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ABSTRACT: A scalable synthesis of swallow-tailed quater-
rylene diimides (STQDIs) and a method for the solution
processing of sparingly soluble quaterrylene diimide (QDI)
thin films are described. The pressure-assisted thermal cleavage
of swallow tails yields crgrstalline QDI layers with electron
mobility up to 0.088 cm” V™ ' s~ . The developed method
opens up a new route toward the solution processing of

higher rylene diimides with poor solubility.

ylene diimides have received much attention in dye che-
I{mistry,1 supramolecular assemblies,” and optoelectronic
applications® due to their chemical and photochemical stability
as well as property tunability. Compared to naphthalene dii-
mides (NDIs)* and perylene diimides (PDIs),®” whose absorp-
tion wavelengths are limited in the visible region, quaterrylene
diimides (QDIs) have near-infrared (NIR) absorbing character-
istics with a high extinction coefficient (~10° M ' em™).®?
Expansion of conjugation along the long molecular axis from
NDI to QDI raises the highest occupied molecular orbital
(HOMO) level significantly, while the lowest unoccupied mo-
lecular orbital (LUMO) level is not affected substantially.10
Using Marcus theory, Feng et al. found that, although the maxima
of the overlap integral may decrease with the increase of the
polyaromatic hydrocarbon core size, the overall hopping rate
increases owing to the simultaneous decrease of the reorganiza-
tion energy.11
The above features make QDIs suitable for a wide range of
applications such as solar cells, NIR photodetectors, heat block-
ers, laser welding or marking of polymers, noninvasive imaging
probes, IR photography, electrogenerated chemiluminescence
labels, and single-molecule field-effect transistors.'? Neverthe-
less, they have been far less employed for device applications
because of the very high sublimation temperature and extremely
low solubility. The substitution of branched alkyl chains at the
imide position has been demonstrated not only to increase
solubility but also to lower the temperature of the liquid crystal-
line phase for enabling facile processing.‘*’13 However, these
nonconjugated substituents reduce the density of chromophores
and disturb the s-stacking, resulting in a low charge carrier
mobility. Therefore, it is desirable to remove these substituents in
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a postprocessing step. One promising approach to this end is the
thermal cleavage of solubilizing groups, which was used in photo-
resists,'* soluble small-molecule derivatives of pentacene,15
oligothiophene,'® and porphyrin'” as well as in polymers such as
polyacetylene,'® polythiophene,'® polyphenylenevinylene,** and
benzothiadiazole/pyrrole-based polymers.** Recently, thermally
cleavable groups have been used for PDIs.”> However, the
removal of bulky pendant groups often causes void spaces and
high surface roughness in the annealed film, and careful control
of process conditions is required to optimize the performance.”®
Furthermore, although the electrical performance of several
swallow-tailed rylene diimides was reported,”*** to our knowl-
edge, there is no report on the successful fabrication of devices
from sparingly soluble QDI derivatives with no substituent or a
low degree of alkyl or aryl substitution, which are more desirable
for high-performance applications.

Herein, we describe a scalable synthesis of soluble QDI deriva-
tives and a solution-based approach to the fabrication of high-
performance n-channel organic thin-film transistors (OTFTs) based
on crystalline QDI thin films. Two swallow-tailed QDIs (namely,
STQDIs: see Scheme 1) were synthesized and solution pro-
cessed to form thin films by solution shearing®® or spin coating,
In the solution shearing, a small volume of an organic semicon-
ductor solution is sandwiched between two preheated silicon
wafers that move relative to each other at a controlled speed
(Figure 1a). This method yields crystalline and ali§ned thin films
from various soluble organic semiconductors.”® It has been
reported that 4 exhibits phase transition from plastic crystalline
phase (Col,) to columnar hexagonal ordered liquid crystalline
phase (Coly,) at 188 °C (Table S1 and Figure S1 [Supporting
Information {SI}]).* However, thermal cleavage of the swallow
tails was not reported. We found that the thermal cleavage of the
swallow tails of the STQDIs takes place at a relatively lower
temperature ranging from 350 to 400 °C. A very clean conversion
to an ordered crystalline QDI layer was found. n-Channel
OTEFTs were produced by the approach of cleaving off solubliz-
ing R groups. The crystallinity of the resulting thin films could be
further enhanced by pressure-assisted thermal cleavage, that is,
a modified annealing technique with a flat substrate pressed
on the film during the thermal cleavage (Figure 1b). This
method also prevents film dewetting commonly observed for a
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Scheme 1. Synthesis of STQDIs
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Figure 1. Schematic diagrams for (a) solution shearing and (b)
pressure-assisted thermal cleavage.

high-temperature annealing®* and improves the uniformity of the
device performance. It was reported that drop-cast 4 thin films
exhibit ambipolarity with the balanced hole and electron mobi-
lities of about 1 x 107 ° cm® V™' 57 ' After the thermal
annealing at 100 °C, the hole conduction disappeared, and the
electron mobility decreased by an order of magnitude due to the
increased trapping by the morphological change.”>*”*® In this
study, we significantly improved the electron mobility of QDI-
based TFTs up to 0.088 cm® V' s~ ', through the pressure-
assisted thermal cleavage of the solution-processed STQDI thin
films. Our approach demonstrates a new route toward the
solution processing of QDIs and can be expanded to the
fabrication of other sparingly soluble rylene diimide thin films.
The synthesis of 5 has not been reported previously. The
synthesis of 4 analogue (R = CH(C4H,3),) was reported by
Langhals et al. in one step with a yield of 4% using a KOH melt at
300 °C.” Miillen et al. synthesized 4 in four steps with an overall
yield of 46% from perylene-3,4-dicarboxylic monoimide 2 (PMI).*
The base-induced dimerization of PMIs to QDIs using potas-
sium-tert-butoxide (KOtBu) was described earlier,”® but only for
aryl-substituted compounds which are more stable toward base-
induced saponification compared to swallow-tailed R groups.
A one-step base-induced dimerization of PMIs to QDIs using
sodium-tert-butoxide (NaOtBu) was proposed;”” however, no
demonstration has been reported. Here we synthesized 4 with a
yield of 30% via a modified “green route”*”*° in mild basic
conditions using 8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and
ethanolamine. We replaced 1,5-diazabicyclo[4.3.0]non-5-ene
(DBN) used in ref 30 with the more readily available DBU.
Starting from perylene-3,4-dicarboxylic monoanhydride (1),
the imidization was carried out using a standard procedure in
quinoline with zinc acetate as the catalyst (Scheme 1). Yields of
66% and 34% were obtained for the less branched and more
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Figure 2. (a) Thermogravimetric analysis of STQDIs. The thermal
cleavage of 5 (red dashed line) takes place at a temperature lower than
that of 4 (black solid line) by about 40 °C. The second weight loss above
650 °C is due to the decomposition of QDI 6. (b) MALDI-TOF MS
spectra of 4 (black solid line) and § (red dashed line) after annealing at
400 and 370 °C for 1 h, respectively. (c) The thermal cleavage
mechanism of STQDIs.

branched amines, respectively. Sterical reasons could account for
the difference in yield. The base-induced dimerization of PMIs
using KOtBu, DBU, and ethanolamine yielded 30% and 23% of 4
and §, respectively. Our synthetic approach describes the first
synthesis applicable to the industrial-scale production of these
materials.

The thermal cleavage of the swallow tails of 4 and 5 took place
at 394 and 353 °C, respectively, as shown in Figure 2a. The mass
loss was approximately 40%, which corresponds well to the loss
of the two alkyl chains. Mass spectrometry (MS) analyses on the
residues after the thermogravimetry analysis (TGA) of 4 and §
showed strong peaks respectively at 638.1 and 639.0 g-mol ™'
(Figure 2b), which agrees well with the molecular weight (638.6
g mol ") of 6. Whereas Wiirthner et al. described the cleavage
of branched groups from rylene diimides by using strong Lewis
acid BBr; in a nonquantitative yield,31 we found that the thermal
cleavage of STQDISs surprisingly leads to a very clean conversion
to materials with semiconductor-grade purity without the use of
chemical reagents in a short reaction time (<1 h). In order to
lower the cleaving temperature of 4, 4,6-dipropylnon-5-yl-amine
that provides highly substituted and more stable olefin upon
thermal cleavage was used for § (Figure 2c).

UV—vis spectra of pristine 6 and annealed 4 at 420 °C
exhibited similar absorptions in sulfuric acid with the identical
Amax Of 872 nm and the very high extinctions in the NIR region
(see Figure S2 [SI]), indicating that there is no visible degrada-
tion due to the thermal annealing. Spin-coated thin films of 4 and
5 showed a long absorption wavelength up to ~1000 nm with
Amax of 688 and 707 nm, respectively (Figure S3 [SI]). After
thermal cleavage, the absorption edge exhibited a bathochromic
shift of 150 nm, indicating a very small band gap of ~1.1 eV. The
broader absorption range of the annealed STQDI films indicates
that the thermal cleavage not only removes the alkyl chains but
also enhances 77— stacking of the molecules, i.e. the aggregation
of 6 chromophores. Ultraviolet photoelectron spectroscopy
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Table 1. Electronic and OTFT Characteristics of Solution-
Sheared STQDI Thin Films

Amax Eg /4 Ion/ Ioff Vt
cmpd  annealing®  [nm] [eV] [em®V 's '] [v]
4 before 684 13 29%x10°°  23x10° —19
5 before 705 1.3 11x107*  88x10° 5
4 after 597 1.1 0.088 25%10° —18
5 after 609 1.1 0.061 49x 10 —05

“The annealings of 4 and § were performed at 400 and 370 °C for 1 h
under the pressure of 10 and 20 kPa, respectively.

(UPS) revealed the HOMO levels of —5.4 to —5.6 eV for the
annealed films. This means the LUMO levels of the annealed
films correspond to —4.3 to —4.5 eV, which are located in the
empirical LUMO range for air-stable n-channel operation.®

To investigate the effects of thermal cleavage on the charge
transport, top-contact OTFTs were fabricated with a SiO,
(300 nm)/n-doped Si wafer with the surface modification layer
of phenyltrichlorosilane (PTS). The as-prepared OTFTs before
annealing showed electron mobility (#) ranging from 10~* to
107° em® V' 57!, whereas after the thermal cleavage the?r
yielded 2—3 orders of magnitude higher ¢t up to 0.088 cm®* V™ 's™ .
This indicates that the thermal cleavage of the branched chains
indeed facilitates the molecular packing and thus improves
charge transport. The optimized annealing temperatures of 4
and § were 400 and 370 °C, respectively. The solution-sheared
thin films typically yielded 1 order of magnitude higher x com-
pared to that by spin-coated thin films under pressure, due to
their aligned and crystalline nature. The optimized performance
of solution-sheared OTFTs and the annealing conditions are
listed in Table 1 (for the performance details, see Table S2 and
Figure S4 [SI]). The STQDI TFT's were not as air-stable as other
rylene diimides with similarly low-lying LUMOs.° In addition,
the solution-sheared OTFT's showed relatively higher air stability
with the same order of magnitude mobility after exposure to air
for a week, while the spin-coated devices degraded more rapidly
with about 1 order of magnitude decrease (Figure SS [SI]). The
solution-sheared thin films benefit from the kinetic factors due to
the larger crystalline grains. This is consistent with our recent
finding that the film thickness and morphology also impact the
air stability in addition to the LUMO level of the molecule.**

The out-of-plane X-ray diffraction (XRD) measurements of §
thin films annealed at 370 °C exhibited a sharp primary peak at
20 = 3.54° (Figure S6 [SI]). This corresponds to a d(001)-
spacing of 24.94 A, close to the geometry-optimized molecular
length of 6 (23.7 A).?® This result indicates that the molecules
adopt an edge-on orientation in the thin films and have favorable
molecular orientations for charge transport between source-to-
drain electrodes. The morphology of as-annealed thin films
showed some portions of a void area and a high roughness
(Figures S7 and S8 [SI]), thereby giving rise to some device-to-
device variations. However, the pressure-assisted thermal clea-
vage substantially improved the performance and uniformity
(Figure S9 [SI]). Upon annealing under a pressure of 20 kPa, the
average mobilities of solution-sheared and spin-coated films of 5
were enhanced by 4—8 times compared to those prepared
without pressure. The roughness of 5 thin films decreased
significantly from 12.8 nm, down to 6.7 nm for 10 kPa and
5.7 nm for 20 kPa (Figure S10 [SI]). The applied pressure

suppressed the 3D growth of the grains and forced the grains to
coalesce, leading to less empty space and enhanced mobility.

Intriguingly, we found that the surface treatment of the cover
wafer for pressing plays an important role in the performance of
the resulting devices. A PTS-treated cover wafer exhibited higher
U, compared to the bare or n-octadecyltrimethoxysilane (OTS)-
treated one (Figure S11 [SI]). This is presumably related to the
difference in the wetting properties of the molecules on the
surface, which affects molecular reorganization during the an-
nealing (Figure S12 [SI]).

In summary, we developed a scalable synthesis of soluble
QDIs and demonstrated a solution fabrication of crystalline,
NIR-absorbing QDI thin films. The swallow tails were used as the
solubilizing agent for the insoluble QDI moiety and could be
subsequently removed by thermal treatment at temperatures
ranging from 350 to 400 °C, sufficiently low to provide QDI 6
without degradation. The pressure-assisted thermal cleavage
significantly reduced the surface roughness and void space of
the resulting films, leading to ¢ up to 0.088 cm” V' s~ '. The
developed method opens up a new route toward the solution-
based fabrication of the crystalline thin films of sparingly soluble
higher rylene diimides.
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