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Abstract: A self-assembled film of an amphiphilic perylene tetracarboxylic diimide derivative
(N-hexane-N'-(1-phenyl-4-aminoethanol)-1,7-di(4-tert-butylphenoxy)perylene-3,4;9,10-tetracarboxy
late diimide, HH-PDI) has been used as the organic template to produce the first example of
monodispersed nano-particles of HH-PDI/ZnS composites. The HH-PDI pure film and HH-PDI/ZnS
nanocomposites were characterized by UV-vis absorption, X-ray diffraction (XRD), scanning
electron microscopy (SEM) and current-voltage (I-V) measurements. Experimental results revealed
the film crystallinity and general molecular order for HH-PDI molecules in the nanocomposites are
improved effectively in comparison with those in the pure film due to the introduction of ZnS
nanocrystals. The electrical conductivity of the HH-PDI/ZnS nanocomposites (6.6x10° S cm™) is
more than ca. 2 order of magnitude higher than that of (3.6x10” S em™). The present result provides
an efficient way to improve the performance of organic semiconductors through introducing
inorganic semiconducting nanocrystals.

Introduction

Semiconductor nanomaterials can often display unique optical, electronic, and magnetic
properties, whereas these properties strongly depend on the size and shape of the nanoparticles [1]. As
a result, synthetic control over the morphology, size, and crystallographic orientation of materials is
highly desired [2]. Among the methods for the preparation of nanomaterials, growing of inorganic
structures directly on an organic template has recently emerged as a powerful technique [3].
Perylenetetracarboxylic diimide (PDI) derivatives have been extensively and intensively investigated
as advanced molecular materials [4]. In particular, because of their great potential application as
organic semiconductors in different molecular electronic devices, the fabrication of ordered
nanostructures of these functional molecular materials has become an attracting research area in the
past decade [5]. The semiconducting PDI-based organic/inorganic composites in nanoscale should be
highly desired for nano-optoelectronic materials due to the possibility of combining desired properties
from both. In the present paper, we reported controlled preparation of ZnS nanoparticles in a
self-assembled (SA) film of amphiphilic PDI derivative modified with distinctly different
hydrophobic/hydrophilic side-chains,
N-hexane-N'-(1-phenyl-4-aminoethanol)-1,7-di(4-tert-butylphenoxy)perylene-3,4;9,10-tetracarboxyl
ate diimide (HH-PDI), Fig. 1. By using SA film of amphiphilic HH-PDI molecules as a template, the
monodisperse HH-PDI/ZnS nanocomposites were prepared at the air—water interface. The enhanced
semiconducting properties were observed for the hybrid nanocomposites relative to respective the
pure HH-PDI film.
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Fig. 1 The molecular structure of HH-PDIL
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Fig. 2 Procedures for the fabrication of the HH-PDI and HH-PDI/ZnS nanocomposites.

Experimental Section

Chemicals

The sample of HH-PDI was synthesized according to previously published procedures [6]. All the
chemicals are analytical reagents and used without further purification.
Preparation and characterization of the HH-PDI SA film and HH-PDI/ZnS nanocomposites

(Fig.2). Prior to the deposition, substrates were successively sonicated in dichloromethane,
methanol and distilled water and dried with argon gas. (i) HH-PDI (HH-PDI/Zn*") SA film: 5.0 mL of
dichloroform solution (0.20 mg mL") was put into a culture dish (diameter: 9 cm, height: 1.8 cm),
then 50 mL water (or ZnSO, aqueous solution 0.081 mg mL™") was slowly added onto the surface of
the solution. (caution: the amount of water added cannot cover completely the air/CH,Cl, interface so
as to keep the path for the evaporation of CH,Cl, solvent). During solvent evaporation, HH-PDI
molecules gradually assembled to form some fine nanostructures at the CH,Cl,-water interface. After
complete evaporation of CH,Cl,, the densely packed film remained on the water surface. Then, the
film can be easily transferred from the water surface onto a quartz or Si/SiO, substrate by horizontal
lifting. This process was repeated to obtain the required number of layers. Residual water on the
substrates, between transfer steps and after the final transfer, was removed with a stream of nitrogen.
(ii) HH-PDI/ZnS nanocomposites: HH-PDI/Zn*" nanocomposites were dipped to a H,S saturated
solution (~0.1 mol L™ for 12 h). After being washed with water, the thin film was removed with a
stream of nitrogen for SEM (Hitachi S-4300F), X-ray diffraction (Rigaku D/max-yB), UV-vis
spectroscopy (Hitachi U-4100) measurements, respectively. The reactions were carried out at room
temperature. The device for I-V measurements (Keithley 4200) were fabricated according to
previously published procedures [7].
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Results and discussion
UV-vis absorption spectra
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Fig. 3 UV-vis spetra of HH-PDI in dichloroform (solid line) and the HH-PDI pure film (dash line) and
HH-PDI/ZnS nanocomposites (dot line). Fig. 4 The X-ray diffraction patterns of HH-PDI pure film
(A) and HH-PDI/ZnS nanocomposites (B). The vertical lines show the ZnS powder diffraction pattern
from the Joint Committee on Powder Diffraction Standards (JCPDS) Card No. 05-0566.

Fig. 3 displays the UV/Vis spectra of the HH-PDI pure film and HH-PDI/ZnS nanocomposites in
comparison with that in the solution. As expected, HH-PDI in dichloroform showed typical feature of
the non-aggregated diphenoxy-substituted PDI chromophores in the electronic absorption spectra [8].
The absorptions at about 545 and 514 nm can be attributed to the 0-0 and 0-1 vibronic band of the
So-S; transition, respectively, while the observed absorption band around 402 nm is attributed to the
electronic Sy-S, transition [6]. Note that the absorption of HH-PDI in the pure film and
nanocomposites changed significantly in the ratio of the intensities of the 0-0/0-1 peaks, while peak
positions of absorption maxima of HH-PDI remained almost unaltered in the pure film, and
blue-shifted to ca.500 nm in the nanocomposites. Those kinds of changes implied the formation of
face-to-face m stacks (H-aggregate) and stronger molecular stacking interaction between the PDI
skeletons of HH-PDI in the nanocomposites than the pure film [8], which is able to provide the more
efficient & stacking and in turn is responsible for the much larger carrier mobilities revealed for the
devices fabricated from the former than the latter one(vide infra). Furthemore, by comparing the
UV-vis spectra of HH-PDI pure film and HH-PDI/ZnS nanocomposites, we can find that the
nanocomposites exhibits a higher absorption intensity in the wavelength region below 350 nm, which
is very similar to the absorption of bulk ZnS nanoparticles [9], suggesting the ZnS nanostructures
have been shaped in the nanocomposites.

RIS /
g 6.0x10" - /
16 E 0.0 —g=3 el
. 5 6.0x107 /'// "
wl”
400 nm P AR B
o om—— R — Voltage (V)
Fig. 5 SEM images of HH-PDI/ZnS nanocomposites Fig. 6 The current-voltage (I-V)
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X-ray diffraction (XRD) pattern

The XRD patterns for the HH-PDI pure film and HH-PDI/ZnS nanocomposites are shown in Fig.
4. In the nanocomposites, various diffraction peaks were observed, which were, according to JCPDS
file No. 05-0566 (shown as vertical lines in Fig. 4), assigned to the (111), (220) and (311) planes of
the cubic phase of zinc blende ZnS. XRD patterns in combination with UV-vis and SEM analysis
(vide infra) of the samples provided exclusive evidence that ZnS nanoparticles formed exhibit a
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highly crystalline structure. On the other hand, the XRD pattern of the HH-PDI pure film exhibits the
(001) Bragg peak at 20 = 4.48°, corresponding to a periodic spacing distance of 1.94 nm, Fig. 4A.
Consequently, orientation angle of HH-PDI rings with respect to the substrate surface of ca. 59.4° are
estimated for HH-PDI in pure film based on the length of HH-PDI (2.30 nm) taken from the
energy-optimized structure. A slipped co-facial stacking mode with the molecular long-axis
perpendicular to the substrate surface (H aggregate) was achieved for HH-PDI [10], which is in line
with that UV-vis absorption. In addition, the appearance of a broad peak at 0.42 nm for the HH-PDI
pure film suggested that there exists liquid-like ordered packing of long alkyl chains [6]. A sharper
peak at 0.31 nm (26 = 28.9°) obtained for the HH-PDI pure film is ascribed to n-r stacking distance of
PDI rings between the adjacent molecule, implied a favorable molecular packing from co-facial
conformation depending mainly on the n-m interaction between perylene rings in the HH-PDI film.
However, in the HH-PDI/ZnS nanocomposites, as shown in Fig. 4B, the XRD diagram shows two
well-defined low-angle diffraction peaks at 26 = 3.01° and 6.07° (corresponding to a periodic spacing
distance of 2.92 and 1.46 nm), which are ascribed to the diffractions from the (001) and (002) planes
of HH-PDI, indicating the long range molecular ordering across the thickness of the nanocomposites.
Due to the special asymmetric molecular structure of HH-PDI, the value of 4 (2.92 nm) in the
nanocomposites is actually the thickness of the bilayer (Fig.2). Meanwhile, the diffraction at 0.42 nm
disappeared, indicating that the long hydrophobic alkyl chain of HH-PDI in the nanocomposites
might no longer take an extended conformation but a folded and tangled conformation instead.
Consequently, a significant decreased monolayer thickness (1.46 nm) of HH-PDI obtained in the
nanocomposites as compared to that in the HH-PDI pure film can be achieved. Therefore, ZnS
crystals grown on HH-PDI organic template has a remarkable influence on the assemble structure of
both hydrophobic and hydrophilic side-chains attached to HH-PDI in the nanocomposites.

Morphology of the HH-PDI pure film and HH-PDI/ZnS nanocomposites

As revealed by the scanning electron microscope (SEM), Fig. 5A, the unique nanoparticles were
obtained with the average diameter of ca. 20 nm for HH-PDI/ZnS nanocomposites. This is in good
contrast to the sheet-like microstructure with large gaps and cracks between aggregate domains
observed for HH-PDI molecules in pure film, Fig. 5B, which will surely add negative effect on the
electronic conductivity for the I-V devices fabricated.

Semiconducting properties

Fig. 6 shows the current-voltage (I-V) characteristics of the HH-PDI pure film and HH-PDI/ZnS
nanocomposites. According to the equation reported in the literatures [7], the electronic conductivity,
is calculated to be around 6.6 x 10” and 3.6 x 10”7 S cm™ for the HH-PDI pure film and HH-PDI/ZnS
nanocomposites, respectively. Comparing with the HH-PDI pure film, the improved conductivity for
the nanocomposites might be attributed to readily n- stacks with adjacent planar molecules and the
introduction of ZnS n-type semiconducting nanocrystal. The absence of traps or defects in these
nanocomposites with more efficient n-x stacks should favour charge transport.

Summary

The well-defined HH-PDI/ZnS hybrid nanoparticles have been successfully prepared at the
air-water interface by using SA film of amphiphilic HH-PDI molecules as a template. The
significantly improved semiconducting properties are achieved for the resulting nanocomposites. The
present result represents the first effort towards controlling the size and morphology of ZnS
nanostructures via an amphiphilic asymmetric PDI derivate, which is helpful towards designing,
preparing new nanomaterials and more complex nanostructures with tunable functionality.
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