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In this work, a new asymmetrically five-membered O-heterocyclic annulated perylene diimide (O-PDI)
has been synthesized. The compounds O-PDI and asymmetrically five-membered S-heterocyclic annu-
lated perylene diimide (S-PDI) self-assembled into nanoneedle and nanosheet, respectively. Photo-
physical, electrochemical and thermal properties were investigated by UVevis absorption, fluorescence,
cyclic voltammetric, thermogravimetric and differential scanning calorimetry techniques. Optical, fluo-
rescence, scanning and transmission electron microscopies were employed in the molecular self-
assembly studies. Due to significant electronic coupling between their heteroatom/heterocycles and
perylene diimide (PDI) cores, the intermolecular p-p actions are neglectable, providing high lumines-
cence efficiency. At the same time, the space between perylene chromophores is still very short (3.3 Å for
O-PDI and 3.23 Å for S-PDI), which is favorable for the hopping transportation of charge carrier from one
molecule to a neighboring one. These compounds could be candidate materials for acquiring well defined
organic nanostructures with both excellent charge-transporting and good light-emitting capabilities.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

During the last years, self-organization has been forecasted to be
a tool for the synthesis of well defined organic nanostructures and
has received increased attention [1e3]. Perylene dyes were exten-
sively studied due to their good properties such as excellent pho-
tostabilities and high fluorescence quantum yields [4e8]. As a
alternative of carbon nanotubes and other inorganic semiconductor
nanowires, perylene-3,4,9,10-tetracarboxylic bisimides (PDIs) can
be potentially used for low-cost processes such as spin-coating,
evaporating and printing [9,10].

During the search of high performance organic semiconductors
for molecular devices, fused and extended heteroarenes are
recognized as one of the most promising molecular scaffolds [11].
The introduction of heterocycles or heteroatoms to a p-conjugated
system is a facile approach for the construction of intramolecular
charge transfer compounds, with the lone pairs of electrons of the
l., Self-assembly, optical and e
), http://dx.doi.org/10.1016/j
heteroatoms being used as electron donors [12]. Incorporating
heteroatoms into the perylene skeleton can dramatically change
the electronic structures and photochemical properties of these
heterocyclic annulated perylenes [13]. Extension along the short
molecular axis always causes a hypsochromic shift [14]. Further-
more, highly p-extended heteroarenes would also induce a variety
of intermolecular interactions, such as van der Waals interactions
and heteroatom-heteroatom interactions. These interactions are
essential to achieve highly ordered supramolecular self-assembled
structure, which then results in excellent device performance [15].
Current reports on annelation of PDIs with heterocycles in one bay
region have focused on their synthesis and optical properties. Heinz
Langhals synthesized five membered S-heterocyclic annulated
perylene diimide (S-PDI) by reaction of the mono-substituted
nitroperylene bisimide with sulfur in DMF or NMP. The UV/Vis
spectra exhibits a hypsochromic shift of 12 nm compared to PDI.
The fluorescence quantum yield is 71% in solution and there is an
intense solid-state fluorescence [16]. Li Yuliang and coworkers
developed new methods to synthesize two N-heterocyclic annu-
lated perylene diimides. These N-heterocycle-annulated PBIs
exhibit distinct optical and electronic properties because of
lectrical properties of five membered O- or S-heterocyclic annulated
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significant electronic coupling between their heteroatom/hetero-
cycles and PDI cores [17].

In this work, a new heterocyclic annulated perylene diimides:
asymmetrically five-membered O-heterocyclic annulated perylene
diimide (O-PDI) (Scheme 1) has been synthesized. We report O-PDI
and S-PDI derivative that lack flexible solubilizing groups in the
molecular structure, and demonstrate their self-assembly into
nanoneedle and nanosheet, respectively. Their optical, electrical
and thermal properties were also assayed. Through the analysis of
their crystal structures, the effect of heterocyclic substituents on
the electronic and optical properties of perylene diimide was
investigated. Because of significant electronic coupling between
their heteroatom/heterocycles and PDI cores, the dimers of O-PDI
or S-PDI adopted a similar slipped p-stacked packing motif be-
tween neighboring molecules that restricted the intermolecular
pep stacking. The heteroatom actually help firming up the stacking
of the molecules through non-covalent interactions, and electro-
static attraction between the electron-rich atom O/S and electron-
poor perylene core. PDIs are among the most insoluble organic
pigments and their processing into nanostructures by self-
assembly protocols in solution has so far only been accomplished
for derivatives bearing long n-alkyl side chains or basing on largep-
scaffold contortion [18]. This study will be helpful for exploring
feasible routes to acquire well defined organic nanostructures.
Furthermore, such molecular tailoring approach would help to
design and synthesize novel organic semiconductivematerials with
both excellent charge-transporting and good light-emitting
capabilities.

2. Experimental section

2.1. Materials

All chemical reagents were of reagent grade and purchased from
commercial source. They were purified through conventional pro-
cedures prior to use. N, N0-dicyclohexyl-3,4,9,10-tetracarboxylic
acid bisimide 1 and N, N0-dicyclohexyl-1-nitroperylene-3,4,9,10-
tetracarboxylic acid bisimide 2 were synthesized according to the
literature procedure [19,20].

2.2. Synthesis

2.2.1. Synthesis of compound O-PDI
Compound 2 (120 mg, 0.2 mmol) was dissolved in N-
Scheme 1. Synthesis route of symmetrically five-membered O-heterocyclic annulated pe
perylene diimide (S-PDI).
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methylpyrrolidone (NMP, 10 ml). The resulting solution was stirred
at 180 �C under O2 for 5 h until the starting material could not be
detected by TLC, and then poured into 100 ml of 2 M HCl. The
precipitate was collected by vacuum filtration and washed with
water. After solvent was removed under vacuum, the crude product
was purified by silica gel column chromatography with eluent
dichloromethane/petroleum ether (5/2). After solvent was
removed, a bright yellow solid of 34 mg (30%) O-PDI was obtained.
1H NMR (CHCl3, TMS, ppm): d ¼ 8.95 (d, 2H), 8.83 (d, 4H), 5.16 (m,
2H), 2.66e2.63 (m, 4H), 1.94e1.55 (m, 8H), 1.41e1.26 (m, 8H). 13C
NMR (75 MHz, CDCl3, ppm): d ¼ 164.78, 163.74, 154.15, 133.93,
130.38, 126.46, 125.03, 124.36, 119.34, 54.50, 29.27, 26.65, 25.48. FT-
IR (KBr, cm�1): v ¼ 2922, 1689, 1649, 1611, 1415, 1341, 1307, 1259,
1179, 1000, 896, 852, 805, 735, 628, 576, 449, 416. MS (APCI): m/z
568.1947 M�.

2.2.2. Synthesis of compound S-PDI
The compound S-PDI was synthesized according to the litera-

ture procedure [16]. Briefly, 180 mg (0.3 mmol) compound 2 and
160 mg (5.0 mmol) powdered sulfur reacted for 12 h in NMP at
130 �C under argon atmosphere to yield S-PDI in 32%. 1H NMR
(CHCl3, TMS, ppm): d ¼ 9.31 (s, 2H), 8.96 (d, 2H, J ¼ 8.1 Hz), 8.90 (d,
2H, J¼ 8.1 Hz), 5.17 (m, 2H), 2.66 (m, 4H), 1.94 (m, 4H), 1.84 (m, 6H),
1.47e1.38 (m, 6H). FT-IR (KBr, cm�1): v ¼ 2917, 1698, 1648, 1593,
1426, 1349, 1303, 1234, 1175, 989, 889, 850, 803, 784, 735, 683, 628,
594, 449. MS (APCI): m/z 584.1729 M�.

2.3. Characterization and measurement

1H NMR and 13C NMR spectra were recorded in CDCl3 on a
Bruker 300MHz spectrometer. FT-IR spectrumweremeasuredwith
Bruker Tensor-27 spectrophotometer. Mass spectra were recorded
on a Bruker Maxis UHR-TOF mass spectrometer. UVeVis absorption
spectra and fluorescence measurements were recorded with a
Varian CARY-50 spectrophotometer and a Hitachi FL-4500 spec-
trofluorometer, respectively. Cyclic voltammetry (CV) was per-
formed with a CH 1604C electrochemical analyzer at a scan rate of
100 mV/s and the current sensitivity was given as 0.01 mA by using
three electrode cell units, polished 2 mm glassy carbon as working
electrode, Pt as counter electrode and Ag/AgNO3 as reference
electrode by using. Tetrabutylammonium perchlorate (Bu4NClO4)
was used as the supporting electrolyte. The optical microscopic
images and fluorescence microscopic images were obtained with
an Olympus (Japan) BH2 fluorescence microscope, which provides
rylene diimide (O-PDI) and asymmetrically five-membered S-heterocyclic annulated
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excitation in the range of 450e490 nm. Scanning electron micro-
scopic (SEM) measurement was performed with a FEI NOVA
NANOSEM 450 microscope. The sample was prepared by casting
one drop of the nanorod suspension onto a glass coverslip. The
dried sample was coated with gold prior to the SEM imaging.
Transmission electron microscopic (TEM) was recorded using a
JEOL instrument. Thermogravimetric analysis (TGA) was conducted
with a TA Q50 instrument. Differential scanning calorimetry (DSC)
measurements were performed using a Perkin-Elmer DSC-7 calo-
rimeter. The sample temperature of TGA and DSC was maintained
at 10 �C/min under a nitrogen atmosphere.

2.4. Computation details

The Becke’s three parameter gradient-corrected hybrid density
function B3LYP method [21,22] and the standard 6-31G* (d) basis
set [23] were used for both structure optimization, the property
calculations and the molecular arrangement in O-PDI/S-PDI solid
based on two molecular models. All the calculations were per-
formed using the Gaussian 03 program installed on a Windows PC.

3. Results and discussion

3.1. Synthesis and characterization

Scheme 1 shows the chemical structures and synthetic routes of
O-PDI and S-PDI. The synthesis started from an imidization of
perylene bisanhydride by reaction with cyclohexylamine. The
compound 2 was achieved by a reaction of compound 1 with
Fig. 1. Self-assembled structures of O-PDI nanoneedle deposited on a glass slide: (a) A la
microscopic image.
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cerium (IV) ammonium nitrate (Ce(NH4)2(NO3)6) and 96% nitric
acid under ambient temperature in dichloromethane with a high
yield (>90%). The compound S-PDI was synthesized according to a
literature procedure [16]. Treatment of compound 2with oxygen in
air at 180 �C for 5 h directly afforded the bright yellow O-PDI. The
structure of the compound O-PDI was fully characterized by
different spectroscopic methods, including 1H and 13C NMR, FTIR
and mass spectral techniques.
3.2. Optical properties and self-assembled structures

The optical properties of heterocyclic annulated perylene dii-
mides O-PDI and S-PDI in dichloromethane were investigated by
UVevis absorption (Fig. S-1a) and photoluminescence spectroscopy
(Fig. S-1b), together that of unsubstituted perylene diimide 1 for
comparison. The UVevis absorption spectra showed that they all
exhibit well-defined vibronic pep* transition absorption bands
with the longest maximum at 500 nm and 510 nm for S-PDI and O-
PDI, respectively. They are all slightly blue-shifted relative to the
corresponding parent compound perylene diimide (lmax¼ 525 nm)
as a reflection of the extended aromatic core along the short mo-
lecular axis [14]. In comparison with S-PDI, the maximum ab-
sorption of O-PDI is bathochromically shifted about 10 nm. The
fluorescence spectra depict the same structure with a mirror image
of the absorption spectrum and the emission peaks are appeared at
522 nm and 515 nm for O-PDI and S-PDI, respectively. Moreover,
the fluorescence spectra of O-PDI and S-PDI are also blue-shifted
relative to that of compound 1. Therefore, both the absorption
and fluorescence spectra of the O-PDI and S-PDI are blue-shifted in
rge area SEM image. (b) TEM image. (c) Fluorescence microscopic image. (d) Optical
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comparison with that of compound 1. This means that the energy
gap between the electronic excited state and the ground state of
perylene bisimide can be turned by annulatation the five
membered O- or S- heterocycle into one bay region of perylene
skeleton. The heteroatom annulated perylene diimides presented
here possess small Stokes shifts of about 12 and 15 nm for O-PDI
and S-PDI, respectively.

The UVeVis absorption spectra and the fluorescence spectra of
O-PDI and S-PDI in dichloromethane at various concentrations
were shown in Figs. S-2 and S-3, respectively. Both the maximum
absorbing and emissive wavelength (lmax) are not shifted with
variation of concentration. The spectra of O-PDI showed two ab-
sorption bands (510 nm, 476 nm) and a broad shoulder peak around
447 nm, which corresponding to the characteristics of the 0�0,
0e1, and 0e2 transition energy, and the absorption peaks of S-PDI
appeared at 500, 467 and a shoulder around 439 nm. As free
monomers, the normal progression of FranckeCondon factors was
A0�0 > A0�1 > A0�2. However, the 0e1 transition increases as the
monomer begin to aggregate [24]. The 0e1 transition absorption of
both O-PDI (from 4� 10�6 to 2� 10�5 M) and S-PDI (from 5� 10�6

to 4 � 10�5 M) showed scarcely any increase in dichloromethane
(Figs. S-2b and S-3b), suggesting that the pep interactions do not
occur in higher concentration for O-PDI and S-PDI.

PDI derivatives other than alkylated PDI derivatives indicating
extremely high solubility in organic solvents have recently been
reported. For example, Masahiro Funahashi et al. have reported a
solution-processable n-type PDI derivative bearing disiloxane
chains. The Liquid-crystalline PDI derivative exhibits an ordered
columnar phase at room temperature in which the electron
mobility exceeds 0.1 cm2 V�1 s�1 [25]. Both O-PDI and S-PDI have
Fig. 2. Self-assembled structures of S-PDI nanosheet deposited on a glass slide: (a) A lar
microscopic image.
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significant electronic coupling between their heteroatom/hetero-
cycles and PDI cores [26], and the cyclohexyl end-capping groups
increase the steric bulkiness to the periphery of the two molecules
[27]. So, despite the extension of the aromatic core of perylene,
these two PDI derivatives are soluble in common organic solvents,
and thus allowed us to compare their UVeVis in a range of solvents
(cyclohexane, ethylene acetate, tetrahydrofuran, dichloromethane
and dimethylformamide) as shown in Fig. S-4. The shapes of
spectra were similar in the solvents studied and the spectral shift
was not straightly dependent on the solvent polarity. This may be
due to some specific solvent-heteroatom interaction occurs for
various solvents. To facilitate the molecular aggregation, we have
used a mixture of solvents composed of dichloromethane and
methanol. The process involves transferring a larger amount
(1:2 volume) of methanol atop a concentrated dichloromethane
solution of O-PDI/S-PDI in a glass vial. Within a few minutes, ag-
gregates were formed at the interface. Figs. S-5 and S-6 shows the
absorption spectral monitoring of the self assembling process of O-
PDI and S-PDI. The absorption peak decreased gradually with time.
This depicts the formation of nanocrystalline structures. Also we
can see the absorption peak of O-PDI decreases more quickly than
that of S-PDI. It can be attributed to the hydrogen bonding inter-
action between O and methanol.

Fig. 1a shows the SEM image of O-PDI nanostructures. Long
flexible nanoneedles with uniform morphology in terms of both
width and thickness can be seen. The average width is 200 nm, and
the length is in the range within a few tens of micrometers (Fig. 1b).
Fluorescence microscopic image of nanoneedles exhibits tapered,
sharp ends (Fig. 1c). Optical microscopic image also supports the
observed nanoneedle morphology (Fig. 1d). In contrast to O-PDI,
ge area SEM image. (b) TEM image. (c) Fluorescence microscopic image. (d) Optical

lectrical properties of five membered O- or S-heterocyclic annulated
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Fig. 4. Thermogravimetric analysis graphs for O-PDI (red line) and S-PDI (black line) in
nitrogen atmosphere at normal pressure. Heating rate, 10 �C/min. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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the SEM image of the S-PDI shows that the molecules were
assembled as 1D nanosheet (Fig. 2a), with an average width of
200 nm (Fig. 2b). The morphology was also supported by optical
and fluorescence microscopic images (Fig. 2 c and d). Fluorescence
microscopic images of S-PDI nanosheet deposited on glass surface
were recorded at 450e490 nm. The strong red emissionwas clearly
seen in each nanosheet. Nanosheet bundle is also clearly seen in
optical microscopic image (Fig. 2d). The optical microscopic mea-
surements of O-PDI and S-PDI suggested the uniaxial crystal
structure of the nanostructures.

3.3. Electrochemical and thermal properties of dyes

The cyclic voltammograms of O-PDI and S-PDI are illustrated in
Fig. 3. When placed in dichloromethane and subjected to modest
potentials, these chromophores undergo two quasi-reversible re-
ductions and one quasi-reversible oxidation. These two quasi-
reversible reduction processes originate from successive reduc-
tion of the imide groups to give a radical anion (O-PDI- or S-PDI-) in
the first reduction step and a dianion (O-PDI2- or S-PDI2-) in the
second step [5]. The first reduction process increases the electron
density on the carbonyl oxygen of one imide group. The addition of
a second electron to the opposite imide group is governed by two
factors: one is the capability of delocalizing the surplus electron
density imposed on the molecule during the first reduction step
and other one is the coulombic repulsion between the introduced
charges of the same sign. Table 1 summarizes the redox potentials
and the highest occupied molecular orbital (HOMO) and the lowest
unoccupiedmolecular orbital (LUMO) energy levels estimated from
cyclic voltammetry (CV). It appears that both the first reduction and
the first oxidation potentials of O-PDI are more positive than that of
Fig. 3. The cyclic voltammogram of O-PDI and S-PDI in CH2Cl2 (under N2 atmosphere,
scanning rate 20 mV/s) using Bu4NPF6 as electrolyte, glassy carbon electrode as work
electrode, platinum as the counter electrode, and the Ag/AgNO3 as the reference
electrode.

Table 1
Cyclic voltammetry data and molecular orbital energies of O-PDI and S-PDI with
respect to the vacuum level.

Molecule Ered10 a Ered20 a Eox0 a LUMO (eV)b HOMO (ev)b Egap (eV)b

O-PDI �0.86 �1.17 1.62 �3.94 �6.42 2.48
S-PDI �0.999 �1.23 1.551 �3.80 �6.35 2.55

a Measured in a solution of 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF6) in dichloromethane versus Ag/AgNO3 (in V).

b Calculated from EHOMO ¼ �4.88� (Eoxd�EFe/Feþ), ELUMO ¼ EHOMO þ Egap.

Please cite this article in press as: Ma Y, et al., Self-assembly, optical and e
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S-PDI, while both the HOMO and LUMO energy levels decreasewith
the trend. This can be explained by the fact that the O has better
electron-withdrawing ability than the S. The HOMO/LUMO energy
levels of O-PDI and S-PDI are estimated to be �6.42/�3.94 and
�6.35/�3.80 eV, respectively.

The thermal properties of O-PDI and S-PDI were investigated by
thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC). The decomposition temperature of O-PDI is 370 �C
and that of S-PDI is 400 �C; this shows that the S-PDI is more
thermally stable than the O-PDI (Fig. 4). DSC analysis of O-PDI and
S-PDI showed two endothermic peaks at 31, 85 �C and 21, 30 �C
upon heating, respectively (Fig. 5). It was found that both of the O-
PDI and S-PDI exhibit no glass transition temperature during DSC
running up to 220 �C.

3.4. X-ray diffraction study and molecular packing

The internal structure of the self-assembled O-PDI and S-PDI has
Fig. 5. DSC thermograms of O-PDI (red line) and S-PDI (black line) with heating rate of
10 �C/min under nitrogen condition. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

lectrical properties of five membered O- or S-heterocyclic annulated
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Fig. 6. X-ray diffraction analysis of the O-PDI and S-PDI.

Table 2
Calculated and experimental parameters for O-PDI, S-PDI and compound 1.

Molecule HOMOa LUMOa Ega lmax Egb

O-PDI �6.26 �3.62 2.64 510 2.43
S-PDI �6.07 �3.40 2.67 500 2.48
Compound 1 �6.09 �3.62 2.47 525 2.36

a Calculated by DFT/B3LYP (in eV).
b At absorption maxima (Eg ¼ 1240/lmax, in eV).
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been further investigated by performing X-ray diffraction (XRD)
experiments (Fig. 6). The diffraction pattern is complicated and
cannot be assigned completely. In the X-ray diffraction pattern of O-
PDI, the peak at 2q ¼ 26.75� (d spacing 3.3 Å) can be attributed to
the pep stacking of the adjacent perylene because the distances of
p-p stacking between the perylene cores were approximately 3.5 Å
[28,29]. The peak at approximately 2q¼ 21.8� (d spacing 4.03 Å) can
be ascribed to the dislocation of p-p stacking of perylene. Perylene
derivatives are well known to exhibit a typical sharp diffraction
peak at approximately 8e9�, which is centered at a peak of 7.85� (d
spacing 11.25 Å) [30]. Compared with O-PDI, the peak at 7.85�

shifted to 8.05� with d space of 10.97 Å for S-PDI. The corresponding
d spaces changed to 3.6 Å and 3.24 Å as the peaks shifted to 24.35�

and 27.25� for S-PDI, respectively. The intensity of this diffraction
peak decreases obviously for S-PDI. This result suggests that the p-
p stacking interactions of S-PDI units are weak, which is in good
agreement with the optical properties. Additionally, X-ray powder
diffraction measurement of O-PDI indicates a first diffraction peak
Fig. 7. Computed frontier orbitals of O-PDI and S-PDI. The upper

Please cite this article in press as: Ma Y, et al., Self-assembly, optical and e
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at 2q ¼ 9.15� (d spacing 9.65 Å) with the second-order diffraction
peak at 2q ¼ 18.85� (d spacing 4.7 Å) and fourth order diffraction
peak at 2q ¼ 36.8� (d spacing 2.39 Å), and a group of similar
diffraction peaks found in the same region for S-PDI are at 10.1� (d
spacing 8.74 Å), 20.15� (d spacing 4.37 Å), and 40.25� (d spacing
2.19 Å). The first diffraction peak of O-PDI is assigned as (001) and
the remaining higher order peaks as (00Ɩ) diffractions of the a-form
crystal as have been reported by Miyata [31]. A diffraction peak at
2q ¼ 15.65� (d spacing 5.64 Å) is observed in the diffraction pattern
of O-PDI, which is shifted to 15.7� (d spacing 5.62 Å) in the
diffraction of S-PDI and can be attributed to the a-form crystal also.
The diffraction peak of S-PDI at about 2q¼ 5.05�, corresponding to a
d space of about 1.73 nm, can be assigned to the length of the PDI
units as shown in Fig. 2. The multiple orders of reflection indicate
that the self-assembled structures are well-ordered and layered
microstructures.

In order to check the effect of incorporating O/S heteroatom into
the perylene skeleton quantum, chemical calculations were carried
out with density functional theory (DFT) at the B3LYP/6-31G* level.
Fig. 7 shows the LUMO and the HOMO of O-PDI and S-PDI. One can
note that the HOMO orbital of both O-PDI and S-PDI is centered on
the perylene ring system, while the LUMO orbital is extended from
the central perylene core to the heteroatom sites. The calculated
molecular orbital (HOMO and LUMO) energies and experimental
parameters are shown in Table 2. Themolecular energy levels of the
frontier molecular orbital revealed that the energy levels of HOMO
and LUMO orbital as well as their energy gap can be tuned by the
five-membered heterocyclic annulus. The energy level of the
HOMO orbital for O-PDI is lowered relative to that of unsubstituted
perylene diimide, while the energy level of the LUMO orbital is
nearly unchanged. Moreover, the energy level of the HOMO orbital
graphs are the LUMOs and the lower ones are the HOMOs.

lectrical properties of five membered O- or S-heterocyclic annulated
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Fig. 8. Optimized structures of O-PDI and S-PDI obtained by DFT calculations at the B3LYP/6-31G* level. The white, grey, blue, red, and yellow balls represent H, C, N, O, and S atoms,
respectively. The H atoms are omitted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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for S-PDI is nearly unchanged. However, the energy level of the
LUMO orbital is higher than that of unsubstituted perylene diimide.
Therefore, the energy gap between HOMO and LUMO is enlarged
for both O-PDI and S-PDI. This is consistent with the blue-shift of
the electronic spectra for O-PDI and S-PDI in comparison with that
of compound 1. As expected, the HOMO-LUMO energy gap of S-PDI
is higher than that of O-PDI, which is in good agreement with the
electrochemical calculations. Optimized ground state geometric
conformations of O-PDI and S-PDI are shown in Fig. 8. All molecules
of the perylene skeleton and the heteroatom are of planar confor-
mations. It is distinct that the formation of the five-membered ring
induces the two naphthalene moieties to get close to each other in
the site of the five-membered ring, while the two naphthalene
moieties get far away in the site of the open ring. Moreover, the
angles formed by CXC (X refers heteroatoms) and the bond length
of C -X are 89.9� and 1.84 Å for S-PDI and 106.2� and 1.41 Å for O-
PDI. As a whole, the core twist angle of S-PDI is smaller than that of
O-PDI because of the bigger diameter of S atom than that of O atom.

Combining the results of X-ray diffraction, density functional
theory (DFT) and the morphological analyses using TEM, the mo-
lecular arrangement in O-PDI/S-PDI crystal can be disclosed (Fig. 9
and Fig. S-7). The crystal structure of O-PDI exhibits a nearly planar
molecular conformation with a packing arrangement consisting of
edge-to-face dimers. The dimers adopt a almost herringbone
packing arrangement with an interplanar distance of 3.3 Å which is
similar to that in other perylene diimides crystals (about 3.5 Å) [32].
Fig. 9. View of the single crystal structure of O-PDI and S-PDI.
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About twelve carbon atoms in perylene ring and one sulfur atom
are close to the adjacent perylene ring (a perylene ring is composed
of 20 carbon atoms) and the overlapping area is limited, indicating
extraessential intermolecular pep actions in this case. S-PDI mol-
ecules remain the same face-to-face pep packing as all known
crystal structures of perylene diimides. However, there is a huge
transverse offset between adjacent S-PDI molecules, so that the
overlapping area of successive p-conjugated perylene cores is
small, and only eight carbon atoms in perylene ring and one sulfur
atom are close to the adjacent perylene ring. This indicated more
less-favored p-stacking than O-PDI. The interplanar distance be-
tween perylene moieties is found to be 3.23 Å. From the molecular
modeling studies it can be established that the heteroatom has
actually help firming up the stacking of themolecules through non-
covalent bonding such as hydrogen bonds with H e O or He S in
CH3OH, electrostatic attraction between the electron-rich atom O/S
and electron-poor perylene core. The short interplanar distance
(3.3 Å for O-PDI and 3.23 Å for S-PDI) between perylene chromo-
phores is favorable for the hopping transportation of charge car-
riers from one molecule to the neighboring molecule. Therefore,
incorporating suitable heteroatom into the perylene skeleton can
grant perylene diimide high mobility ensured by well-organized
molecular packing with a short interplanar distance, and high
solid-state luminescence efficiency through decreasing the inter-
molecular pep actions.
4. Conclusions

In this study, we report O-PDI and S-PDI derivative that lack
flexible solubilizing groups in the molecular structure, and
demonstrate their self-assembly into nanoneedle and nanosheet,
respectively. The heteroatomwould help firming up the stacking of
the molecules through non-covalent interactions, and electrostatic
attraction between the electron-rich atom O/S and electron-poor
perylene core. This study will be helpful for exploring feasible
routes to acquire well defined organic nanostructures, and such
molecular tailoring approach would be helpful for designing and
synthesizing novel organic semiconductive materials with poten-
tial applications in electrically pumped lasers which require high
emission efficiency when large current density is applied.
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