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A B S T R A C T   

The crystal polymorphism study leads to an explosion of science research, related to many fields, such as organic 
semiconductors, pharmaceuticals, pigments, food, and explosives. Two different crystal phases of a perylene 
diimide derivative (4FPEPTC) have been prepared via a simple and efficient solution method. Via changing the 
concentration of the solution, we observed the polymorphisms clearly, wire-shape (α phase) and ribbon-like (β 
phase) crystals differed in the stacking mode and short-contacts. Moreover, the as-prepared n-channel 
microcrystal-based devices demonstrated distinct electron mobilities that of α phase architecture higher than β 
phase structure and obvious photoresponse discrepancy. Theoretical calculations further confirmed this phe
nomena, which help us to understand the structure-property relationship in this crystal polymorph. Our study 
indicates that the investigation of polymorphisms could be considered as a very useful method to realize func
tional property modulation and benefits the development of organic (opto)electronics.   

1. Introduction 

The evolution of organic semiconductors (OSCs) received great in
terests for their applications in optoelectronic devices and flexible 
electronics as an ideal replacement of inorganic counterparts in these 
years [1,2]. High performances have been achieved through the organic 
active layer construction. However, the physical and electronic prop
erties [3] are highly related to the molecular inner stacking structure 
besides the chemical structure [4–9]. Owing to the weak non-bonding 
intermolecular interactions existed in the organic molecules, it is quite 
possible for the researchers to regulate semiconductor aggregation to 
crystallize into various packing arrangements [10–12]. Thus different 
polymorphs are supposed to possess distinct physical properties [13,14] 
attracting considerable research attentions [5,9,15–17]. For instance, 
pentacene [18,19], rubrene [20,21] and tetrathiafulvalenes [22] has 
been reported to manifest phase-depended charge carrier mobilities 
[23]. Even delicate changes in the intermolecular packing in crystalline 
molecular semiconductors can therefore tremendously impact 

intermolecular electronic coupling and substantially influence charge 
transport [24–28]. Polymorphism exploration plays an important role in 
organic electronics [29]. First, it is used as an avenue for enhancing the 
device performance without changing the chemical structure and, sec
ond, it is used as an ideal platform for examining the fundamental re
lationships between charge transport and crystal structure. Generally, 
polymorphic modifications exhibit different band structure, electron 
coupling, and electron phonon coupling, resulting in differences in 
charge transport behavior in organic field effect transistors (OFETs) [18, 
20,30,31]. 

Notably that the rational preparation of single crystal polymorphs 
using controllable molecular stacking arrangements has not been fully 
realized. On the one hand, the molecular conformations have a signifi
cant effect on the internal structure and symmetry of organic micro
crystals [32]. On the other hand, organic microcrystals are held together 
by weak intermolecular interactions like van der Waals’ force [10–12, 
33]. This makes the nucleation of organic microcrystals highly depen
dent on the outer environment conditions, including the kinds of 
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solvents [34], temperature [35], solution concentration [5], and sur
factants [36]. Therefore, kinetic control on the growth of different 
single-crystalline polymorphs for optimizing the optoelectronic prop
erties remains a formidable task. Moreover, it still requires a lot to 
develop air-stable n-type materials and explore the influence of poly
morphism on n-channel OFETs. Perylene tetracarboxylic diimides (PDIs) 
as the typical n-type OSC class have been widely investigated since first 
reported by Horowitz et al. [37] Fluorinated [38,39] and 1,7-Dicyano 
[40] derivatives exhibits excellent air stability and good performance 
owing to the deeper the lowest unoccupied molecular orbitals (LUMO) 
energy level to get rid of oxygen and water damage. Such unique F and O 
atom containing functional materials which could involving kinds of 
short contacts can act as good candidate to the supramolecular 
arrangement adjusting. 

Herein, we demonstrate controllable solution self-assembly of two 
different crystal phases of a PDI derivative, N,N0-bis[2-(4-fluoro- 
phenyl)-ethyl]-3,4,9,10-perylenetetradicarboximide (4FPEPTC, Scheme 
1). Through tuning the original solution concentrations, dynamically 
controlled formation of 4FPEPTC polymorphs was manipulated towards 

one-dimensional nanowires (1D-NWs) at 0.02 mg/ml and nanoribbons 
(NRs) at 0.2 mg/ml as the stable product. The standing manner of the n- 
type 4FPEPTC varied on the substrates for the weak-bond interactions 
change caused by the distinct arrangements. The nanoribbon-shaped β 
phase crystals displayed the highest electron mobility of 0.21 cm2 V� 1 

s� 1 whereas the nanowire-shaped α phase crystals showed electron 
mobility up to 1.0 cm2 V� 1 s� 1, which is among the highest values for n- 
type organic semiconductors measured under ambient conditions. 
Meanwhile, the α phase framework revealed more drastic photoresponse 
behaviors as a result of the intrinsic arrangement variation. 

2. Experimental 

2.1. Materials 

N,N0-bis[2-(4-fluoro-phenyl)-ethyl]-3,4,9,10-perylenetetradicarbox
imide (4FPEPTC) was purchased from Aldrich and employed without 
any purification. 

2.2. Preparation of α and β phase crystals 

The 4FPEPTC crystals were prepared using slow cooling method of 
saturated solutions at high temperature. Two 4FPEPTC chlorobenzene 
solutions with different concentration (0.02 mg/ml and 0.2 mg/ml) 
were heated at high temperature for complete dissolution. Then the 
resultant oversaturated solutions were naturally cooled under ambient 
conditions. Quantities of needle-like or ribbon-shaped crystals were 
observed on the bottom of the bottle after 1 or 2 days keeping. 

Fig. 1. Crystal structure of the 4FPEPTC crystals. Crystal packing and overlap pattern view along the a-axis of (a, b) α phase and (c, d) β phase structure.  

Scheme 1. Chemical Structure of 4FPEPTC.  
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Fig. 2. Optical micrographs of the self-assembled (a) α phase and (b) β phase microcrystals and their (c, d) AFM and (e, f) SEM patterns.  

Fig. 3. Measured and simulated X-ray diffraction (XRD) patterns of (a) α phase and (b) β phase microcrystals.  
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2.3. Nanowire and nanoribbon preparation 

Solutions of 4FPEPTC dissolved in chlorobenzene at concentrations 
of 0.02 mg/ml and 0.2 mg/ml were first prepared, which were sonicated 
for 1 h and then heated at 185 �C until all components were dissolved 
completely. A drop of the solutions was drop-casted onto the SiO2/Si 
substrate in a nitrogen-fulled glovebox followed by 60 �C thermal 
annealing for 1 h, and then kept overnight. Ultimately, sub-millimetric 
nanostructures were observed on the substrate. 

2.4. Device fabrication 

The SiO2/Si substrate was heavily doped n-type Si wafer with a 500 
nm thick SiO2 layer and a capacitance of 7.5 nF cm� 2. Bare substrates 
were successively cleaned with pure water, piranha solution (H2SO4: 
H2O2 ¼ 2:1), pure water, and pure 2-propanol. Nanostructures-based n- 
type organic field-effect transistors (OFETs) with a bottom-gate top- 
contact (BGTC) configuration were fabricated via thermally evaporating 
gold electrodes (0.3 Å/s, 7 � 10� 4 Pa) through a copper grid, with the 
channel length (L) of ~20 μm. 

2.5. Characterization 

The as-prepared nanostructures were characterized by Optical mi
croscope (OM, Olympus BX3M-KMA-S), Powder X-ray diffraction (XRD, 
Rigaku D/Max2500/PC), UV–visible absorption spectrum (UV–vis 
spectra, LAMBDA 35), Atomic force microscopy (AFM, Bruker Dimen
sion Icon), Scanning electron microscope (SEM, S4800) Transmission 
electronic microscopy (TEM, HITACHI HT7700) and corresponding 
selected-area electron diffraction (SAED, HITACHI HT7700). The data 
were collected at 113 K and the structure was resolved by the direct 

method and refined by the full-matrix least-squares method on F2. The 
electrical characteristics of the devices were measured with a Keithley 
4200 SCS semiconductor parameter analyzer under ambient conditions. 
The field-effect mobilities, threshold voltage and current on� off ratios 
were calculated in the saturation regime from the transfer plot of VG 
versus IDS and using the following equation 

IDS¼
WCi

2L
μðVGS � VthÞ

2 (1)  

where W and L refer to the channel length and width, respectively, μ 
represents the electron mobility, Vth is the threshold voltage, and Ci is 
the capacitance per unit area of the SiO2 gate dielectric (7.5 � 10� 8 F/ 
cm2). 

Characterization of light response performance is based on testing 
the device under the ambient environment with polychromatic white 
incident light (polychromatic white light via a halogen lamp source) at a 
power of 274.2 mW/cm2, which using the following equation 

P¼
Ilight � Idark

Idark
(2)  

R¼
Ilight � Idark

S⋅Pi
(3)  

where Ilight is the drain current under illumination, Idark is the drain 
current in the dark, P is the photosensitivity of device, S is the effective 
device area, Pi is the incident light intensity and R is the photo
responsivity of device. 

2.6. Theoretical calculation details 

All calculations were performed with G09 at the level of B3LYP/6- 

Fig. 4. TEM images and (illustration) SAED patterns of as-prepared (a) nanowires and (b) nanoribbons, respectively. The growth mode of (c) α phase and (d) β phase 
nanostructures on the substrates. In order to show the stacking pattern more clearly, we removed the benzene ring and other unnecessary groups, and only retained 
the core skeleton in this pattern. 
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311G**. Charge transfer rate was calculated by Marcus theory: 

ωij¼
2π
h

J2
ij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πλijκBT

p exp
�

�

�
ΔEij � λij

�2

4λijκBT

�

(4)  

3. Results and discussion 

The two 4FPEPTC crystals were individually prepared via a simple 
solution cooling approach, wire-like α phase crystals grew from the 
relative low concentration chlorobenzene solution and ribbon-like β 
phase crystals from the high concentration solution observed at the 
bottom of the bottles. Both polymorphic crystals were further charac
terized by single-crystal X-ray diffraction. The crystallographic data of 
two crystal polymorphs are summarized in Table S1. The α phase crystal 
possessed a triclinic unit cell and belonged to the P-1 space group with 
unit cell parameters of a ¼ 4.6839(2) Å, b ¼ 9.9616(5) Å, c ¼ 18.0176(9) 
Å, α ¼ 77.647(2)�, β ¼ 87.251(2)�, and γ ¼ 81.372(2)�. It was evident 
that α phase molecules adopted one-dimensional face-to-face stacking 
mode with π� π distance of ~3.466 Å along a-axis in this crystal (Fig. 1a 

and b), ensuring good orbital overlap between the neighboring mole
cules which could enable strong electronic coupling, good charge 
transport in this phase was expected along the π-π interaction direction. 
Short contacts of H–F bonds determined to be ~2.602 Å between the 
neighboring molecule tails were observed. In addition, H–O hydrogen 
bonds between the nearby planar backbones were also brought into the 
construction architecture (Fig. S1). The β phase crystal possessed a 
triclinic unit cell and belongs to the P-1 space group with unit cell pa
rameters of a ¼ 4.8692(16) Å, b ¼ 14.636(5) Å, c ¼ 20.819(8) Å, α ¼
71.205(10)�, β ¼ 88.115(10)�, and γ ¼ 84.085(10)�. Compared to the α 
phase, the β-4FPEPTC molecules had a denser π� π stacking pattern 
along the a-axis with the closest interplanar distance of 3.402 Å, indi
cating strong molecular interactions (Fig. 1c and d). The obvious dif
ference in the arrangement between these two crystals lied in the 
increased non-bond interactions (Fig. S2), hydrogen-bonding short 
contacts existed between one molecule with the adjacent six ones which 
were not in the same plane, and we believed that this reduced the 
dimension extension from 1D needle to the quasi-2D ribbon. The large 
supersaturation was supposed to lead to increased multiple 

Fig. 5. OFET schematic diagrams based on (a) α phase and (b) β phase crystals. (c, d) Typical transfer (VDS ¼ 100 V) and (e, f) output characteristics of the single (c, 
e) nanowire and (d, f) nanoribbon device. Insets in (c, d) show one individual microcrystal device based on 4FPEPTC. 

X. Liu et al.                                                                                                                                                                                                                                      



Organic Electronics 83 (2020) 105777

6

intermolecular forces of this PDI derivative under the large molecular 
concentration environment and rapid crystal growth process. According 
to the solid-state UV–vis absorption spectra, we can see that there are 
absorption bands at ~492 nm and 529 nm for both crystal forms 
(Fig. S3). 

Two different crystal-phase based micro/nanostructures could be 
easily obtained by drop-casting chlorobenzene solutions with different 
concentrations. A dilute chlorobenzene solution (0.02 mg/mL) was used 
to produce 1D nanowires (α phase, Fig. 2a and Fig. S4) with hundreds of 
micrometers in length, several hundred nanometers in width and dozens 
to hundreds of nanometers in height. On the contrary, ribbon-like 
crystalline nanostructures (β phase) of DPNDI were prepared from the 
relative high concentration solution (0.2 mg/ml), with dozens of mi
crometers in length, hundreds of nanometers in height and several mi
crometers in width (Fig. 2b and Fig. S5). The corresponding AFM (Fig. 2c 
and d) and SEM (Fig. 2e and f) images unveiled the smooth surfaces and 
uniform morphology. 

The structures of the as-prepared 4FPEPTC-based nanostructures 
were further detected by powder X-ray diffraction (XRD), both of which 
corresponded to their own bulk crystal data (Fig. 3). Both nanowires and 
nanoribbons exhibited sharp Bragg reflections, suggesting the good 
crystallinity. For the nanowires (α phase), the XRD pattern showed 
intense peaks at 11.05�, which could be indexed as (0–11). According to 
the crystal data, it can be determined that α phase crystal grows 
perpendicularly along the π-conjugated backbones rather than the alkyl 
chain side. In the case of nanoribbon morphology (β phase), the strong 

peak at 8.61� and 17.65� was indexed as (00–2) and (00–4), respec
tively, indicating the molecules leaning on the substrate with one half 
part contact. 

The transmission electron microscopy (TEM) and selected area 
electron diffraction (SAED) patterns were conducted for fully investi
gation, as shown in Fig. 4a and b. No changes observed in different re
gions of the same nanostructure in SAED images illustrated the good 
single-crystallinity. Furthermore, it revealed that both nanowire and 
micro/nanoribbon grew along [100] direction, induced by the strong 
π-π interactions. Combined with the powder X-ray diffraction (XRD) 
patterns, the overall growth mode was as shown in Fig. 4c and d, 
preferred to lie or lean on the substrates, followed by the inherent 
structure change. 

To explore how polymorphism affect the charge transport property, 
we constructed the microcrystal-based field-effect transistors with the 
bottom-gate top-contact geometry (Fig. 5a and b). Au source/drain 
electrodes were thermally evaporated onto the in-situ prepared nano
wires/ribbons via a copper grid as the shadow mask. All the character
izations were conducted in air condition. Typical transfer and output 
characteristics of α phase single crystal devices are shown in Fig. 5c and 
e, which exhibit well-saturated n-type performance. According to the 
calculation formula of mobility in saturation region (Equation (1)), over 
50 individual devices were measured and they exhibited an average μe 
(electron mobility) of 0.32 cm2 V� 1 s� 1 and Vth (Threshold voltage) of 
~9 V. The highest electron transport mobility could reach up to 1.01 
cm2 V� 1 s� 1, with a high on/off ratio of 107. Meanwhile, the β phase 

Fig. 6. Photoswitching behaviors of the (a) nanowire and (b) nanoribbon transistor to pulsed polychromatic white incident light (V ¼ 20V). (c, d) IDS–VGS transfer 
curves for a 4FPEPTC nanostructure OFET acquired in dark and under light illumination at VDS ¼ 100 V. 
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nanoribbon devices display an average and highest electron transport 
mobility up to 0.10 and 0.21 cm2 V� 1 s� 1 (Fig. 5d and f), respectively, 
which was much lower than that of the α phase nanowire. The results 
were inconsistent with our initial expectation resulting from the π-π 
distance and non-bonding interactions, the structure-property relation
ship will be discussed later on. Additionally, time-dependent photo
switching behaviors of the 4FPEPTC nanostructure were recorded where 
the polychromatic white light illumination was chosen to detect. 

Fig. 6a and b show the photoresponse behavior of a micro/nano
crystal device as a function of time, both nanowire and nanoribbon 
devices exhibit relatively stable photoswitching reaction (VSD ¼ 20 V 
and VG ¼ 0 V). Nanoribbon devices are more vulnerable with more 
rough currents to the voltage bias than nanowire devices, which may be 
probably affected by the scattering centers from the substrate, charge- 
trapping surface states, and crystalline imperfection. Fig. 6c and 
d illustrate transfer characteristics of top-contact 4FPEPTC nano
structure transistors upon irradiation with polychromatic white light or 
dark at an applied drain voltage bias of 100 V. Under light irradiation, 
the observed transistor photoresponse consists a dramatic increase of 
both OFF and ON currents and a negative shift in VT, indicating that such 
device is easy to turn on. This is probably due to the elimination of trap 
sites by the photogenerated charge carriers. In addition, according to 
equations (2) and (3), we calculated the photoresponsivity (R) and 
photosensitivity (P) of the two polymorphic devices (Fig. S6) [41,42]. 
The α phase device has P and R of 9.78 � 105 and 800 mA/W, respec
tively, which are hundreds or even thousands of times higher than the 
corresponding values of the β phase device (P ¼ 7.53 � 103 and R ¼ 0.54 
mA/W). Therefore, the polymorphism induced arrangement diversity 
has a great influence on photosensitive behavior of the device, opens 
avenues for their functional applications in optoelectronic devices. 

We then conducted the quantum simulations to understanding how 
the molecular packing affect their electronic properties in this n-type 
system [43], the electronic couplings were calculated under the level of 
B3LYP/6-311G**, which was implemented in Gaussian 09. Fig. S7 
presents the main charge-transport pathways for electrons predicted in α 
and β phase crystals. It is noteworthy that the electronic coupling along 
the π-π stacking direction of 7–8 is about at least 6 times higher than that 
in other directions, reaching up to 116.36 meV. No efficient electronic 
coupling in other planes is found. Thus, this pathway was believed to be 
the dominating electron transporting route, known as the nanowire 
growth direction. As for the β phase crystal, along the crystal long axis 
direction of 19–21 (π-π stacking direction, 36.22 meV) was also much 
higher than that in other directions, noting that dimers in the other 
plane exhibited very small couplings (less than 1 meV). Obviously, these 
differences in molecular packing structures play an important role in 
their both charge transport features. Finally, we also calculated their 
mobility (α and β phase crystals) based on Marcus theory (Equation (4)) 
and kinetic Monte Carlo simulations [44]. The theoretical mobility of α 
phase and β phase device is 0.23 cm2 V� 1 s� 1, and 0.01 cm2 V� 1 s� 1, 
respectively. The calculated electron mobility in α phase was higher 
than that of β phase of 4FPEPTC, which was in agreement with the 
experimental results. 

4. Conclusion 

We report the preparation of two crystalline forms of n-type F- 
substituted PDI derivative by a simple and efficient solution method 
(supersaturated solution cooling with different concentrations). Partic
ularly, we believe that the increased supersaturation prevents one 
dimensional π� π stacking direction to form a nanowire structure as the 
molecules crystallize, resulting in a dimension extended nanoribbon 
packing mode with more non-bonding interactions. The OFETs based on 
single-crystalline 4FPTCDI nanowires and nanoribbons were further 
fabricated, and found that nanowire structures (α phase structure) 
possessed larger electron mobility up to 1 cm2 V� 1 s� 1 and much higher 
photosensitivity. Theoretical calculations show that the β phase crystal 

prefer absolute 1D charge transport path although the quasi-2D packing, 
and lower charge carrier mobility was supposed compared to α phase 
polymorph. In summary, this polymorphism tuning by simple solution 
method provides us a powerful approach for the deep study of the 
structure-property and exploring of the functional organic optoelec
tronic materials. 
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