
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 2
7 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 I
ns

tit
ut

e 
of

 C
he

m
is

tr
y,

 C
A

S 
on

 1
2/

08
/2

01
6 

09
:3

6:
17

. 

View Article Online
View Journal  | View Issue
Influence of alky
aCollege of Chemistry, Key Lab of Environme

Ministry of Education, Xiangtan Univers

qiji830404@hotmail.com
bKey Laboratory of Organic Solids, Beijing Na

Institute of Chemistry, Chinese Academy of

jiangwei@iccas.ac.cn
cState Key Laboratory of Chemical Reso

Chemical Technology, Beijing 100029, Chin

† Electronic supplementary information
the synthesis, characterization, and devic
10.1039/c6ra09781b

Cite this: RSC Adv., 2016, 6, 55946

Received 15th April 2016
Accepted 26th May 2016

DOI: 10.1039/c6ra09781b

www.rsc.org/advances

55946 | RSC Adv., 2016, 6, 55946–559
l chain branching point on the
electron transport properties of di(perylene
diimides) thin film transistors†

Cheng Zeng,ab Chengyi Xiao,b Rui Xin,c Wei Jiang,*b Yafei Wang*a and Zhaohui Wangb

The alkyl chain length and density are fundamental factors affecting solution processability, molecular

packing, film microstructure, and charge transport for organic thin film transistors (OTFTs). In this work,

four tetra-chlorinated di(perylene diimides) 4CldiPDI-C(1–4) were prepared through moving the alkyl

chain branching position away from the di(perylene diimides) backbone. OTFT devices employing

4CldiPDI-C(1–4) as the active layer were fabricated. Correspondingly, the effect of the position of the

alkyl chain branching point on the film microstructure and charge transport were studied in detail. The

research results demonstrate that the different branching point of side-chains has a negligible effect on

the absorption maximum and energy gap. Conversely, the gradual movement in the branching point

plays a key role in molecular packing and leads to a clear impact on electron mobility ranging from

0.012 to 0.86 cm2 V�1 s�1. Therefore, 4CldiPDI-C2-based devices offered the highest electron mobility

of up to 0.86 cm2 V�1 s�1 and an on/off ratio of 2 � 107, which is among the best performance of diPDI

derivatives.
Introduction

Developing n-channel semiconducting materials with high
mobility, good processability and air stability is critical for
making applicable optoelectronics and constructing comple-
mentary logic circuits.1–9 However, to match the exciting prog-
resses of solution-processed p-channel devices,10–18 high
performance n-channel semiconductors are highly emergent
since most of the solution processed n-channel OTFTs exhibit
mobilities <0.50 cm2 V�1 s�1.19–28 Additionally, the synthetic
inaccessibility and air-unstable charge transporting character-
istics limit the further development of n-channel OTFTs.29 Very
recent results showed that many impressive advances have been
made by functionalization of p-conjugated backbones such as
thiophenes, arylenes and (hetero-)acenes with electron-
decient constituents.30–32 Nevertheless, few efforts are
devoted to exploring the inuence of alkyl chains on charge
mobilities. In fact, the properties of alkyl chains including alkyl
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chain length and density have been demonstrated to play an
important role on the solution processability, molecular
packing, lm microstructure, and charge transport.33–38

Recently, more and more attention has been focused on engi-
neering alkyl chains in small molecules and polymers.39–42

Compared with linear alkyl chains, branched alkyl chains can
bring about better processability and more appropriate crys-
tallinity for large p-conjugated systems.43–46 Moreover, the
branching point will affect the alkyl chain attachment density
that has a deep impact on the molecular packing arrangement
and determines charge transport behaviour.47,48 For example,
Pei et al. demonstrated how moving the branching point away
from the isoindigo-based polymer backbone inuences the hole
mobilities.47 Furthermore, Zhu et al. emphasized branched alkyl
chain-dependent molecular packing and charge transport of
naphthalene diimide derivatives for enabling high performance
solution processed n-channel OTFTs.48

It has been widely accepted that perylene diimides (PDIs) are
a typical class of n-channel organic semiconductors because of
their excellent photochemical stability, tunable electronic
structure, high electron affinity, and easy chemical modication
either at the imide positions or in lateral positions (including
bay regions and non-bay regions) to meet various applica-
tions.49–57 Specially, we have paid attention to the laterally
expanded PDIs with resulting broadened absorption and low-
ered LUMO energy levels for achieving high efficient electron
transporting materials.58–61 Accordingly, a series of fully conju-
gated triply linked oligo(perylene diimides) have been devel-
oped, because tetra-chlorinated oligo(perylene diimide) units
This journal is © The Royal Society of Chemistry 2016
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endow the molecules with additional distinct structural char-
acteristics: (i) the expanded p-conjugated aromatic system is
expected to induce close intermolecular p–p stacking and
achieve efficient electron transport; (ii) four alkyl groups are
integrated to the parent molecular framework, which will
substantially provide a balance between good solubility, closed
intermolecular stacking, and high crystallinity in the thin lm
state; and (iii) additional tetra-chloro constituents are expected
to keep the LUMO levels adequately low to enhance their
ambient stability.

In our previous report, we showed that the alkyl chain length
of tetra-chlorinated di(perylene diimides) (4CldiPDIs) has
a signicant effect on the electron performances. With an
increase of the alkyl chain length, higher electron mobilities
could be obtained. Therefore, the linear alkyl chain-substituted
4CldiPDI showed electron mobilities of 0.011 cm2 V�1 s�1 for
the n-dodecyl substituted-compound (C12-4CldiPDI), and 0.70
cm2 V�1 s�1 for the n-octadecyl-substituted compound (C18-
4CldiPDI) in air for the thin lm devices.29 Furthermore, we
have described our endeavours to study the electron perfor-
mances of solution processed single crystal transistors based on
C12-4CldiPDI, which showed an electron mobility as high as
4.65 cm2 V�1 s�1, much higher than that based on its lm
transistors.62 For the diPDIs backbones, we also observed that
p-conjugated systems expanded from the doubly linked PDI
dimer, and triply linked diPDI, to the hybrid NDI-PDI-NDI,
endowing it with uniform branched alkyl chains, which had
a signicant inuence on the molecular packing motifs and
thus electron transport properties of the PDI derivatives.63

An in-depth study on branched alkyl chain-dependent
molecular packing and device performance is an interesting
but challenging issue, especially for the triply linked diPDI
systems. In this context, we focused our attention on the
inuence of moving the alkyl chain branching point from the
backbones on the electron transport properties of thin lm
transistors based on 4CldiPDI derivatives. Herein, four
branched alkyl chains with a gradual change of the branching
position were integrated to our 4CldiPDI systems to produce
4CldiPDI-C1 to 4CldiPDI-C4 with one to four CH2 spacings,
respectively. As the p-conjugated molecular cores became larger
and long branched alkyl chains were introduced, it was difficult
to achieve a highly crystalline thin lm for these molecules. By
incorporating alkyl chains with an appropriate branching point,
the molecule 4CldiPDI-C2 displays a large area and ordered
molecular packing with close intermolecular p–p stacking, and
exhibits an exciting electron mobility of up to 0.86 cm2 V�1 s�1

and an on/off ratio of 2 � 107. The position of the branching
point is conrmed to play the critical role of side-chain engi-
neering in molecular design and contributes to a deeper
understanding of the relationship between the molecular
structure and the electronic properties.

Experimental
Materials and general methods

All chemicals and solvents were purchased from commercial
suppliers and used without further purication unless
This journal is © The Royal Society of Chemistry 2016
otherwise specied. The solvent DMSO from Alfa was dry and
used directly. Other solvents and common reagents were ob-
tained from the Beijing Chemical Plant. 1H NMR (400 MHz) and
13C NMR (100 MHz) spectra were recorded in deuterated
solvents on a Bruker ADVANCE 400 NMR Spectrometer. NMR
chemical shis are reported in ppm using the residual
protonated solvent as an internal standard. High resolution
mass spectrometry (HRMS) was recorded on an IonSpec 4.7
Tesla Fourier Transform Mass Spectrometer.

Absorption spectra were measured with a Hitachi (model U-
3010) UV-vis spectrophotometer in a 1 cm quartz cell. Cyclic
voltammetry (CV) was recorded on a Zahner IM6e electro-
chemical workstation using glassy carbon discs as the working
electrode, Pt wire as the counter electrode, and Ag/AgCl elec-
trode as the reference electrode. 0.1 M tetrabutylammonium-
hexauorophosphate (Bu4NPF6) dissolved in CH2Cl2 (HPLC
grade) was employed as the supporting electrolyte, which was
calibrated by ferrocene/ferrocenium (Fc/Fc+) as the redox
couple. CH2Cl2 was freshly distilled prior to use. TGA
measurements were carried out on a PE TGA-7 instrument
under a dry nitrogen ow, heating from room temperature to
550 �C, at a heating rate of 10 �C min�1. DSC analyses were
performed on TA DSC 2010 instrument under a dry nitrogen
ow, heating from room temperature to 300 �C and cooling
from 300 �C to room temperature at a rate of 10 �C min�1, 5 �C
min�1, or 2 �C min�1. X ray diffraction (XRD) was measured on
a D/max 2500 with a Cu Ka source (k ¼ 1.541�A). The lms were
made on Si wafer substrates. The OFET characteristics were
measured in air at room temperature by a Keithley 4200 SCS
semiconductor parameter analyzer. In the spin-coating proce-
dure, the rotation speed was 2000 rpm. The mobilities were
determined using the following equation: IDS¼ (W/2L)Cim(VGS�
VT)

2. This equation denes the important characters of electron
mobility (m), on/off ratio (Ion/off), and threshold voltage (VT),
which could be deduced by the equation from a plot of current–
voltage.
General synthetic procedure for 4CldiPDI-C(1–4)

4CldiPDI-C(1–4) (Scheme 1) are synthesized and puried based
on modied Ullmann reactions according to our previously re-
ported procedures.49 The mixture of tetra-chloroperylene dii-
mides (4ClPDIs) (2.5 mmol), CuI (2.87 g, 15.0 mmol), L-proline
(2.01 g, 17.5 mmol), and K2CO3 (3.80 g, 27.5 mmol) in 50 mL
DMSO was heated at 75 �C under argon for 20 hours. The cooled
mixture of solution and solid was poured into water (2000 mL),
which was vigorously stirred. Two hours later, the suspension
was neutralized with 1 M HCl, then the mixture was stirred for
another six hours until the sediment was precipitated
completely. Aer ltration, the lter cake was washed by water
and methanol. The cake was dried and puried by column
separation (silica gel, PE : DCM ¼ 2 : 1) to get 4CldiPDI-C(1–4)
as purple solids.

4CldiPDI-C1: (268 mg, 10%), 1H NMR (400 MHz, CDCl3): d ¼
10.04 (s, 2H, Ph-H), 9.25 (s, 2H, Ph-H), 9.01 (s, 2H, Ph-H), 4.37–
4.24 (t, J ¼ 8.0 Hz, 4H, –NCH2–), 2.32–2.06 (m, 4H, –CH–), 1.47–
1.14 (m, 144H, –CH2–), 0.83–0.78 (m, 24H, –CH3).

13C NMR (100
RSC Adv., 2016, 6, 55946–55952 | 55947
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Scheme 1 Molecular structures of 4CldiPDI-C(1–4) with varying
branch positions of the alkyl side-chains.
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MHz, CDCl3): d¼ 164.34, 163.27, 162.99, 162.61, 135.95, 135.87,
135.42, 133.87, 132.10, 130.71, 129.85, 128.90, 127.05, 125.91,
125.74, 125.65, 124.57, 124.38, 123.50, 122.04, 121.00, 119.23,
45.72, 45.09, 36.83, 36.67, 32.09, 31.93, 31.91, 31.88, 31.87,
31.81, 30.13, 30.11, 30.08, 29.80, 29.73, 29.71, 29.67, 29.64,
29.40, 29.36, 29.32, 26.87, 26.58, 26.46, 26.26, 22.66, 22.65,
22.64, 22.62, 14.07, 14.03. HRMS (MALDI(N), 100%): calcd (%)
for C136H186Cl4N4O8, 2146.8040; found 2146.3023.

4CldiPDI-C2: (413 mg, 15%), 1H NMR (400 MHz, CDCl3): d ¼
10.06 (s, 2H, Ph-H), 9.25 (s, 2H, Ph-H), 9.01 (s, 2H, Ph-H), 4.42 (t,
J ¼ 8.0 Hz, 4H, –NCH2–), 4.29 (t, J ¼ 8.0 Hz, 4H, –NCH2–), 1.96–
1.76 (m, 8H, –CH–), 1.39–1.20 (m, 148H, –CH2–), 0.86–0.85 (m,
24H, –CH3).

13C NMR (100 MHz, CDCl3): d ¼ 164.04, 163.17,
162.59, 162.31, 135.99, 135.95, 135.32, 133.75, 132.14, 130.81,
129.97, 128.90, 127.05, 126.01, 125.74, 124.58, 124.47, 124.08,
123.60, 122.04, 121.00, 119.13, 40.22, 39.59, 36.13, 33.87, 33.79,
33.68, 33.56, 32.15, 31.94, 30.14, 29.88, 29.78, 29.74, 29.43,
26.73, 26.71, 26.57, 22.73, 22.71, 14.12. HRMS (MALDI(N),
100%): calcd (%) for C140H194Cl4N4O8, 2202.9120; found
2203.3671.

4CldiPDI-C3: (339 mg, 12%), 1H NMR (400 MHz, CDCl3): d ¼
10.07 (s, 2H, Ph-H), 9.27 (s, 2H, Ph-H), 9.01 (s, 2H, Ph-H), 4.41 (t,
J ¼ 8.0 Hz, 4H, –NCH2–), 4.27 (t, J ¼ 8.0 Hz, 4H, –NCH2–), 1.97–
1.80 (m, 8H, –CH–), 1.50–1.20 (m, 156H, –CH2–), 0.84–0.82 (m,
24H, –CH3).

13C NMR (100 MHz, CDCl3): d ¼ 164.26, 163.22,
162.69, 162.31, 135.99, 135.95, 135.32, 133.85, 132.24, 130.91,
129.97, 128.90, 127.05, 126.11, 125.74, 124.58, 124.37, 124.18,
123.60, 122.04, 121.00, 119.13, 42.42, 41.59, 37.33, 33.67, 33.59,
31.98, 31.16, 30.15, 29.74, 29.63, 29.33, 26.81, 26.77, 26.74,
25.56, 22.73, 14.12. HRMS (MALDI(N), 100%): calcd (%) for
C144H202Cl4N4O8, 2259.0200; found 2258.4305.

4CldiPDI-C4: (318 mg, 11%), 1H NMR (400 MHz, CDCl3): d ¼
10.07 (s, 2H, Ph-H), 9.27 (s, 2H, Ph-H), 9.01 (s, 2H, Ph-H), 4.45 (t,
J ¼ 8.0 Hz, 4H, –NCH2–), 4.28 (t, J ¼ 8.0 Hz, 4H, –NCH2–), 1.97–
1.80 (m, 8H, –CH–), 1.35–1.21 (m, 156H, –CH2–), 0.87–0.83 (m,
24H, –CH3).

13C NMR (100 MHz, CDCl3): d ¼ 164.26, 163.22,
162.69, 162.31, 136.09, 136.05, 135.32, 133.85, 132.14, 130.91,
129.97, 128.90, 127.05, 126.11, 125.74, 124.58, 124.47, 124.08,
123.60, 122.04, 121.00, 119.13, 42.02, 41.29, 37.53, 37.43, 33.67,
33.59, 31.98, 30.25, 29.74, 29.63, 29.33, 28.75, 28.61, 26.77,
24.56, 22.73, 14.15. HRMS (MALDI(N), 100%): calcd (%) for
C148H210Cl4N4O8, 2315.1280; found 2314.4932.
Results and discussion
Optical, electrochemical and thermal properties

The UV-vis absorption spectra of the four compounds 4CldiPDI-
C(1–4) in CHCl3 solution are shown in Fig. 1. They all exhibit
broad absorption bands up to the near-infrared region with
high extinction coefficients. The absorption spectra are almost
identical suggesting that the alkyl chains on the N-positions do
not affect the optical properties of the whole aromatic core. All
compounds showed major absorption bands at 654, 600, 546,
506, and 408 nm. And optical band gaps of about 1.84 eV were
estimated from the onset absorption wavelengths of around 675
nm. The absorption intensity is slightly decreased on
55948 | RSC Adv., 2016, 6, 55946–55952
lengthening the alkyl chains on the N-positions from 4CldiPDI-
C1 to 4CldiPDI-C4 (Table 1).

Electrochemical analysis of 4CldiPDI-C(1–4) was carried out
using cyclic voltammetry (CV) in 0.1 M Bu4NPF6–CH2Cl2 solu-
tions with a scan rate of 100 mV s�1. All compounds showed
well-dened, single-electron, two reversible and two quasi-
reversible reduction peaks. The half-wave reduction potentials
vs. Fc/Fc+, as well as the LUMO levels estimated from the onset
of reduction potentials (�0.54 V), are summarized in Table 1.
Their LUMO levels almost reach �4.26 eV, hinting at ambient-
stable electron transport n-channel OTFT semiconductors.
Both the UV-vis spectra and CV results have shown that the alkyl
chain branching point had little inuence on the photophysical
properties.

The thermal properties of 4CldiPDI-C(1–4) were evaluated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Their 5% weight loss temperatures (Tdeg) are
listed in Table 1 and Fig. S1,† proving that all the compounds
are thermally stable with a decomposition temperature up to
370 �C under a nitrogen atmosphere.

The thermotropic behavior was investigated by DSC
measurement with a TA Instruments apparatus. The DSC
images are shown in Fig. 2. Phase transition temperatures were
determined during the second heating cycle at a scanning rate
of 10 K min�1 (except 4CldiPDI-C1, performed at 2 K min�1).
The rst heating cycles of DSC were neglected to exclude
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (A) UV-vis absorption spectra of compounds 4CldiPDI-C(1–4)
in CHCl3 solution and (B) cyclic voltammogram of compound
4CldiPDI-C2 in CH2Cl2 solution.

Fig. 2 DSC plots of 4CldiPDI-C(1–4).
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inuences of the thermal history of the samples. No matter
whether a scanning rate of 10 K min�1, 5 K min�1 or 2 K min�1

was used, it was always hard to get a clear melting peak and
freezing peak for 4CldiPDI-C1 featuring the nearest branching
point, hinting at its disordered structure. Meanwhile, the
melting peaks (Tm) of 132 �C, 123 �C, and 154 �C for 4CldiPDI-
C(2–4) are sharper, exhibiting more reversible thermal transi-
tions, suggesting their more ordered and crystalline structures.
It should be noted that the rst transition peaks at 115 �C, 75
�C, and 100 �C, respectively, for compounds 4CldiPDI-C(2–4)
correspond to a crystalline–crystalline transition.64 4CldiPDI-C4
possessed the furthest branching point and therefore exhibited
the highest melting point of 154 �C, which was opposite to the
longer alkyl chain usually resulting in a lower clearing
temperature.65 Compound 4CldiPDI-C3 instead of 4CldiPDI-C2
got the lowest melting point; this phenomenon may be caused
Table 1 Optical, electrochemical and thermal properties of 4CldiPDI-C

Compounds lmax
a (nm) 3a (M�1 cm�1) Eg

b

4CldiPDI-C1 654 66 826 1.8
4CldiPDI-C2 654 61 078 1.8
4CldiPDI-C3 654 57 401 1.8
4CldiPDI-C4 654 56 926 1.8

a Measured in dilute CHCl3 solution (1.0� 105 M). b Calculated by the onse
(eV) estimated by the onset of reduction peaks and calculated according to
ELUMO) eV.

e Decomposition temperature determined by TGA correspondi

This journal is © The Royal Society of Chemistry 2016
by the odd-even oscillation. It is a well studied and understood
concept that the even spacer can pack more efficiently
compared to the odd one. The highly packed structure requires
more energy for melting and similarly releases more energy
while crystallizing as compared to the weakly packedmolecules.
It is reected in the melting temperature as well as the crys-
talline–crystalline transition temperature that the even CH2

spacings have a higher temperature. The four compounds do
not recrystallize on cooling, probably because of the lengthy
alkyl chains on the N-positions,66 and no evidence was detected
for a liquid-crystalline phase transition for all the 4CldiPDIs.
OFET characteristics

The good solubility of 4CldiPDI-C(1–4) in organic solvents
promised excellent lm properties by spin-coating techniques.
The thin lms of 4CldiPDI-C(1–4) with a thickness of 40–60 nm
were prepared on the substrates in air by spin-coating from
their CHCl3 solution (10 mg mL�1). The substrates were modi-
ed by n-octadecyl trimethoxysilane (OTS) on the surface of the
SiO2/Si substrate. Here, the OTS-modied SiO2 layer was used as
the dielectric layer, with a capacitance of 10 nF cm�2. The Au
source–drain electrodes (30 nm thick) were sputtered and
patterned by a li-off technique,46 affording a channel length (L)
and width (W) of these bottom-gate bottom-contact (BGBC)
OTFTs of 50 mm and 1400 mm respectively. In order to discover
the effect of the position of the branched alkyl chains on the
mobility among these compounds with the same aromatic core,
(1–4)

(eV) ELUMO
c (eV) EHOMO

d (eV) Tdeg
e (�C)

4 �4.26 �6.10 393
4 �4.26 �6.10 375
4 �4.26 �6.10 384
4 �4.26 �6.10 386

t of absorption in CHCl3 solution according to Eg¼ (1240/lonset).
c LUMO

ELUMO (eV) ¼ �(4.8 + Eonset).
d Calculated according to EHOMO ¼ �(Eg �

ng to 5% weight loss at 10 �C min�1 under nitrogen ow.

RSC Adv., 2016, 6, 55946–55952 | 55949
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Fig. 3 Device mobility of the 4CldiPDI-C(1–4)-based OTFTs as
a function of annealing temperature.
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we designed comparative experiments for each of them at
different annealing temperatures. The compound with the
highest mobility at the optimal annealing temperature was ex-
pected to be found. Table 2 summarizes the OFET characteris-
tics of the devices evaluated under ambient conditions.

For the BGBC device geometry, a similar trend of branched
alkyl chain-dependent mobility can be clearly observed. The
four compounds exhibit optimal mobilities of 0.012, 0.86, 0.18,
and 0.10 cm2 V�1 s�1, respectively, while 4CldiPDI-C2 shows the
best electron transporting performances with amobility of up to
0.86 cm2 V�1 s�1, which is much higher than that of the C12-
4CldiPDI (0.011 cm2 V�1 s�1) and C18-4CldiPDI (0.7 cm2 V�1

s�1) based lm devices. Since the difference in the side-chain
length and the position of branching point constitutes the
only difference for these n-channel semiconductors, it implies
that the nature of the branched alkyl substituents has
a profound impact on the device performance of these 4CldiPDI
derivatives.

To further investigate the side-chain effect on the device
performances, we studied the dependence of the mobilities of
the 4CldiPDI-C(1–4) devices on the annealing temperatures. In
Fig. 3, as for 4CldiPDI-C2 when the annealing temperature
increased, the mobilities increased smoothly from �0.08 to
�0.86 cm2 V�1 s�1. High mobilities of 0.5 and 0.86 cm2 V�1 s�1

can be achieved aer annealing at 120 and 140 �C, respectively,
which indicates that 4CldiPDI-C2 possess potential for use in
exible electronic applications. The mobilities of the 4CldiPDI-
C1- and 4CldiPDI-C3-based OTFTs steadily increased for
annealing temperatures up to 80 �C. When the annealing
temperature was >80 �C, the electron mobilities increased
dramatically. In particular, the mobilities improved by an order
of magnitude. 4CldiPDI-C4 was similar to 4CldiPDI-C2, and the
mobilities increased steadily, but with annealing temperatures
up to 100 �C, the mobilities improved dramatically to
a maximum value of 0.10 cm2 V�1 s�1 (Table S1†).

The output and transfer characteristics based on semi-
conductors of compounds 4CldiPDI-C(1–4) are shown in Fig. S4
and S5 (ESI†). All compounds showed obvious n-channel
behaviour with a good line and saturation region. And the
electron mobilities got better on increasing the annealing
temperature, but if the annealing temperature was further
raised, we can’t get signicant mobility, which can be reected
by DSC, XRD and AFM. We speculated that this phenomenon
was due to their relatively low melting points, although
the annealing temperature did not exceed the Tm of such
compounds. The crystalline structure of lms was damaged
Table 2 Optimized device performance of OTFTs based on 4CldiPDI-
C(1–4) at optimized annealing temperatures in air

Compounds Ta (�C) Mobility (cm2 V�1 s�1) VT (V) On/off ratio

4CldiPDI-C1 110 0.012 0.3 6 � 104

4CldiPDI-C2 140 0.86 1.29 2 � 107

4CldiPDI-C3 120 0.18 �3.6 6 � 105

4CldiPDI-C4 120 0.10 0.5 8 � 104

a Annealing at this temperature for 10 min.
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under higher annealing conditions, resulting in an expected
decreased performance.

Thin lm morphology

From the DSC curves, we got the temperatures of the crystal-
line–crystalline transition and melting point of 4CldiPDI-C(1–
4). Fig. S3 (ESI†) shows the lab-based specular XRD patterns of
thin lms of all the compounds, and the thin lms of 4CldiPDI-
C2 and 4CldiPDI-C4 exhibit sharp Bragg reections up to the
third or fourth order, suggesting a high degree of crystallinity,
but 4CldiPDI-C1 and 4CldiPDI-C3 did not. For 4CldiPDI-C2 and
4CldiPDI-C4, an obvious phase transition indicated by the
change in d-spacing with the variation of temperatures can be
observed for the thin lms.

When heating, the peak of 4CldiPDI-C4 corresponding to a d-
spacing of 3.16 nm shis to 3.53 nmwith the temperature above
140 �C, then the temperature cooled to 100 �C, with the reec-
tion corresponding to a d-spacing at 3.45 nm, and the peaks are
very sharp. In the case of 4CldiPDI-C2, the peaks are without
signicant change until the temperature exceed 160 �C, at
which the compound had melted. But on cooling to 130 �C,
a peak appeared and the peak corresponded to a d-spacing of
3.13 nm. When the temperature was lowered to 120 �C the
compound exhibited two different phases with a d-spacing
distance of 3.11 and 2.45 nm, respectively, indicating that
a phase transition occurred during thermal treatment.

From the AFM images in Fig. 4, we have found that thin lms
of 4CldiPDI-C2 exhibit a temperature-dependent morphology:
crystalline grains become bigger and grain boundaries get
larger as the temperature elevated, agreeing with the variation
of mobilities, and obvious morphology changes occur at an
annealing temperature of 120 �C. And this phenomenon can
also be reected with XRD as shown in the ESI, Fig. S3,† which
indicates more intense d-spacing peaks in line with the
increased temperatures. Upon thermal annealing at the opti-
mized temperatures of the four compounds (ESI, Fig. S2†), the
terraces of the 4CldiPDI-C2 lms are remarkably large and
smooth. This is an indication of highly ordered molecular
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Comparison of AFM images of thin films of 4CldiPDI-C2 at
different annealing temperatures.
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packing within the lm andmight be a result of the triply linked
diPDI core with four branched alkyl substituents.
Conclusions

In conclusion, we have demonstrated a family of 4CldiPDIs
having branched N-alkyl chains with different side-chain
lengths and positions of the branching point to study their
charge transport properties. The focus of investigation was
directed toward designing different branching points of the
side-chain of the diPDIs and to elucidate a structure–property
relationship with respect to the charge transport properties in
N-substituted derivatives of diPDIs. To this end, the four
compounds are suitable for solution processability, implying
their superior solubility in organic solvents. Thermal, optical,
and electrochemical properties are measured by UV-vis
absorption spectra, DSC, TGA, and cyclic voltammetry
measurements. To investigate the thin lm eld effect proper-
ties of the series of materials, a bottom-gate bottom-contact
device conguration was afforded. The subtle changes in the
position of the branching point lead to signicant differences in
both the molecular packing and lm morphology, resulting in
nearly two orders of magnitude of variation in electronmobility.
The four compounds exhibit optimized mobilities of 0.012,
0.86, 0.18, and 0.10 cm2 V�1 s�1, respectively. Especially,
4CldiPDI-C2 lms possess efficient in-plane packing and large
grain sizes enabling an exciting electron mobility of up to 0.86
cm2 V�1 s�1, which is a record value for the family of diPDI
derivatives. Preliminary results demonstrated that the branched
side-chains are important for both molecular packing and lm
morphology. It is oen possible to design organic semi-
conducting materials such that effective charge transport
appears by choosing appropriate substituents.
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