 1:2. Based on the UV−vis molar absorption coefficients
previously determined for the four investigated NDIs,25 the
prepared solutions (2.3 × 10−5 mol·L−1) showed maximum
absorbance values lying in the 0.5−1.5 range. Prior to being
analyzed under the UV−vis spectrophotometer, a defined
amount of diluted oxidant/reductant solution was added to
each of the NDI solutions, and the resulting solutions were
stirred for 10 min at room temperature. Further operational
details are reported in the Supporting Information file
(Supplementary Text ST2, Table S1).
2.3. Computational Analysis. Ab initio DFT was used to

describe the ground state (GS) electronic structures on fully
relaxed geometries imposing a Ci point group symmetry. The
transition energies for electronically excited states were
calculated by ab initio time-dependent density functional
theory (TD-DFT). All the calculations were performed in the
gas phase with Gaussian16,43 using the B3LYP hybrid
functional,44,45 which is widely reported to be a good choice
for the description of both ground and excited states in most
cases.46 The 6-31G+(d) basis set was chosen as a compromise
between accuracy and calculation time since a preliminary test
on F0 confirmed that the TD-DFT results were indistinguish-
able from 6-31G++(d,p). When discussing the TD-DFT
results, the natural transition orbitals (NTOs) were used for
a more straightforward depiction of the electronic states
involved in the transitions.47

2.4. Thin Film Deposition. F3 f ilms - Powders of F3 were
dissolved in dimethylsulfoxide (DMSO) at 20 mg mL−1

concentration. The solution was stirred at room temperature
for several hours and then spin-coated at 1700 rpm for 30 s on
a SiO2/Si substrate (50 μL). During an additional 20 s of spin
coating, 50 μL of hexane was added as antisolvent. The films
were left to dry under a fume hood for 6 h at room
temperature. Optical microscopic images indicated the
formation of a polycrystalline material with needle-like crystals
and an evident surface roughness.
F5 f ilms: Powders of F5 were dissolved in 1,4-dioxane at 10

and 20 mg mL−1 concentration. The solution was stirred at
room temperature for 24 h under a nitrogen atmosphere and
then spin-coated at 2000 rpm for 15 s on a SiO2/Si substrate.
The films were annealed at 120 °C for 30 min to ensure the
complete solvent removal.
F7 f ilms: Powders of F7 were dissolved in 1,4-dioxane at 20

mg mL−1 concentration. The solution was stirred at room
temperature for several hours and then spin-coated at 2000
rpm for 15 s on a SiO2/Si substrate (80 μL). The films were
left to dry under a fume hood for 6 h at room temperature.
Microscopic images indicated that the film was rather
homogeneous, but, using XRD, we could not detect any
Bragg peak, but only Kiessig fringes (indicating a ∼50 nm film
thickness, see Figure S4). Low-T annealing (<90 °C) clearly

destroyed film homogeneity, as witnessed by the appearance of
tiny crystals and large inhomogeneous spots due to material
dewetting. In both F3 and F7 cases, changing the solvent and
deposition parameters did not improve the film quality.
2.5. Thin Film Characterization. 2.5.1. Morphological

Characterization. The morphology of the thin films was
studied by collecting AFM images in noncontact mode on a
psia XE100 system, in air, and at room temperature. The image
analysis was performed using Park Systems XEI 4.3.4 and
Gwyddion 2.57 software.

2.5.2. Determination of Hydrophobicity. Thirty microliters
drops of deionized water were deposited on the top of pressed
pellets of F0, F3, F5, and F7 powders, as well as on thin films
of the polyfluorinated systems. Images of transmitted white
light (collected in Figure S5) were taken on a homemade
instrument inspired by that illustrated by Lamour et al.48 and
were analyzed by the ImageJ LB-ADSA plugin.49

2.5.3. X-ray Films Characterization. 2D-GIWAXS images
were collected at the XRD1 beamline of the ELETTRA
synchrotron radiation facility in Trieste (Italy). A Pilatus 2 M
silicon pixel X-ray detector (DECTRIS Ltd., Baden, Switzer-
land) was positioned perpendicular to the incident beam 250
mm away from the sample (λ = 1.50 Å and beam size of 200 ×
200 μm2). Two different X-ray beam grazing incident angles
were chosen: (i) αi = 0.15°, probing the uppermost film layers
(the X-ray penetration depth is ∼4 nm) and (ii) αi = 0.25,
probing the full film thickness. The visualization and analysis of
the recorded 2D-GIWAXS images were performed using the
open software GIDVis suite of programs.50

Specular XRR and XRD measurements were performed by
using a SmartLab−Rigaku diffractometer equipped with a
rotating anode source (Cu Kα, λ= 1.5418 Å), a parabolic
mirror collimating the incident beam, and a series of variable
aperture slits (placed in the primary and diffracted beams).
XRR data were analyzed through the GXRR software
package,51 enabling the determination of film thickness and
roughness. Raw GIWAXS images of F3 and F7 films and their
derived 1D powder plots obtained by azimuthal integration are
reported in the Supporting Information (Figure S6), together
with the lattice parameters derived therefrom.

2.5.4. Ab Initio Structural Characterization of the Thin-
Film Phase of F5. Unit cell determination of the thin-film
phase of F5 was performed using GIDInd, which provided an
initial triclinic cell with a = 17.78, b = 4.56, c = 14.49 Å, α =
91.5, β = 84.5, and γ = 88.5°; V = 1169 Å3, Z = 2 and dqxyz =
0.015 Å−1.52 Figure S7 shows the indexed GIWAXS image.
Further analysis provided a monoclinic symmetry, with α = γ =
90° and slightly modified a and c axes (a = 17.50; b = 4.56; c =
14.24 Å; β = 84.8°). The approximate structural model of this
phase was initially obtained by using (in Pc, in line with
systematic absences) an entire rigid F5 molecule, defined by
the z-matrix algorithm with standard bond distances and angles
and flexible at the four N−N and N−C exocyclic hinges (τ1
and τ2 of Figure 1, 2×). Using TOPAS-R in the only penalties
mode,53 the molecule was oriented in crystal space by
imposing antibump restraints among non-H atoms in the
form of a threshold of 3.2 Å. The symmetry rises to P2/c (by
imposing a semiquantitative match of the intensities of the h00
peaks in the highly textured specular XRD trace) immediately
followed.

2.5.5. OTFT Device Fabrication. Bottom Gate/Top Contact
(BGTC) organic thin-film transistors (OTFTs)54 were
fabricated by using a heavily doped Si wafer (gate), having a

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05172
ACS Omega 2023, 8, 43651−43663

43653

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05172/suppl_file/ao3c05172_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05172/suppl_file/ao3c05172_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05172/suppl_file/ao3c05172_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05172/suppl_file/ao3c05172_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05172/suppl_file/ao3c05172_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05172/suppl_file/ao3c05172_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


100-nm thick thermal SiO2 layer as dielectric. Source (S) and
Drain (D) Au electrodes (L = 50 μm, W = 1 mm and 30 nm
thick) have been evaporated in high vacuum (HV) conditions,
through a metal shadow mask positioned directly on top of the
organic semiconductor film. The whole fabrication process was
carried out in a cleanroom environment at a low temperature
(<150 °C), in air, with no need for glovebox-controlled
environment process steps. Following the above-mentioned
specifications, the process is compatible with large-area flexible
organic electronics,55,56 allowing a fast, simple, and clean
process,57 but, as later substantiated in Section 3.7, might
require film encapsulation and/or a slightly different (and
optimized) BGTC architecture for improved electrical
performances.

2.5.6. OTFT Electrical Characterization. The transfer (IDS
vs VGS) and output (IDS vs VDS) curves were measured in a low
vacuum environment, using an MMR variable temperature
microprobe system connected to a Keithley 236 and a Keithley
2635 source/meter units. The charge transfer experiments
have been carried out in linear and saturation transistor
regimes, i.e., at VDS = 1 V and VDS = 40 V, respectively, in up−
down mode, by sequentially sweeping the gate voltage, VGS,
from off-to-on (onward scan, from −10 to 40 V) and from on-
to-off (backward scan, from 40 to −10 V). The output
characteristics have been recorded for the 10 < VGS < 40 V
range.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Chemical and Environmental

Stability. The synthetic path used for the preparation and
isolation of the F0−F7 species is presented in Figure 1.
Compared to similar reactions reported in the scientific
literature,41,42,58 the most relevant changes can be traced in the
work-up procedure of species F3 in which the crude product is
slurried in CHCl3 and then filtered, obtaining quantitative
yields (to be compared to the <77% values reported in the
original paper).41,42 The same synthetic strategy was also
followed when preparing F7. In this way, for both F3 and F7,
100% pure crystal phases were isolated, and the reported
formation of the tetrahydrofuran (THF) solvate, obtained
from the recrystallization of F3 in THF,42 is easily avoided.
Additionally, by limiting the amount of THF during the
precipitation/purification steps, F5 was also obtained in a
much higher yield (83% vs <55%41,42), when the crude
product was dissolved in a minimal amount of hot THF (60
°C) and then precipitated by adding cold water.
The chemical stability of F0−F7 molecules was tested by

reacting them in a 1,4-dioxane solution with (reducing)
aqueous N2H4, and separately, with (oxidizing) aqueous H2O2.
Hydrazine, which has negative standard reduction potentials in
the entire pH (0 to 14) range, is a strong reducing agent, while
H2O2 can act both as a strong oxidant (E° = 1.35 V at pH = 7)
and as a reducing agent. Thus, both N2H4 and H2O2 species
were used as testing agents to probe molecular stability, with
the obvious caveat that, for n-type semiconductors, resistance
to environmental oxidation is far more important. In both
cases, the UV−vis absorption spectra did not change with
respect to those of the pristine solutions, demonstrating the
endurance of these phases to harsh oxidizing or reducing
conditions (see Figure S1). As reported by Gostzola et al.,59

upon progressive (electrochemically induced) formation of
NDI-reduced species (a R•− radical anion or a R2− dianion),
absorption peaks redshift by 50 nm or more, and enter the

visible range, an occurrence that was not observed in our
experiments. The quantitative one-electron reduction is
expected at potentials ideally above the standard reduction
potential of hydrazine (−0.75 V vs NHE in water at a neutral
pH). This is evident for PDI-substituted diimides, with
reported E1/2 values (determined from solution cyclovoltam-
metric studies) falling near −0.10 V or above,60 for LUMO
levels near −4.5 eV. A further confirmation of the redox
stability of our compounds is provided by our computational
study (discussed in the following section) performed on the
entire F3, F5, and F7 series. Their (gas-phase) LUMO levels
are significantly lower than that of F0 (−3.98 eV) and lie
slightly above the −4.4 eV threshold, a value associated with
ambient stability in favor of the use of these molecules as air-
stable organic semiconductors.61 However, our calculated
values, jointly with those reported from cyclovoltammetric
estimates in solution (e.g., for F0, −3.98 (see below) and
−4.01 eV, respectively25), suggest a lower reduction propensity
of the fluorinated naphthalene-bis-hydrazimides than in
(bisalkyl)-PDI-based systems, which, therefore, remain the
best performers.
The environmental stability for powders left in air for several

months was also monitored, with no evident changes of their
XRD trace being observed over an 18-month period. This
resistance against moisture is also supported by the noteworthy
hydrophobicity exhibited by the surfaces of these materials, as
proved by contact angle measurements (images are shown in
Figure S5), revealing a ca. 70° value (reference values,
experimentally determined on ordinary glass and Teflon,
being ca. 20° and 140°, respectively). These values compare
well with those observed for water droplets deposited on a
number of hydrophobic organic polymers, such as polylactic
acid or polymethylmethacrylate.62 We also tested the behavior
of F3, F5, and F7 thin films and found slightly larger contact
angles, possibly attributed to the lower amount in the films of
environmental moisture that can partially fill the intergrain
voids in porous solid pellets. However, the effect of exposing
films of F5 to aerial moisture (which can be reversibly
eliminated by vacuum or heating treatments) has been found
detrimental to electrical performances but not to structural and
compositional film stability and is discussed in Section 3.7.
3.2. Computational Analysis. Table 1 presents the GS

energies of the frontier molecular orbitals of F0, F3, F5, and F7

(reported in ref 30). As per Koopmans’ theorem (valid for
perylene diimide compounds),63 these GS energies represent
the first ionization potential (defined as −HOMO energy) and
the electron affinity (defined as −LUMO energy) of the
isolated molecules. Following the theorem approach (hereafter
called method 1), the LUMO energy was calculated from the

Table 1. Energy Level of the Frontier Orbitals (HOMO and
LUMO Calculated with the Two Methods Described in the
Text), the Calculated Wavelength of the Two Main
Transitions in the UV/vis Range (λ1 and λ2), and Their
Oscillator Strength ( f1 and f 2)

species
HOMO,
eV

LUMO,
eV

method 1

LUMO,
eV

method 2
λ1,
nm

λ2,
nm f1 f 2

F0 −6.26 −3.98 −4.59 375 358 0.35 0.08
F3 −6.80 −4.27 −5.18 375 336 0.39 0.08
F5 −7.07 −4.22 −5.52 375 340 0.39 0.03
F7 −7.54 −4.37 −5.69 374 339 0.42 0.04
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singlet GS. These “method 1” values should be taken in
comparison with those determined for a bevy of NDI
derivatives appearing in the pertinent literature.8 The large
collection of LUMO energies gathered by Shukla et al. acts as a
very significant reference;64 calculated by similar computa-
tional approach(es), these values manifest that, in the absence
of extensive core substitution by EW groups or of fused
(hetero)aromatic rings, LUMO levels of axially substituted
NDIs64 never overcome the −4.0 eV threshold. As reported in
Table 1, (poly)fluorination in F3, F5, and F7 efficiently lowers
LUMO energies down to −4.37 eV for F7.
However, a better approximation of the LUMO energy is

described by McCormick et al. that gives a substantially
improved match with experimental data.65 The triplet
electronic state is computed (i.e., one electron in the former
HOMO and one in the former LUMO, both with the same
spin), and the energy of the highest singly occupied MO of the
triplet state is taken as the LUMO energy (here, method 2). A
much clearer trend of lower (more negative) LUMO energy
values with increasing fluorination is obtained with method 2
(Table 1) that parallels that of lower HOMO energies. The
conceptual shortcoming of identifying the HOMO and LUMO
energy levels from DFT as ionization potential and electron
affinity is widely recognized;66 however, it is also balanced by a
multitude of cases where ab initio modeling is able to
rationalize the observed trends in redox potentials and optical
gaps.8,67

The vertical optical transition energies and intensities (from
the singlet GS to the singlet excited state with the same
geometry) were calculated with TD-DFT and are shown in
Table 1. In addition, since all structures have an inversion
center and the GS symmetry is Ag, all optically allowed
transitions have Au symmetry (i.e., Ag transitions are forbidden
according to the so-called Laporte rule). In particular, the
HOMO → LUMO transition, estimated to fall around 1.7 eV
(700 nm), is forbidden (oscillator strength less than 10−4),
while the most intense transition is found to have a photon
energy of 3.3 eV (maximum absorbance at 375 nm, λ1 in Table
1) for all compounds, in rather good agreement with the
solution-based absorption spectra supplied in Figure S1. The
NTO analysis shows that the most intense transition (λ1 in
Table 1) can be described mainly as a HOMO−4 → LUMO:
both these orbitals are placed on the polyaromatic core,
corroborating the observation that λ1 hardly changes in the
whole series. Likely, this transition is also responsible for the
absorption coefficient rise in the (solid-state measured) Tauc
plots, as the associated photon energies reasonably agree with
the experimentally determined optical Egap values (2.8−2.9 eV)
and with their limited dependence on side-chain substitution.30

Another less intense transition (λ2 in Table 1) is predicted
but has a different character throughout the whole series:
HOMO → LUMO+1 in F0 and F3, HOMO−6 → LUMO in
F5, and HOMO−4 → LUMO+2 in F7. In the NTO
description, the particle density (i.e., the HOMO in a
simplified picture) is substantially located on the branching
arylhydrazides and induces an evident shift in the correspond-
ing wavelength (λ2) when the fluorination level is changed. It is
worth mentioning that some approximations were made in our
calculations: (i) we neglected all intermolecular interactions
(present in the solid-state), which, in crystalline PDI
analogues, were shown to lead to 0.5−1 eV broad valence
bandwidths.63 (ii) We optimized the dihedral angle between
the NDI core and the fluorinated rings for individual gas-phase

(and centrosymmetrical) molecules, though the molecular
conformation in the solid state (affected by the crystal packing
environment) might be slightly different. In this regard, our X-
ray refined30 and computationally optimized values for the τ1
and τ2 torsions (illustrated in Figure 1) show similar values
(with maximum and average differences of 15.5° and 8.9°,
respectively), thus making most of the possible absolute
changes between gas-phase and solid-state frontier orbital
energies attributable to crystal packing and transfer integral
effects. Similarly, Bred́as et al. nicely emphasized that, for the
PDI congeners, “molecular packing, through band narrowing
or widening, also impacts the transport levels to an extent that
is far greater than intramolecular functionalization does”.63

3.3. Film Preparation and Characterization. Solution-
grown organic semiconductor films are considered effective
alternatives to the time-consuming and expensive sublimation
procedures, as long as the materials can be solubilized in
organic solvents that are compatible with the substrate on
which they are spin-coated or drop-casted. The solubility of
many of the systems herein investigated was previously tested
in several common organic solvents. Specifically, using a set of
10 common organic solvents and limiting, as an arbitrary
operational threshold of 2 mg mL−1 for considering an NDI
derivative sufficiently soluble for efficient spin-coating film
deposition, the fluorinated species were found to be soluble in
three, six, and five cases, respectively (reaching values as high
as 40 mg mL−1).30 At variance, F0 proved to be soluble only in
DMF (40 mg mL−1) and, to a much more limited extent (4 mg
mL−1), in THF. Additional tests performed of the non-
fluorinated p-aminophenyl-derivative characterized by us in
202129 showed a maximum solubility of 1 mg mL−1, well
below any practical use. On the basis of these tests, 1,4-
dioxane, DMF, and DMSO were chosen as the most practical
solvents, and films of the F3, F5, and F7 species were prepared
by spin coating onto three different substrates: monocrystalline
silicon, quartz, and glass plates. In spite of the large series of
concentrations and operational conditions tested (spinning
rate, duration, and amount of liquid), the thin films of F3 and
F7 revealed scarce reproducibility, both structurally and
morphologically. Figure S4 shows conventional XRPD traces
for highly oriented polycrystalline F3 films deposited from
DMF solution (needles on Si/SiO2 substrate) and amorphous
F7 films from 1,4-dioxane (50 nm thick, with evident Kiessig
fringes without annealing). At variance, (annealed) films of F3
from acetone and F7 from 1,4-dioxane provided GIWAXS
images displaying continuous (but partially textured) “powder-
like” Debye−Scherrer rings, belonging to polymorphs different
from those structurally characterized in powder form (see
Figure S6).
Although the lattice metrics of a new thin-film polymorph of

F3 (Orthorhombic P, details in Figure S6) could be derived, its
detailed crystal structure remains uncharacterized due to the
paucity of detectable peaks and their extreme overlap. For F7,
the GIWAXS image and the corresponding 1D powder plot
were attributed to the RT version of the high-temperature
phase measured in the bulk at 310 °C.30 Also this phase (β-F7)
is Monoclinic C, with relatively large unit cell parameters, and
remains structurally unknown.
Based on the unsuitable structural and morphological

features, F3 and F7 were not deeply characterized in the
form of thin films. We then tackled a much deeper
investigation of the films of F5 and additional discussion on
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possible reasons impeding beneficial film morphology for the
other (F3 and F7) species is later discussed.
3.4. F5 Film Preparation and Characterization.

Depending on the concentration of the starting F5 solution
(10 or 20 mg mL−1), thinner (ca. 25 nm) or thicker (ca. 50
nm) films have been deposited by spin coating on a SiO2/Si
substrate. Film thickness is highly reproducible with atomic
precision, as tested through four distinct preparations for each
nominal concentration (5, 10, and 20 mg mL−1), ending up
with uniform values of 10.3(3), 25.5(5), and 51.1(9) nm. This
result indicates that the thickness of the films depends linearly
on concentration (all other conditions being kept unchanged)
while more concentrated solutions provide an expected
leveling (see Figure S8). Additionally, regardless of their
thickness, all investigated F5 films exhibit the same
morphological and structural features. AFM images of a typical
film spin-coated on a SiO2/Si substrate show a homogeneous
and flat surface (Figure 2a). A topographic image (Figure 2b)
in a defective zone of the surface highlights the occurrence of a
terraced texture composed of molecular layers with ca. 2 nm

steps (z-profiles are shown in the inset of Figure 2b and in
Figure S9). In line with these observations, XRR profiles
indicate a highly homogeneous film surface (1.0 cm2 wide)
with a very limited roughness (ca. 0.3 nm) for a film thickness
of 51.4 nm, as per the fit procedure reproducing the
experimental curve in Figure 2c.
Such nearly null film roughness and its persistence for all the

investigated films of F5 have been reported for few solution-
processed highly oriented organic films, such as BASF’s N1400
species, a branched PDI derivative.27 This is an additional
proof of the 2D arrangement of the organic molecules on the
substrate, which is considered crucial in determining their
charge transport properties.68

The specular XRD measurements provided information
about the molecular arrangement in the film system (see
Figure 2e). The few recorded peaks can be indexed as h00
reflections, with dh00 = 17.4/h Å, roughly matching the 2 nm
monolayer thickness observed by AFM. This result suggests
that F5 molecules provide 2 nm-thick lamellae where stacking
of the NDI core extends parallel to the substrate plane. Laue

Figure 2. For a 50 nm-thick film of F5, deposited on SiO2/Si substrate: (a, b) AFM images; the inset in (b) represents the height profile of the
yellow line in the main panel, (c) XRR experimental (red) and model (black) curves (log scale), (d) 2D-GIWAXS image, with indexed peak
positions, (e) specular XRD pattern demonstrating the presence of many Laue fringes (log-scale), and (f) 200 rocking curve (red) with the
Gaussian fit (black), with the contribution of two components drawn by the blue and green traces.
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oscillations around the 100 peak (see Figure 2e) were observed
for all of the samples, highlighting the structural coherence
along the depth profile and indicating a persistent ordered
molecular arrangement throughout the entire film.
The 200 rocking curves (ω scans, shown in Figure 2f)

enabled the extraction of additional information from the peak
width, measuring the film mosaicity (the angular spread of the
orientations of the crystallites). These profiles indicate the
simultaneous presence of a sharp and a broad crystallite
distribution, resulting in two peaks (0.04° and 0.73° wide,
respectively) corresponding to a highly textured fraction to a
less textured one.
Worthy of note, these F5 films were found indefinitely stable

(over 18 months), as witnessed by highly reproducible XRD
measurements performed on samples stored in air at room
temperature, under environmental moisture and light con-
ditions. Figure S10 shows the XRD data repeatedly collected
within 12 months of the original film deposition.
The 2D-GIWAXS images (Figure 2d) witness the high

crystallinity and the pronounced texturing of the films: the spot
shape of the diffraction signals together with their symmetric
distribution around the vertical direction (qz) allows fiber
texturing of the crystallites to be established. Remarkably, the
data indicate the presence of a new thin-film polymorph, here
labeled TF-F5, distinct from that of the room-temperature
isolated powder, and from the β, γ and ω polymorphs of F5,
obtained by (or after) high-temperature treatments (well
above 250 °C). The crystal and molecular structures of TF-F5
are described in detail in Section 3.5.
Finally, the same crystalline TF-F5 phase observed on silicon

and glass is obtained by spin-coating F5 onto a 50−60 nm
thick polymethylmethacrylate (PMMA), indicating easy
reproducibility on flexible substrates, also supported by the
wide-angle XRD region data fully consistent with those of the
original Si/SiO2 − deposited F5 data (Figure S11).
3.5. The Crystal and Molecular Structure of the TF-F5

Polymorph. Ab initio peak indexing/cell determination
enabled the extraction of the lattice parameters of FT-F5
(here, monoclinic), compared in Table 2 with those of the α-,
γ-, and ω-F5 crystal phases.
Through simulated annealing techniques and a rough

geometrically constrained optimization of the molecular
location, orientation, and conformation, the shape and position
of the F5 molecules within the TF-F5 lattice were determined
(see Experimental Section for details). The atomic coordinates
are supplied in Supporting Information Table ST2. Figure S12
further compares the observed XRPD pattern of a 100% h00-
oriented film with that computed from the TF-F5 structural
model by applying a March-Dollase factor rh00 = 0.2.

69

Despite the close similarity of the crystal metrics of α-F5 and
TF-F5, the two polymorphs are different. Analogies and
differences are easily caught in Figure 3 that shows the crystal
packings in a comparative way. With equioriented cell axes and
π−π contacts running normally to the images, heavily

interdigitated F5 molecules are visible in α-F5 (Figure 3a),
while 2D slabs stacked along the a direction are present in the
TF-F5 structure (Figure 3b). This structural feature can be
considered to be responsible for the very flat surface of the
films (as indicated by XRR measurements) and for the
occurrence of ca. 2 nm steps (evidenced by AFM z-profiling).
The formation of the new TF-F5 phase, its morphology and
orientation, with the π−π conductive path lying parallel to the
substrate, was then considered as promising factors toward
enhanced electron mobility in the film.
To further deepen our comprehension of TF-F5, we studied

the progressive formation of the crystalline film on the SiO2/Si
substrate by in situ XRD measurements performed during the
film heating. In the range between 30 and 100 °C, only Kiessig
fringes, attributed to a ca. 26 nm-thick film, are observed (see
Figure 4a). At higher annealing temperatures, from 110 to 230
°C, the 100 and 200 peaks of the TF-F5 crystal phase clearly
emerge, which disappear above 250 °C, as the material
progressively sublimes without transforming into any of the
known α-, β-, γ-, or ω-F5 phases. The Kiessig fringes persist
until sublimation; their position and separation are slightly
different than those below 110 °C, witnessing a slight shrinking
of the film thickness by ca. 1 nm, which we attribute to residual
solvent desorption (see Figure 4b). In the 110−230 °C range,
a linear expansion of the film, normal to the substrate surface,
is observed, with a thermal strain coefficient κ100 of 72 × 10−6

K−1, 3.5 times larger than κa in α-F5 (see Figure 4c). This

Table 2. Crystal Data for the Thin-Film and the Other Known Polymorphic Forms of F530a

species system space group a, Å b, Å c, Å α, ° β, ° γ, ° V, Å3 Ζ ρ, g cm−3

TF-F5 monoclinic P2/c 17.50 4.56 14.24 90 84.8 90 1132 2 1.841
α-F5 monoclinic P21/n 17.35 5.30 12.12 90 87.6 90 1112 2 1.876
γ-F5 (310 °C) monoclinic P21/n 30.49 7.72 4.99 90 89.2 90 1175 2 1.775
ω-F5 monoclinic P21/n 21.50 10.58 4.96 90 86.6 90 1127 2 1.851

aValues in italics refer to the stacking vector length within each column of π−π stacked NDI molecular cores.

Figure 3. Crystal packing of α-F5 (a) and TF-F5 (b), view down
[010], with equioriented cell axes. In both cases, the π−π stacking
(dictated by the short b axis, see Table 2) runs normal to the images.
While interdigitated F5 molecules are present in α-F5, 2D slabs,
stacked along a*, can be easily envisaged in the structure of the thin
films. In panels (c) and (d), the directions of the π−π stacking are
highlighted. Hydrogen atoms have been omitted for clarity.
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observation is in line with a larger inertness of the latter in the
presence of interdigitated moieties and likely with its lower
(more negative) formation enthalpy, as also suggested by the
slightly higher (by 1.7%) density value (see Table 2).
3.6. The Crystal Phase Composition of the Sublimed

Films. The GIWAXS experiments, performed at RT on a
sublimed film, suggested the formation of a polycrystalline
mixture, made by separate crystals of the previously discussed
TF-F5 thin film phase and of another crystal phase, soon
recognized to be γ-F5 (with cell parameters slightly
contracted−as expected−from those measured at 310 °C30).
The GIWAXS image and the full indexing are shown in Figure
S7b. Images collected at different grazing incidence angles (αi
from 0.05 to 0.20°) showed no variations, thus witnessing the
substantial compositional homogeneity normal to the film
substrate. Figure S13 shows, side by side, the packing diagram
of these phases, which clearly demonstrates the formation of
two distinct crystalline environments and symmetry but the
occurrence of similar stacking (along a*) of ordered slabs less
than 2 nm thick. Simplifying, in TF-F5 the slabs stack by a
simple translation (the a axis) in an ···AAAA··· sequence, while
in γ-F5 the presence of a 2-fold screw axis parallel to b
generates antiparallel slabs, stacked along a* in an ···ABAB···
fashion. Both of these structures are clearly distinct from the
starting α-F5 material, characterized by interdigitated mole-
cules (as per Figure 3a). Therefore, we can safely conclude that
both spin-coating and sublimation methods on SiO2/Si
substrates provide highly oriented h00 films, but due to the
polyphasic nature of the latter, their further characterization
was abandoned.
3.7. Charge Transport Properties. Since in our measure-

ments, we employed the staggered (BGTC) configuration,
contact effects are strongly reduced, allowing the transport
properties of the organic semiconductor to be properly
inferred from the electrical characteristics of organic
devices.70,71 The whole fabrication process, carried out in a
cleanroom environment at low temperature (<150 °C), is
compatible with large area flexible organic electronics55,72 and
allows a fast, simple, and clean process.73 Typical up−down

transfer characteristics of the OTFT device prepared by
solution processing of F5 (see Experimental Section) are
shown in Figure 5 in both linear and log scales for two (linear
and saturated) transistor regimes (VDS = 1 and VDS = 40 V,
respectively). Considering the maximum of the transconduc-
tance relative to the off-to-on curve for VDS = 1 V

74 of Figure
5b, the calculated field-effect mobility is μFE = 0.02 cm2 V−1 s−1
(slightly better than Katz’s fluoroalkyl-substituted NDIs
measured in air75). In TF-F5 films, the on−off ratio is about
104 and the threshold voltage VTH and the subthreshold slope
SS are −10.1 V and 1.1 V/dec, respectively. Note that the
carrier mobility value of TF-F5, far from being exceptional, falls
above the normal range found for axially substituted NDI
derivatives (10−4 cm2 V−1 s−1, see the compilation present in
ref 76), whereas higher mobility values (up to 2 cm2 V−1 s−1)
were obtained in bay-fused aromatic moieties (see, e.g.,
compound 95 presented in ref 64). For a solution-processed
film of this type and in the absence of specific precautions, this
is considered appreciable75 and points to higher values for
proper process optimization, e.g., after insertion of self-
assembled monolayers in the BGTC architecture.77

The high quality of the morphological and structural
properties of F5 thin films and their nonnegligible electrical
performances are expected to be useful for several applications
in the microelectronics and sensing fields, where readable
conductivity values are requested. The current flowing in F5
films in a transistor structure at a predetermined voltage has
been measured, leading to a conductivity value of 7.2 × 10−4

S/m, not too far from that of undoped silicon (4.1 × 10−4 S/
m78).
To further test the stability of the synthesized material and

of the fabricated devices, we also analyzed the electrical
transfer characteristics of an OTFT in different environments.
Details of the experiments and of the relevant results are
reported in the ESI (Figure S14 and Supplementary Text
ST3). Suffice here to say that the electrical characteristics
remain stable after several months of storing the devices in a
vacuum, while, when the measurements are carried out in air,
an increase in the hysteresis between the up and down curves

Figure 4. In panel (a), the evolution of the low-angle scattering trace upon increasing the temperature of a 26-nm-thick TF-F5 (intensities are
plotted in log scale). Below 2θ = 5°, periodic Kiessig fringes are present at all temperatures, while the two strong Bragg peaks (falling near 5° and
10° 2θ) only appear at 110 °C and above. In (b) and (c), the corresponding changes of the film thickness and the d100 value, respectively.
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(Figure S14a) appears, causing a decrease in the field-effect
mobility (Figure S14c). Such hysteresis is related to the
absorption of water in the semiconductor layer and/or at the
interface with the dielectric and it is not an indication of
degradation of semiconductor properties.79 Indeed, if the
sample is put back in a vacuum after short air exposure, the
characteristic recovers the initial values. The evolution in time
(for a total of ca. 150 h of film exposure to environmental
conditions) was also studied and a progressive (asymptotic)
deterioration of the film performances was observed, with an
increase of hysteresis and a reduction of the field-effect
mobility (Figure S14c). However, the OTFT characteristics
rapidly restore their initial values by annealing the device at
100 °C (Figure S14d). This instability can be efficiently
prevented by the use of an appropriate encapsulation layer,80

often essential for protecting organic semiconductor devices,
like the OTFTs.79,81

We also performed a parallel study on the F3 and F7 films,
but the drain current was not modulated by the voltage applied
to the gate electrode, and no measurable current was detected
in the whole measurement range (VGS = −20 to +40 V, VDS =
40 V). We attribute this failure to the unsuitable film
morphology and lack of highly textured samples of F3 and
F7 crystal phases. In search of a qualitative explanation of this
finding, we note the presence of the p-CF3 residue, which has
markedly different Hammett’s σ and molar refractivity values
than a single fluorine atom in F5,82 together with its possible
rotor dynamics. Apparently, this is detrimental to the
formation of stacked layers separated by face-to-face −CF3···
F3C− intermolecular contacts.

Figure 5. (a) 3D device schematics. The test structure is in BGTC configuration. (b) Transfer characteristics ID vs VGS of the F5-based OTFT in
log (solid lines, left scale) and linear (dashed lines, right scale) representations, for VDS = 1 V (blue lines) and for VDS = 40 V (red lines). The blue
dashed line represents ID × 100, for better plot visualization; (c) Output characteristics of the OTFT device, measured at different VGS voltages.
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Summarizing, after having studied a number of cases,28−30

we can draw some interesting conclusions: (i) disubstituted
NDI systems bearing flexible alkyl residues are soluble and
filmable but, due to their high conformational freedom, show
many polymorphic phases in a relatively low-temperature
regime and, therefore, are of little use. (ii) Rigid residues of the
aromatic type reduce material solubility and prevent thin film
deposition by solution processing (either drop casting or spin
coating). (iii) Polyfluorinated aryls show greatly enhanced
solubility and may, or may not, align properly as a lamellar
structure on the surface of flat substrates. The further
observation that, in both electrically silent F3 and F7 phases,
protruding p-CF3 residues disfavor the formation of a
semiconducting phase, is an appealing hypothesis, which,
however, appears to be dismissed by Katz’s (air-stable)
trifluoromethylbenzyl NDI derivative, crystallizing in a
herringbone structure and showing a charge mobility μ = 0.43
cm2 V−1 s−1.32

4. CONCLUSIONS
N-substituted NDI organic semiconductors bearing polyfluori-
nated aromatic residues have been prepared in the form of thin
films. Solubility properties, chemical stability in environmental
conditions, and even harsh treatments with strong oxidizing
and reducing agents proved their suitability as stable materials
for solution-based film deposition processes. One of these
species, the pentafluorinated hydrazidimide (F5), was
reproducibly prepared as thin (<60 nm), flat, and homoge-
neous films with highly controllable thickness depending on
the concentration of the starting solution. By synchrotron X-
ray GIWAXS analysis, it was found to crystallize in a newly
detected polymorphic crystal phase. This form systematically
offers a rigorous alignment on silicon or glass substrates, with a
molecular orientation and packing favorable to charge
mobility, measured by electric transport features in OTFT
devices. This orientation is also maintained when deposited by
conventional solution-based spin-coating methods on a 50-nm
PMMA film, opening the way to its use in flexible electronics.
These films are environmentally stable for at least for 18
months and thermally stable up to 250 °C, as long as their
composition and structure are concerned, but suffer a fast
deterioration of their electrical performances in the presence of
moisture. Vacuum pumping or thermal treatments can
reversibly restore the initial performance levels. Worthy of
note, the n-type semiconductor properties of F5 were
determined on films deposited f rom solution in air (that is, in
the easiest and cheapest conditions available). Though it is
well-known that the introduction of interface layers can lead to
a change in the morphology and structure of the overlying
organic films,83 in this work no special precautions have been
taken to assemble devices with a specific structure of self-
assembled monolayers or of additional passivation layers. If
ever done, an additional rigorous study would then need to
replicate all experiments (GIWAXS, XRR, and AFM) in the
new systems.
Work can be anticipated in the direction of optimizing the

solution processability of the F3 and F7 derivatives and
extending this synthetic strategy to PDI-based polyfluorinated
species. Indeed, as further lowering of their LUMO levels and
narrowing their band gaps are in these cases expected,
additional functional properties may arise, such as increased
charge mobility and bright electro- or photoinduced
luminescence.
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