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ABSTRACT: Molecular packing motifs in solid states is the
dominant factor affecting the n-channel organic field-effect
transistors (OFETs). However, few systematic researches were
performed in the different extensions of #-conjugated molecules
with the uniform substitution effecting the molecular packing
motifs. In this manuscript, OFET devices based on three latterally
expanded rylene diimides end-functionalized with uniform 3-
hexylundecyl substitution on the imide positions were system-
atically studied on the relationship of molecular stacking, film
microstructure, and charge transport. As the z-conjugated
systems expanded from doubly linked perylene diimide dimer
(d-4CldiPDI, 1), triply linked perylene diimide dimer (t-
4CIdiPDI, 2), to hybrid array (NDI-PDI-NDI, 3), their
corresponding molecular packing motifs exhibited a divide: the
optimized molecular configuration became more planar and d (001) spacing distances became larger, which resulted in a larger
m—m overlapping. Thus, an enhanced electron mobility was obtained. A typical n-channel field-effect characteristic was observed
in thin film devices based on these molecules under ambient conditions. Especially, the hybrid system (3) with more planar and
n-expanded aromatic backbone exhibited superior electron mobility approaching 0.44 cm® V™' s™! and on/off ratio of 10° after
optimal annealing in this study.
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B INTRODUCTION

Organic field-effect transistors (OFETs) are of considerable
interest for their advantages of lightweight, low-cost, and
flexible processability as a potential replacement of silicon-
based transistors or circuits.' * OFET active materials can be
divided into two classes according to the charges they transport
(i.e., p-channel (holes) and n-channel (electrons)).” However,

block decorated with various side chains. There is little
systematic research on the different extensions of 7-conjugated
aromatic skeletons with the same substituent.'”

Rylene dyes, especially naphthalene diimide (NDI) and
perylene diimide (PDI) derivatives,"®™** are being well
developed as promising n-type organic semiconductors owing
to their excellent photo- and thermal-stability, high electron
affinities, and ease of chemical modification.>"*" Lateral

compared to p-channel counte?)arts, n-channel semiconductors
have been far less developed. 7 High-performance, air-stable,
and solution-processable n-channel organic semiconductors are
a vital part for the real application of OFETs. It is well-known
that charge mobility of n-channel semiconductors in OFETs is
low because of many factors, including molecular packing,
charge injection, environmental stability, etc.*"'® Among these
factors, molecular packing motifs in solid states is the chief
factor effecting the overall device performances."'™"® Organic
semiconducting materials are generally composed of z-
conjugated cores and attached side chains; thus, two strategies
around the two parts are expected to improve the molecular
packing motifs of n-channel semiconductors. Nevertheless,
most efforts have been focused on the design of a new building
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expansion of the rylene framework with different bay-linkages
is deeply investigated in our group.'”**~** Expansion along the
lateral positions will lead to the different degrees of twisting in
the backbones due to the steric congestion between the fused
rylene units; thereby, molecular packing motifs in solid states
are significantly affected by that. Especially, doubly- or triply
linked PDI oligomers, or hybrid NDI-PDI-NDI oligomers,
showed remarkably different superstructures and n—7 stacking

space, which led to a huge divide in charge mobility.
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Figure 1. Chemical structures of laterally expanded rylene diimides in this study.

Table 1. Optical, Electrochemical, and Thermal Properties of Laterally Expanded Rylene Diimides 1—-3

compd. A (am)® & (M7 em™)* 4,0 (am)” B, (V) By (V) Ey (V) Ey (V) Egpe (V)°  Ergmo (V) B, (V) Ty (°CY
1 524 62654 530 —0.88 —1.00 —-1.12 —-1.23 —-0.78 —4.02 2.25 412
2 654 61528 668 —0.59 —0.79 —1.48 —1.61 —0.52 —4.28 1.84 375
3 614 19265 671 —0.67 —0.80 —1.09 —1.25 —0.60 —4.20 1.90 430

“Measured in dilute CHCI; solution (1.0 X 10™° M). “Measured in the films on quartz substrates (as-spun). “Half-wave potentials in CH,Cl,
solution vs Fc/Fc', performed in n-Bu,;NPF¢/CH,Cl, (0.1 M), scan rate 100 mV/s. 9LUMO estimated by the onset of reduction peaks and

calculated according to Ejyyo = —(4.8 + Egpe). “Calculated by the onset of absorption in CHCly solution according to E, = 1240/2
fDecomposition temperature determined by TGA corresponding to 5% weight loss at 10 °C min™

1 onset*
under nitrogen flow.

Furthermore, lateral expansion in rylenes will lower the LUMO
energy levels to a better electron injection and a material
insensitive to water and oxygen.31

In this work, a family of laterally expanded rylene dyes based
on different degrees of conjugated skeletons with the same 3-
hexylundecyl substituents on their imide positions was
designed, synthesized, characterized, and their corresponding
thin film transistors (TFTs) were presented (Figure 1). As the
m-conjugated molecular cores became larger, it was difficult to
achieve a high-crystalline thin film. However, illustrated by the
out-of-plane X-ray diffraction (XRD), their corresponding d
(001) spacing distance became bigger, which led to a larger
n—n overlapping and an enhanced mobility. The larger d (001)
spacing may attribute to a more planar molecular configuration
shown by the previous theoretical calculations. Correspond-
ingly, a TFT incorporating hybrid NDI-PDI-NDI (3) exhibited
excellent electron mobility of 0.44 cm? V™! s™%, an on/off ratio
of 10° when annealing at 220 °C. Larger aromatic systems are
confirmed to be a remarkable strategy to tune the molecular
packing motifs of organic semiconductors and their corre-
sponding electronic properties.

B EXPERIMENTAL SECTION

Synthetic routes illustrated in Supporting Information Scheme S1 of d-
4CIdiPDI (1)'7**3* and t-4CldiPDI (2),°%*'** which were synthe-
sized by one-step of homocoupling of 4CIPDI (4) in moderate yields
through Ullmann coupling (C—H transformation). While NDI-PDI-
NDI (3)*° was synthesized by one-step of cross-coupling reacting with
2-stannyl NDI via Stille coupling. All of the compounds are solids and
could be easily purified by silica gel column chromatography and
farther unambiguously characterized by mass spectrometry (MS) and
NMR spectroscopy. They are quite soluble in common solvents, such
as dichloromethane, chloroform, tetrahydrofuran, toluene, and
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chlorobenzene, which means that they are feasible for solution-
processed thin-film transistors.

All chemicals were purchased from commercial suppliers and used
without further purification unless otherwise specified. The solvent
DMSO from Alfa Aesar was dry and used directly, and toluene was
distilled over sodium and benzophenone. 'H NMR (400 MHz) and
3C NMR (100 MHz) spectra were recorded in deuterated solvents on
a Bruker ADVANCE 400 NMR Spectrometer. ] values are expressed
in Hz and quoted chemical shifts are in ppm downfield from
tetramethylsilane (TMS) reference using the residual protonated
solvent as an internal standard. Mass spectra (MALDI-TOF-MS) were
determined utilizing a Bruker BIFLEX III mass spectrometer.
Absorption spectra were measured with a Hitachi (model U-3010)
UV—vis spectrophotometer in a 1 cm quartz cell. Cyclic voltammo-
grams (CVs) were recorded using a Zahner IMé6e electrochemical
workstation at a scan rate of 100 mV s, using glassy carbon discs as
the working electrodes, Pt wire as the counter electrode, Ag/AgCl
electrode as the reference electrode. Tetrabutylammoniumhexafluor-
ophosphate (Bu,NPF,) (0.1 M) dissolved in CH,Cl, (HPLC grade)
was employed as the supporting electrolyte, which was calibrated by
the ferrocene/ferrocenium (Fc/Fc*) as the redox couple. CH,Cl, was
freshly distilled prior to use. Thermogravimetric analysis (TGA)
measurements were performed on a PE TGA-7 instrument under a dry
nitrogen flow, heating from room temperature to 550 °C, at a heating
rate of 10 °C/min and the reported decomposition temperatures
represent the temperatures observed at 5% mass loss. Differential
scanning calorimetry (DSC) analyses were performed on a Mettler
differential scanning calorimeter (DSC822E) under a dry nitrogen
flow, heating from 0 to 350 °C and cooling from 350 to 0 °C at a rate
of 10 °C/min. Atomic force microscopy (AFM) measurements were
carried out with a Nanoscope IIla instrument (Digital Instruments). X-
ray diffraction (XRD) was measured on a D/max2500 with a Cu Ka
source (k = 1.541 A).

The OFET characteristics were measured in air at room
temperature using a Keithley 4200 SCS semiconductor parameter
analyzer. The mobilities were calculated from the saturation region
with the following equation: Ing = (W/2L)Cu(Vg—Vy)? where Igp is
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Figure 2. (a) UV—vis absorption spectra of compounds 1—4 in CHCI; solution (1 X 107 mol/L). (b) UV—vis absorption spectra in film of

compounds 1—4.

the drain—source current, W is the channel width, L is the channel
length, y is the field-effect mobility, C; is the capacitance per unit area
of the gate dielectric layer, and V; and V7 are the gate voltage and
threshold voltage, respectively. This equation defines the important
characteristics of electron mobility (), on/off ratio (I,,/.z), and
threshold voltage (Vr), which could be deduced by the equation from
the plot of current—voltage. For device fabrication, a layer of single-
molecular semiconductor film (about 40 nm) was deposited on the
octadecyltrichlorosilane (OTS) modified SiO,/Si substrates.

B RESULTS AND DISCUSSION

Optical, Electrochemical, and Thermal Properties.
Table 1 summarizes the optical, electrochemical, and thermal
properties of the laterally expanded rylene diimides. The
thermal properties of these laterally expanded rylene diimides
were investigated by TGA and DSC measurements under
nitrogen atmosphere. Illustrated by the TGA and DSC analysis
(see Supporting Information Figures S1 and S2), all of the
compounds are thermally and oxidatively stable above 370 °C.
Figure 2(a and b) shows UV—vis absorption spectra of
compounds 1—4 in chloroform solution and in thin films at
room temperature. Impressively, there were considerable broad
and complicated absorption in molecules 1-3 relative to
monomer 4, probably as a reflection of different degrees of
conjugation over the r-electronic systems with fine-tuned
flexible annulation.'” The spectra of compounds 1-3
appending same imide substituents showed the completely
different major bands of about 524 nm, 654 nm, and 614 nm,
which would bathochromically shifted to 530 nm, 668 nm, and
671 nm in films, suggesting that a certain degree of aggregation
is present in films. Furthermore, the red shifts of low energy
transition varied enormously from 6 to 14 and 57 nm in these
films as the 7z-conjugated system extended from d-diPDI (1) to
t-diPDI (2) and NDI-PDI-NDI (3), indicating a stronger 7—7x
stacking interaction.

The electrochemical properties of these laterally expanded
rylene dyes were investigated by cyclic voltammograms (CVs)
in dichloromethane (vs Fc/Fc*). Seen in Supporting
Information Figure S3, four well-defined single-electron
reversible reduction waves were observed in the solvent/
electrolyte window for compounds 1—3. Their LUMO levels
are below —4.0 eV, promising for ambient-stable electron
transport n-channel OTFT semiconductors.>*™*® Moreover,
the LUMO levels were lowered in turn as the m-conjugated
systems became larger.

OFET Characterization. To investigate the thin film field-
effect properties of this series of materials, a bottom-gate top-
contact device configuration was afforded. Films of the
semiconductors were spin-coated from CHCI; solution (10
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mg/mL, 3000 r/min, 40—60 nm) onto Si/SiO, (300 nm)
substrates modified with octadecyltrichlorosilane (OTS).
Source/drain electrodes with width/length of 240 ym/30 um
were deposited on the semiconductor films through a shadow
mask. All devices were measured under ambient conditions.
Table 2 summarizes the FET characteristics of the devices

Table 2. Device Performance of Thin-Film Transistors for
Compounds 1—-3 at Optimized Annealing Temperature in
Air

compd. T (°C)* u, (cm? V! s_l)b Vo (V)€ Ion/Ioffd
1 220 0.05 68.9 1.0 x 10°
2 180 0.08 29.4 4.0 x 10°
3 220 0.44 49.0 3.0 X 10°

“Optimized annealing temperature. YElectron mobility. “Threshold
d i
voltage. “On/oft current ratio.

evaluated under ambient conditions without any precautions to
eliminate air and moisture at their optimized annealing
temperature.

All of the compounds perform as n-type semiconductors.
Figure 3 shows the representative transfer characteristics (Ipg
versus Vg plotted on a logarithmic scale and (Ips)"? versus
Vs at Vg = 100 V) and output characteristics (Ing vs Vpg at
several values of Vi) of the transistor devices based on
compounds 2 and 3 at their optimized annealling temperatures.
The electron mobilities of these laterally rylene diimides with
uniform 3-hexylundecyl alkyl chain in the saturation regime
were sensitive to the annealing temperature. For example, an
exciting device performance of compound 3 with a maximum
electron mobility of 0.44 cm® V™' s! was achieved when
annealing at 220 °C. However, this value slightly decreased to
0.23 cm® V™! 57! when raising the temperature up to 240 °C,
which was accordance with the AFM image. Crystalline
boundary density could trap a large number of charge carriers,
which might have a significant effect on charge carrier mobility
in OFET devices. As shown in Figure 4, it was found to have
bigger crystalline boundaries and even cracks after annealing at
240 °C.

We also found an increased maximum electron mobilities
from 0.05 cm> V7' 571, 0.08 cm? V7' 57}, and 0.44 cm®> V7! 57!
as the core structure expanded from d-4CIldiPDI (1) to t-
4CldiPDI (2) and NDI-PDI-NDI (3). It is obvious that the
larger m-conjugated semiconductor showed a higher electron
mobility. In the case of compounds 2 and 3, the electron
mobility increased nearly 1 order of magnitude, and an exciting
device performance with a maximum electron mobility of 0.44
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Figure 3. Representative transfer and output characteristics for OTFT devices based on compound 2 (a, b), and 3 (¢, d) measured under ambient

conditions.
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Figure 4. Comparison of AFM images of thin films of d-4CldiPDI (1,
a—d), t-4CIdiPDI (2, e—h), and NDI-PDI-NDI (3, i—1) at different
annealing temperatures.

cm® V™! 57! with an on/off current ratio up to 3.5 X 10° was
achieved for compound 3 after annealing at 220 °C.

Thin Film Morphology. The device performance is
intensely affected by the film morphology. To investigate the
thin film microstructures, molecular stacking motifs and
correlating FET performance of these three molecules, X-ray
diffraction (XRD) and atomic force microscopy (AFM)
experiments were performed. As shown in Figure 4, thin
films of NDI-PDI-NDI (3) exhibit a temperature-dependent
morphology: crystalline grains become bigger and grain
boundaries get larger as the temperature elevated, agreeing
with the variation of mobilities. This phenomenon can also be
reflected in XRD as shown in Supporting Information Figure
S6, which shows more and more intense d spacing peak in pace
with the increased temperature. Compounds 1 and 2 exhibit
the similar temperature-dependent morphology. However,
AFM images of t-4CIdiPDI (2) exhibit bigger crystalline grains
and better crystallinity than that of d-4CIldiPDI (1) and NDI-
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PDI-NDI (3), accordance with the XRD measurement. An out-
of-order films of compound 1 may attribute to its
perpendicularly entangled molecular configuration. Never-
theless, the largest extension core in compound 3 would lead
to the disorder in films.

We assumed the family of diffraction peaks to be 00!
according to other n-alkyl PDIs on the basis of single-crystal
diffraction data of PDIs,"" as we did not get the crystal structure
of these compounds. According to Figure 5, thin films of

| —_—
| —2
2 | b
1
S (001) 220 °C
2
a 180 °C
2
E
220 °C
5 10 15 20|
Zﬂ-(degrees)

Figure 5. Comparison of XRD images of thin films of 1—3 at their
best performance annealing temperature.

compounds 1—3 show an interlayer diffraction peak at 26 =
3.72°, 3.56°, 3.48°, with a d (001) spacing distance of 24.1 A,
24.8 A, 254 A, respectively, which accordance well with the
length of PDIs, showing the edge-on orientation and a highly
ordered layer-by-layer lamellar packing motif. Ilustrated in
Table 3, which summarized the d (001) spacing angles and
distances of compounds 1-3, as the n-conjugated systems
extended from doubly linked diPDI to triply linked diPDI and
hybrid NDI-PDI-ND], their corresponding d spacing distance
became bigger. Considering that compounds 1—3 have the
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Table 3. d Spacing Distance for Compounds 1-3
Determined by XRD Data at Optimized Annealing
Temperature in Air

compd. T (°C)“ d (A)° 20 (deg)”
1 220 24.1 3.72
2 180 24.8 3.56
3 220 254 3.48

“Optimized annealing temperature. ®The d spacing angles. “The d
spacing distances.

uniform branched side chains, molecular length of them are
almost the same. As the d spacing distances became larger
(shown in Figure 6) and d (001) spacing angle between

doo1
spacing| o

| Dielectric

Figure 6. Schematic diagram of molecular packing motifs of
compounds 1—3 at their optimized annealing temperatures.

molecular and the substrate became larger, a more tightly
molecular stacking was available, which further gave rise to a
larger 7—7 overlapping and an enhanced electron mobility.>”**
The B3LYP-optimized geometries of compounds 1—3 had
been investigated in our previous work.**7*%**%* The
optimized molecular configuration of doubly linked diPDI 1
was found to be almost perpendicular, which would lead to a
smaller 7 orbital overlap and result in a lower electron mobility
in OFET devices. The most planar optimized geometry of
molecule 3 explained the impressive high electron mobility of
044 cm* V7' s7h Larger aromatic systems were confirmed to
be more planar because of the delocalization of electronics and
have a relatively bigger d (001) spacing distance and larger 7
orbital overlap, and eventually gave rise to a higher mobility.

B CONCLUSION

A new family of laterally expanded rylene diimides with
different skeletons featuring uniform branching alkyl sub-
stitution on the imide positions were designed and synthesized.
All of the compounds are suitable for solution processes,
implying their superior solubility in organic solvents. Thermal,
optical, and electrochemical properties are measured by UV—
vis absorption spectra, TGA, DSC, and cyclic voltammetry
measurements, respectively. To investigate the thin film field-
effect properties of the series of materials, a bottom-gate top-
contact device configuration was afforded. As the 7-conjugated
systems extended from doubly linked diPDI (d-4CldiPD], 1) to
triply linked diPDI (t-4CldiPDI, 2) and hybrid NDI-PDI-NDI
(3), their corresponding d spacing distances became larger and
molecular configuration shown by previous theoretical
calculation seemed to be more planar, which resulted in a
larger m—7 overlapping and an enhanced electron mobility.
Especially, a TFT incorporating NDI-PDI-NDI (3) exhibited
excellent field effect mobility of 0.44 cm® V™' s7', an on/off
ratio of 10° after optimized annealing.

B ASSOCIATED CONTENT

© Supporting Information

Detailed synthetic procedures, TGA, DSC, CV, AFM, NMR,
MS, and representative transfer curves of other compounds.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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