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Thionation Enhances the Electron Mobility of Perylene
Diimide for High Performance n-Channel Organic Field

Effect Transistors

Andrew |. Tilley, Chang Guo, Mark B. Miltenburg, Tyler B. Schon, Han Yan, Yuning Li,*

and Dwight S. Seferos*

Perylene diimides (PDIs) are one of the most widely studied n-type mate-
rials, showing great promise as electron acceptors in organic photovoltaic
devices and as electron transport materials in n-channel organic field effect
transistors. Amongst the well-established chemical modification strategies
for increasing the electron mobility of PDI, substitution of the imide oxygen
atoms with sulfur, known as thionation, has remained largely unexplored. In
this work, it is demonstrated that thionation is a highly effective means of
enhancing the electron mobility of a bis-N-alkylated PDI derivative. Succes-
sive oxygen—sulfur substitution increases the electron mobility such that the
fully thionated derivative (S4) has an average mobility of 0.16 cm?2 V' s7".
This is two orders of magnitude larger than the nonthionated parent com-
pound (P), and is achieved by solution deposition and without thermal or
solvent vapor annealing. A combination of atomic force microscopy and 2D
wide angle X-ray scattering experiments, together with theoretical modeling
of charge transport efficiency, is used to explain the strong positive correla-
tion observed between electron mobility and degree of thionation. This work
establishes thionation as a highly effective means of enhancing the electron
mobility of PDI, and provides motivation for the development of thionated

devices. For organic photovoltaic devices
(OPVs) and complementary logic circuits,
high mobility hole and electron trans-
porting materials (so-called p- and n-type
materials) are required to achieve per-
formance comparable to the benchmark
inorganic technologies. While excellent
progress has been made in the develop-
ment of high mobility p-type materials,!!
their n-type counterparts have lagged
behind primarily due to their inherent
atmospheric sensitivity and the smaller
subset of molecular scaffolds available for
their synthesis.l?!

Perylene diimide (PDI) derivatives are
amongst the most widely studied n-type
materials as they can be readily function-
alized, have tunable electronic properties,
possess high molar absorption coefficients
in the visible region of the electromag-
netic spectrum, are thermally stable, and
can form ordered nanostructures con-

PDI derivatives for organic electronics applications.

1. Introduction

Solution processed organic field effect transistors (OFETs) are
necessary to realize low cost, flexible and large scale electronic

Dr. A. ). Tilley, M. B. Miltenburg, T. B. Schon,
Dr. H. Yan, Prof. D. S. Seferos

Lash Miller Chemical Laboratories
Department of Chemistry

University of Toronto

80 St. George Street, Toronto,

Ontario M5S 3H6, Canada

E-mail: dseferos@chem.utoronto.ca

C. Guo, Prof. Y. Li

Department of Chemical Engineering

and Waterloo Institute for Nanotechnology (WIN)
University of Waterloo

200 University Ave West

Waterloo, Ontario N2L 3G1, Canada

E-mail: yuning.li@waterloo.ca

DOI: 10.1002/adfm.201500837

Adv. Funct. Mater. 2015, 25, 3321-3329

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ducive to charge transport.’] The ability

to functionalize the perylene core (at the

so-called bay and headland positions) and

the imide nitrogens with a variety of sub-
stituents has led to a vast number of polymeric and small mol-
ecule architectures, including alternating copolymers,l terpoly-
mers,! fused ring systems,®) molecular dimers and trimers,!’!
and organometallic complexes.®! Such elaborate architectures
are being applied in a variety of applications, including as alter-
natives to fullerene derivatives in OPVs,[”] as triplet acceptors
for singlet fission,!'% as singlet fission materials,'l and as elec-
tron transport materials in organic light-emitting diodes!'?l and
OFETs.[13-1]

For n-channel OFETs it is necessary for the organic semi-
conductor to possess a high electron affinity [low lowest unoc-
cupied molecular orbital (LUMO) energy] to facilitate electron
injection and transport, and for it to form ordered crystalline
domains that facilitate efficient charge transport to the elec-
trodes. This is particularly important in OFETSs since the precise
solid state packing arrangement and molecular orientation with
respect to the dielectric surface can have a profound influence
on both short and long range charge transport efficiency.l'! PDI
derivatives are thus attractive candidates for n-channel OFETs
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since the bay and headland positions can be functionalized with
a variety of electron withdrawing groups (such as CN,[17I F,[18]
CLIM! and perfluoroalkyl?Y)) to lower the LUMO energy, while
substituents at the imide nitrogen positions can be used to opti-
mize solid state packing and also to lower the LUMO energy
(particularly in the case of fluorinated substituents).?!l This syn-
thetic versatility has seen electron mobilities of 3.5 cm? V! s7!
reached in a vapor deposited film of an N,N"tridecyl PDI deriva-
tive following thermal annealing,?? with linear N-alkyl side-
chains typically producing the best OFET performance.?’]

A number of PDI small molecule derivatives have been tested
for n-channel OFETs, and the reader is referred to the following
comprehensive reviews.[11524 Two critical points emerge from
these exhaustive surveys: the first is that the design of new PDI
small molecule derivatives has primarily focused on functional-
izing the perylene core and/or imide nitrogens. New synthetic
protocols for functionalizing PDI that modify the optoelec-
tronic and materials properties would allow for the develop-
ment of yet more diverse architectures. The second key point is
that the highest mobility devices have generally been achieved
by thermal deposition of the semiconducting layer followed by
post-deposition treatment (such as thermal or solvent vapor
annealing), to create a favorable film morphology for charge
transport. This potentially hinders commercial applicability
since thermal processing techniques are energy intensive and
thus not advantageous for large scale production of OFETs.

Recently, we showed that the optoelectronic properties and solid
state molecular packing of a bis-N-alkylated PDI derivative could
be altered by thionation of the imide carboxyl groups.?”! Through
successive oxygen—sulfur atomic substitution we observed a
sequential increase in electron affinity, and solid-state optical prop-
erties indicative of strong 7—r interactions (H-aggregate forma-
tion) in as-cast films of these materials. Motivated by these results,
we herein report the performance of solution processed OFETs
based on a family of thionated PDIs. We find that high electron
mobilities can be obtained without the need for thermal or solvent
vapor annealing, which is in contrast to the majority of high per-
formance OFETS that utilize a PDI-based semiconductor. A com-
bination of atomic force microscopy (AFM), 2D wide angle X-ray
scattering (2D-WAXS) experiments and theoretical calculations
are used to investigate molecular packing and charge transport in
these systems. We find that the average electron mobility increases
with the degree of thionation such that S4 has the highest average
mobility of the materials studied (0.16 cm? V! s71). This is attrib-
uted to a sequential increase in electron affinity and intermolec-
ular electron transfer efficiency with degree of thionation, together
with solid-state properties conducive for efficient long-range
charge transport in films of the thionated derivatives. Our results
show that any degree of thionation improves the electron mobility
of PDI, opening the door for the development of new thionated
PDI derivatives for organic electronics applications.

2. Results and Discussion

2.1. Transistor Performance

The PDIs investigated in this work are shown in Figure 1
and Figure S1, Supporting Information. The synthesis and
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photophysical properties of these compounds have been
reported in a previous study.?! To evaluate the charge trans-
port properties of the PDIs, bottom gate, bottom contact
OFETs were fabricated on n** Si/SiO, substrates with pat-
terned gold source and drain electrodes. The Si/SiO, surface
was pretreated with trichlorododecylsilane (TDS), which forms
a surface monolayer that is reported to reduce charge trap-
ping at the SiO,/semiconductor interface,?®! and can orient
the molecules in a favorable edge-on configuration for charge
transport. PDI thin films were spin coated from 10 mg mL™!
chloroform solutions at a spin speed of 6000 rpm for P and
3000 rpm for the thionated derivatives for 60 s. Complete
removal of the solvent was achieved by warming the devices
for 10 min at 30 °C immediately following spin coating. All
devices were fabricated and tested in a nitrogen-filled glove
box at ambient temperature.

Output and transfer curves for the champion devices show
that each derivative displays n-type characteristics (Figure 1
and Figure S1, Supporting Information). Electron mobili-
ties (o) were calculated in the saturation regime at a drain—
source voltage (Vps) of 100 V, and were found to correlate
well with increasing electron affinity such that S4 displays the
highest average electron mobility of the materials studied (.
=0.16 cm? V' s7! I, 0 = =3 X 10°) (Table 1) (Figure 2). In
comparison, the parent compound (P) has an average electron
mobility of 6.9 x 10™* cm? V™! s7! and on/off ratio of =10°.
The superior OFET performance of S4 is also reflected in its
threshold voltage (Vy, = 12 V), which is lower than that of P
(Vin = 32 V), and is possibly due to a lower density of trap
sites in devices incorporating this material. We also note that
trans-S2 and S3 have identical (within error) average mobili-
ties of 1.1 x 1072 cm? V! s71, with on/off ratios of =2 x 103 and
=2 X 10*, respectively.

In an attempt to improve the mobility of S4, we thermally
annealed the as-cast devices. This post-deposition treatment is a
widely used method for promoting formation of ordered crystal-
line domains which are generally unable to form following the
spin coating procedure. After annealing under an inert atmos-
phere for 20 min at 50 °C, we observed a 25-fold decrease in
mobility (pe = 6.4 X 107 cm? V! s71) (see Figure S3, Supporting
Information, for output and transfer characteristics). This was
somewhat surprising given the thermal decomposition tem-
perature of S4 under a nitrogen atmosphere is 175 °C (95%), as
measured by thermal gravimetric analysis (Figure S4, Supporting
Information). Subsequent AFM analysis revealed that this loss of
mobility is likely due to a higher proportion of well-defined grain
boundaries that appear following thermal annealing, as discussed
in Section 2.2. To avoid thermal treatment we subjected the as-
cast film to solvent vapor annealing using CHCl;, which has been
shown to improve the crystallinity and electron mobility of the
semiconducting layer in PDI based OFETs;"?”! however, this led
to discolouration of the semiconducting layer and gold electrodes
and a subsequent decrease in mobility (4. =8.7x 103 cm? V1 s7}).
While we were unable to improve the electron mobility by post-
deposition treatment, the fact that the best performance was
achieved using as-cast films of S4 differentiates this material
from the vast majority of PDI small molecule derivatives reported
to date, which almost always require thermal deposition followed
by post-deposition treatment to maximize electron mobility.

Adv. Funct. Mater. 2015, 25, 3321-3329
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Figure 1. a,c) Output and b,d) transfer characteristics for the champion OFETs fabricated from P and S4 on TDS-treated SiO, substrates. Chemical
structures, output, and transfer characteristics of S1, trans-S2, and S3 can be found in Figure S1, Supporting Information. The small shift of the onset
current in the output curves likely results from leakage current between the drain and gate electrodes (see Figure S2, Supporting Information). R

denotes the 3-hexylundecyl side-chain.
2.2. Solid-State Characterization

To begin our investigation of solid-state order in the films,
we performed 2D wide angle X-ray scattering (2D-WAXS)

Table 1. Electron mobilities (u.), threshold voltages (Vy,), and on/off
ratios (lonjoff) for bottom contact OFET devices based on P-S4. The
average mobility represents the average across five devices. Electron
affinities were determined previously by cyclic voltammetry,?’l and are
equal to the LUMO energy.

Compound 4, (avg.) He (max.) Lon/off Vi, Electron affinity
[cm?V71sT] [em?2VTsT I\l [eV]

P 6.9x 107 8.4x107* =10° 32 -3.67

s1 3.9%1073 5.0x1073 ~4x10° 43 -3.80

trans-S2 1.1x1072 2.6x1072 =2x10° 40 -3.84

S3 1.1x1072 1.1x1072 ~10* 8 -3.99

S4 0.16 0.19 =3 %10} 12 —4.12
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experiments. The 2D detector employed collects a radial dis-
tribution of diffracted X-rays, allowing the molecular packing
orientation and direction to be elucidated. For full experimental
details refer to the Experimental Section. The 2D-WAXS experi-
ments were conducted on films deposited on TDS-treated Si/
SiO, substrates under identical solution deposition conditions
as those used for the OFETs. The 1D X-ray diffraction pat-
terns of films of each derivative (along the g, direction) show
an intense Bragg reflection at 26 = 3.57° (P), 3.54° (S1), 3.94°
(trans-S2), 3.60° (S3), and 3.48° (S4), corresponding to d-spac-
ings of 24.74, 28.99, 26.05, 28.44, and 25.36 A, respectively
(Figure 3 and Figure S4, Supporting Information). These reflec-
tions are indexed as (001) on the basis of their 2D diffraction
images (see lower panels in Figure 3a,b), and are assigned to
the interlayer spacing between planes of molecules oriented
with their long axis parallel to the surface normal. While a pre-
cise determination of the molecular orientation at the surface
cannot be obtained from these experiments, it is possible that
the variation in d-spacings arise from slight differences in the
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Figure 2. Electron affinity versus average electron mobility (u.) for P-S4.
The mobilities were averaged across five devices.

tilt angle of the chromophores with respect to the surface, or
through differences in their vertical displacement. We also note
the higher intensity of the main Bragg reflection in P, which
may indicate a higher degree of crystallinity in films of this
material, although differences in film thickness makes the use
of diffraction peak intensity as a means of assessing the relative
degree of crystallinity challenging (see Figure 3 caption for rel-
evant film thicknesses).

In the 2D diffraction images of the thionated derivatives
there exist two symmetry-related reflections in the gy, (in-plane)
direction (see Figure 3 and Figure S4, Supporting Information)
in addition to the main Bragg reflection in the g, direction.
In each case these reflections are of lower intensity than the
q, reflection and also have an identical d-spacing. These reflec-
tions are assigned to molecules packing face-on to the substrate
surface (as discussed later in this section). Interestingly, we
found that the intensity of the in-plane reflections increased
(with respect to the main out-of-plane reflection) when the S4
film was prepared by drop casting (see q,:gy, ratios in Figure S6,
Supporting Information). This suggests that the molecular
layers located at the top surface of the semiconductor films
are comprised of molecules adopting a face-on orientation. We
also note that the relative intensity of the in-plane reflections is
higher in the trans-S2, $3, and S4 derivatives, compared with P
and S1. The possibility that this is related to differences in film
thickness is ruled out on the basis that the spun cast film of
S4 is thinner than that of S1 (41 vs 103 nm), confirming that a
higher degree of thionation leads to a less isotropic crystallinity.
The fact that the highest mobilities are achieved in the films
containing a greater proportion of secondary crystalline phases
suggests that these likely contribute to efficient long-range
charge transport by providing multidirectional charge percola-
tion pathways between the source and drain electrodes.

AFM was used to investigate the surface morphology of
the films (Figure 4). AFM measurements were performed
in tapping mode on films prepared under identical solution
deposition conditions as the OFETs. In each of the films, a
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network-like morphology is observed. In the films of trans-S2
and S3, there appear to be a larger number of 3D island struc-
tures than in films of P and S1, consistent with a greater pro-
pensity for aggregation in the more heavily thionated deriva-
tives. This manifests as a higher surface roughness of these
films (R, =20.2 and 16.0 nm, respectively). It is also noteworthy
that the surface morphologies of P and S4 are quite similar,
with S4 appearing to have larger domains and a higher surface
roughness than P (19.7 vs 4.94 nm). This is likely due to aggre-
gation promoted by stronger intermolecular London dispersion
forces in S4, consistent with its higher calculated polarizability
volume (see Table S1, Supporting Information).

In order to explain the loss of electron mobility in S4 fol-
lowing thermal annealing (as noted earlier), we recorded AFM
images of a film of S4 pre- and post-annealing at 50 °C for
20 min in a nitrogen-filled glove box (Figure S8, Supporting
Information). While the overall network-like morphology is
maintained following thermal treatment, there appear to be dis-
continuities in the film morphology of the post-annealed film
as evidenced by the emergence of island structures separated
by well-defined grain boundaries. This morphological change
is particularly evident in the corresponding phase images
(see Figure S8, Supporting Information), and causes a slight
increase in surface roughness of the film (15.8 to 16.6 nm).
Similar island structures are observed in the as-cast films of
trans-S2 and S3, both of which have significantly lower electron
mobilities than S4. The loss of mobility of S4 following thermal
annealing is thus likely due to the increased number of well-
defined grain boundaries which act as trap sites that diminish
charge transport.

It is well accepted that the charge accumulation layer in
OFETs is located within the first few molecular layers above the
gate dielectric.?®l Thus, in order to understand how film mor-
phology varies with film thickness, we performed AFM meas-
urements on films of P and S4 which were prepared by spin
coating from 5 and 10 mg mL™ chloroform solutions. Solu-
tion deposition was used to vary the film thickness since this
is consistent with the device fabrication conditions employed,
thus allowing us to better correlate morphology to device per-
formance. In order to smoothen the films and reveal greater
morphological detail, the casting solutions were drop cast onto
the TDS-treated Si/SiO, substrate while it was rapidly spinning
(see the Experimental Section for details).?”! This resulted in
films of P with thicknesses of 27 nm (5 mg mL™) and 56 nm
(10 mg mL™), and R, (roughness) factors of 1.34 and 2.95 nm,
respectively. Attempts at preparing thinner films using more
dilute casting solution concentrations led to nonuniform
surface coverage. Given that molecules of P align with their
long axis edge-on to the substrate surface (as revealed in the
2D-WAXS experiments), a thickness of 27 nm corresponds to
~8-10 molecular layers, if no side-chain interdigitation occurs.
The large difference in thickness of the 5 and 10 mg mL™! films
of P is expected due to the solely edge-on molecular packing
adopted, which would make film thickness more sensitive to
casting solution concentration. In contrast, the thicknesses of
the S4 films cast from the 5 and 10 mg mL! solutions are only
marginally different (33 and 36 nm, respectively), suggesting
that the additional crystalline phases observed in the 2D-WAXS
experiments of the thionated derivatives could correspond to

Adv. Funct. Mater. 2015, 25, 3321-3329
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Figure 3. a,b) X-ray diffraction patterns of thin films of P and S4 on TDS-treated SiO, substrates along the g, (out-of-plane) packing direction. The
lower panels show the corresponding 2D-WAXS diffraction frame image. The film thicknesses are 59 nm (P) and 40 nm (S4). While P and S4 appear
to be crystalline, the reflections observed in the q,, (in-plane) direction in the frame image of S4 suggest the presence of additional crystalline phases

in films of this material.

layers of molecules stacking face-on to the substrate. The dif-
ferent crystalline phases present in films of S4 make it difficult
to determine the precise number of molecular layers stacked
atop the Si/SiO, substrate. Nevertheless, we are able to gain an
initial understanding as to how morphology varies with film
thickness in films of P and S4.

AFM height images of the 5 mg mL™ films show a sim-
ilar network-like morphology as for the films of P and S4 cast
from 10 mg mL~! solutions (Figure 5), although the domain
sizes appear to have become smaller. The film of S4 cast
from the 5 mg mL™! solution appears to have larger domain
sizes and more continuous grain boundaries than the film of
P prepared under the same conditions (see also Figure S10,
Supporting Information). This would be expected to aid long
range charge transport by providing more continuous charge
transport pathways across grain boundaries.’% More contin-
uous grain boundaries are also evident in the 10 mg mL™ film
of S4 (Figure S10, Supporting Information), suggesting that
this could be a general feature of thin films of this compound.
This, in addition to the additional charge percolation path-
ways in films of S4 revealed in the 2D-WAXS experiments, is
expected to contribute to the higher electron mobility of this
derivative.

Adv. Funct. Mater. 2015, 25, 3321-3329
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2.3. Modeling Charge Transport Efficiency

In order to investigate the efficiency of electron transfer in the
PDIs, we compared the electronic coupling matrix elements for
electron (V1) and hole transfer (Vi) within molecular dimers
using Koopmans' theorem (also called the symmetric dimer
splitting method).?"! In this approach, the coupling interac-
tion between the frontier highest occupied molecular orbital
(HOMO) and LUMO of the constituent chromophores within
a noncovalently bound molecular dimer splits them into a
mixture of symmetric and anti-symmetric combinations. The
electronic coupling matrix element for electrons (holes) is
then calculated as the absolute value of half the energy differ-
ence between the LUMO (HOMO) and LUMO+1 (HOMO-1)
orbitals. One drawback of Koopmans theorem is that it
neglects the reorganization energy which is implicit in the
Marcus theory description of electron transfer.32 While self-
consistent field methods which take into account the reorgani-
zation energy might be expected to yield more reliable results,
the reorganization energy is not expected to vary significantly
across the series of PDIs due to their nearly identical molecular
geometries and the expected similarities in the energies of
the nuclear vibrational modes within the reactant and product
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Figure 4. AFM height images of P-S4 taken on TDS-treated SiO, substrates. The corresponding phase images are shown in Figure S7, Supporting
Information. Film thicknesses are 59 nm (P), 103 nm (S1), 108 nm (trans-S2), 73 nm (S3), and 40 nm (S4), as determined by profilometry.

potential energy surfaces. Thus the reorganization energy can  set,?3 and by applying the basis set superposition error (BSSE)
be safely neglected in these calculations. correction of Boys and Bernardi for calculating the binding

The calculations were performed using the M06-2X hybrid  energies of the molecular dimers.*¥ The M06-2X functional
exchange-correlation functional with the 6-31++g(d,p) basis  was chosen due to the ability of the M06 family of functionals

24.1 nm 11.5 nm
0.0 nm 0.0 nm
92.4 nm 42.6 nm
0.0 nm 0.0 nm

-1 -1
10 mg mL 5 mg mL
Figure 5. AFM height images of P-S4 taken on TDS-treated SiO, substrates from 10 and 5 mg mL™' casting solutions. The corresponding phase

images are shown in Figure S9, Supporting Information. The 10 mg mL™" films are smoother than the corresponding films shown in Figure 4 due to
the different spin coating conditions used.
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Table 2. Calculated electronic coupling matrix elements (V, and Vy),
and BSSE-corrected binding energies for P-S4. A longitudinal displace-
ment of 1.5 A has been applied. Calculations were performed using the
MO06-2X functional and 6-31++g(d,p) basis set.

Compound Vi Vi Binding energy
[eV] [eV] [keal mol™]

P 0.22 0.06 20.1

S1 0.23 0.03 21.4

trans-S2 0.23 0.02 22.8

S3 0.25 0.03 243

S4 0.26 0.01 25.6

to satisfactorily account for “medium-range” (<5 A) dispersion
interactions in noncovalent complexes. Indeed, this functional
has been successively used for mapping binding energies and
electronic coupling matrix elements in a w7 stacked PDI
dimer,®>! and has proven more accurate than the dispersion-
corrected PBE-D functional of Perdew, Burke, and Wang for
applications such as calculating n—m interactions between
nucleic acid base pairs in biomacromolecules.3®!

For determination of V| and V} the optimized geometry of
each derivative was first calculated at the M06-2X/6-31++g(d,p)
level of theory under tight convergence criteria. In each case
the 3-hexylundecyl side-chains were replaced with a single
hydrogen atom to minimize computational demand. A cofa-
cially stacked molecular dimer was then constructed using
a fixed interchromophore separation of 3.5 A. This value was
chosen as it lies within the range of n—m stacking distances
typically found for noncore functionalized PDI derivatives
(3.3-3.5 A).Pl To determine the lowest energy dimer configu-
ration, the molecules were longitudinally displaced in 0.5 A
increments and the binding energies calculated at each incre-
ment. This process was repeated until a total displacement (L)
of 5.0 A had been reached. To minimize computational time,
lateral (short-axis) displacements were not considered.

For each derivative the highest binding energy is obtained
when L = 1.5 A, which thus corresponds to the optimal dimer
configuration. As the degree of thionation increases the binding
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energies at each L become progressively larger, suggesting that
noncovalent 77 interactions are enhanced by oxygen-sulfur
atomic substitution (see Figure S11 and Table S2, Supporting
Information). This is expected due to the increase in the calcu-
lated polarizability volume with degree of thionation (see Table S1,
Supporting Information), leading to stronger intermolecular
London dispersion forces, and is consistent with solution phase
'H NMR binding studies on P and $4 which showed stronger -7
interactions in S4 than in P.*! At the optimized geometry (L =
1.5 A), V; becomes progressively larger with degree of thionation
such that S4 has the highest matrix element for electron transfer
(0.26 eV) (Table 2). Indeed, V; is calculated to be higher than Vy
at every longitudinal displacement considered, except when 2.0 <
L < 3.0 A. The optimal dimer geometry also represents the con-
figuration in which Vj; is at its minimum value (for the thionated
derivatives). Vy is, in fact, an order of magnitude lower than V|
for each of S1-S4 at the optimal dimer configuration, consistent
with the n-type behavior of thionated PDIs observed in the OFETSs
(assuming the dimer structures are representative of local inter-
molecular order in the devices). It is also apparent that for each
derivative Vy; is larger than V| when L = 2.5 A, indicating that
in this dimer configuration hole transport is expected to be more
efficient. This suggests that thionated PDIs may display ambi-
polar charge mobility in certain molecular packing arrangements.
Significantly, a strong positive correlation between V| and average
electron mobility (u) is found (Figure 6b), suggesting that more
efficient intermolecular electron transport contributes to the
observed increase in electron mobility with degree of thionation.

3. Conclusion

This work has demonstrated the power of oxygen—sulfur
atomic substitution to enhance the electron mobility of a bis-
N-alkylated PDI derivative. Using a combination of solid state
characterization techniques and density functional calculations,
we showed that the positive correlation observed between elec-
tron mobility and degree of thionation can be attributed to a
combination of solid state properties and local intermolecular
interactions that are enhanced by oxygen—sulfur substitution.

S_4
W 0.14
;z 001 ] tra;sI-SIZ S_3
(6] (]
=% 0.001 4 P
0.0001

020 022 0.24 026 028
v,/ eV
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Figure 6. a) Structure of the optimized S4 dimer (L= 1.5 A), and b) a plot of the electronic coupling matrix elements for electron transfer (V,) for each

derivative versus average electron mobility (4) when L=1.5 A.
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X-ray diffractograms of the device active layers showed that
all the PDIs stack edge-on to the substrate with their long
molecular axis parallel to the surface normal. In films of the
thionated derivatives we were able to observe additional Bragg
reflections from the presence of orthogonal crystalline phases,
which likely promote multidirectional charge transport in
devices of these derivatives. Films of the more heavily thionated
derivatives (trans-S2-S4) were found to have the greatest pro-
portion of these orthogonal crystalline phases. AFM imaging
revealed a similar network-like morphology in the films of each
derivative. In the thinner films of P and S4 slight differences
in morphology were observed, including more continuous
grain boundaries in S4, which likely contributes to its higher
mobility.

Density functional calculations on molecular dimers showed
that each derivative displays n-type behavior at the optimal
dimer configuration. A strong positive correlation between elec-
tron mobility and electron transfer efficiency was observed at
the optimal dimer configuration, suggesting that more efficient
intermolecular electron transfer contributes to the increase in
electron mobility with degree of thionation.

This work has shown that thionated PDIs are highly prom-
ising n-type materials for organic electronics. Significantly, the
high electron mobility of S4 (0.16 cm? V! s71) was achieved
from solution cast films without the need for post-deposition
treatment, which represents a distinct advantage over the
majority of PDI-based OFETs reported to date. This work thus
sets the stage for the development of new thionated PDI deriva-
tives for high performance organic electronics applications.

4. Experimental Section

TDS was purchased from Sigma-Aldrich and used as received. 2D
wide angle X-ray scattering data was collected at McMaster University
(Hamilton, ON, Canada) on a Bruker D8 DISCOVER with DAVINCI.
DESIGN using a Cobalt Sealed Tube Source (4., = 1.79026 A) and a
Vantec 500 (MikroGap TM Technology) area detector. An incidence
angle of 1.0° was used. Collected 2D frames were integrated into
intensity versus 2-theta plots using DIFFRAC.EVA Version 3.0 software.
To enable comparability, samples for XRD were prepared under identical
conditions as the OFETs. AFM imaging was conducted in tapping mode
on a Veeco Dimension 3000 microscope, or on a Bruker Dimension
Icon Atomic Force Microscope. AFM was performed on the films used
for the 2D-WAXS experiments. Thinner films of P and S4 for AFM were
fabricated from 5 mg mL~" chloroform solutions, and deposited by drop
casting the solution onto the TDS-treated Si/SiO, substrate while it was
rotating at 3000 rpm.??l Spinning was continued for a further 30 s at
3000 rpm, before allowing the films to dry under ambient conditions
and in the dark for at least 1 h prior to imaging. Film thicknesses were
measured using a KLA-Tencor P16+ stylus profiler across a mechanical
scratch applied to the film.

The semiconducting performance of the PDIs was characterized by
a bottom-gate, bottom-contact OFET structure (W =1 mm; L =30 pm,
W/L = 33). A heavily n-doped Si wafer with a 300 nm thick SiO, layer
was used as the substrate, where the conductive Si layer and the SiO,
layer function as the gate and dielectric, respectively. The source/drain
electrode pairs were prepared by thermal evaporation of gold through
a shadow mask. The substrates were cleaned using an ultrasonic bath
with deionized (DI) water, rinsed with acetone and isopropanol, and
then immersed in a TDS solution (3% in toluene) for 15 min. The
semiconducting films with a thickness of =30-50 nm were deposited
on the substrate by spin coating 10 mg mL™' solutions of S1-S4 in

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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chloroform at 3000 rpm for 60 s, followed by heating at 30 °C for 20 min
to remove the solvent. P was deposited using a spin speed of 6000 rpm.
All measurements were performed in a nitrogen atmosphere in the
absence of light by an Agilent B2912A Semiconductor Analyzer. The
electron mobility (u.), threshold voltage (Vi) and current on/off ratio
(lonjoff) of each device were determined from the drain—source current
(Ips) versus gate—source voltage (Vgs) plots using the standard field
effect transistor equations.138 All calculations were performed using the
Gaussian09 software package (see the Supporting Information for full
Gaussian citation and additional computational details).
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Supporting information is available from the Wiley Online Library or
from the author.
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