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A novel organic-inorganic hybrid with two polyhedral oligosilsesquioxane (POSS) nanoparticles covalently
attached to perylene diimide (PDI) via a rigid 1,4-phenylene linkage (POSS-PDI-POSS) was designed and
synthesized to examine the effect of bulky and well-defined nanoparticle side chains on the self-assembly
behavior of PDI derivatives. The molecules were self-assembled directly by slow evaporation of a cast drop
from solution in tetrahydrofuran to give rise to uniform crystalline nanobelts with dimensions typically of 0.2
mm × 1 µm × 50 nm. The phase behavior and crystal structure of the sample were then elucidated via a
combination of different experimental techniques such as differential scanning calorimetry (DSC), wide-
angle X-ray diffraction (WAXD), selected area electron diffraction (SAED) in transmission electron microscopy
(TEM), polarized light microscopy, and atomic force microscopy. One-dimensional (1D) WAXD and DSC
revealed that only one crystalline phase exists. Based on the 2D WAXD fiber pattern obtained from the
oriented POSS-PDI-POSS samples, the crystalline structure was determined to be a triclinic unit cell with
dimensions of a ) 6.577 nm, b ) 5.213 nm, c ) 1.107 nm, R ) 93.26°, � ) 94.85°, and γ ) 92.73°, which
was confirmed by SAED experiments on the single crystals with different crystal zone orientations. The
detailed molecular conformational analysis indicated that the steric hindrance of the POSS nanoparticles
covalently attached to PDI via a rigid 1,4-phenylene linkage makes it difficult to achieve a continuous stacking
of PDIs. Instead, the molecules dimerized to maximize the π-π interaction. The dimers then became the
building blocks and packed themselves into the unit cell. This strong tendency for dimerization was supported
by concentration-dependent ultraviolet/visible absorption spectra, florescence spectra, and tandem mass
spectroscopy with traveling wave ion mobility separation. The combined SAED and TEM results showed
that the c*-axis of the crystal is along the elongated direction of the single-crystal nanobelt and the normal
direction of the π-π stacking is along the a*-axis. A crystal structure with six dimers as one supramolecular
motif in one unit cell was proposed to account for the unusually large unit cell dimensions. The complex
structure could be attributed to the longitudinal, transverse, and slightly rotational offsets between the PDIs
in the dimers and interdigitated neighboring dimers due probably to both electrostatic interactions and steric
demands. The molecular packing scheme in the crystal was simulated using Cerius2 software, and the resulting
diffraction data agreed well with the experimental results. The rationale for such 1D nanostructured morphology
formation is also discussed.

Introduction

Self-assembled, low-dimensional, nanostructured organic
semiconductors, such as nanowires and nanobelts, have
attracted numerous research interests in the recent decade in
an effort to utilize their advantages over their inorganic
counterparts, such as low cost, light weight, high flexibility,
ease of processing, and virtually unlimited choices of

molecular structures for property optimization, in the con-
struction of molecular electronics.1–8 It has been well
recognized that the supramolecular arrangements of the
electrically active molecules over different length scales in
these assemblies9,10 are key to achieve high device perfor-
mance in various electronic applications such as organic
light-emitting diodes,11,12 photovoltaic cells,13 field effect
transistors,14–16 and chemical sensors.17,18 Many functional
substituents have been introduced to modify the chemical
structure and interplay with the strong π-π interaction to
aid the supramolecular organization of these molecules.19

Their effects on the phase behavior, crystal structure, thermal
and photophysical properties, and electronic properties have
also been studied.20,21
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Among all the π-conjugated building blocks studied in this
area, perylene diimides (PDIs) perhaps attract the most attention
and have received the widest applications.22 Unlike most organic
semiconductors that are normally p-type in nature, PDIs form
a unique robust family of n-type semiconductors with high
thermal and photostability.15,23,24 Moreover, they can be readily
obtained and chemically modified for structure-property rela-
tionship elucidation and optimization from commercially avail-
able starting materials. Various side substituents at the nitrogen
atoms in PDIs have been introduced both symmetrically and
asymmetrically to tune the self-assembly and the final material
structure and properties.19,21,25–27 An elegant example would be
the fabrication of ultralong nanobelts from an asymmetrically
substituted PDI with one branched alkyl side chain and one
polyoxyethylene chain, as reported by Zang et al.28 The effect
of side chains on self-assembly has been studied,29 and it has
been shown that the structural parameters of PDI derivatives,
including interplanar distance, lateral sideway slippage along
the short or long axis of the PDI ring, and the in-plane torsion
angle between PDIs, are the dominating factors that definitively
affect the electronic and optical properties.30 Small structure
differences will induce significant changes in the electronic and
optical properties. As a result, despite the many studies reported
in the literature, a comprehensive understanding on the structure
and molecular packing of crystals and the principles that guide
the molecular design of these low-dimensional self-assembly
moieties are still lacking. It is interesting and necessary to look
at other factors such as the shape and conformation effects that
may sometimes play a critical role in determining the crystal
structure and formation kinetics. Among all these factors, an
intriguing question would be the effect of a bulky and well-
defined nanoparticle side chain (or end group) on the self-
assembly of π-conjugated systems.

Previous studies in our group have shown that bulky
substituents and branched alkyl tails are most effective at
modifying phase structures and molecular packings.31,32 Con-
ventional wisdom has been that the bulkier substituents are more
likely to interfere with and disrupt the π-π interaction and thus
disfavor the ordered structural formation.3,29 A delicate balance
between the side chain and the π-π stacking must be achieved
for desired assembly.3 In an extreme case, we ask that if bulky,
noncompressible nanoparticles with well-defined sizes are
attached to π-conjugated systems such as PDIs, will the
molecules still prefer a 1D continuous π-π stacking? Can the
molecules still be self-assembled into the characteristic 1D
nanostructured morphology? What is the role of the overall
molecular shape in this self-assembly? To the best of our
knowledge, there have been few reports addressing these
questions.20

Polyhedral oligosilsequioxanes (POSS), regarded loosely as
the smallest possible silica nanoparticle with diameter up to 1.5
nm33 including the side chains at the corners, were chosen as
the nanoparticle structural motif because of their well-defined
nature and ease in chemical modification. POSS materials have
been known for their chemical and thermal robustness and have
found wide applications in coating, nanocomposites, electronic
devices, and space shuttles.33,34 There are advantages in
incorporating POSS into electroactive conjugated materials: (1)
solubility can be significantly enhanced, which facilitates
processing; (2) it can impart high thermal and oxidative stability
to the material, as already reported;35 (3) it is possible to
functionalize POSS to manipulate their self-assembly and create
novel multifunctional materials, which is a significant advantage
over other simpler groups; and (4) the highly crystalline packing

of POSS cages can sometimes aid the self-assembly in forming
ordered structures in the solid state. Nevertheless, there are few
reports on the systematic study of the POSS nanoparticles’ effect
on the self-assembly and ordered packing of π-conjugated
materials in the solid state. It is, therefore, chosen as a structural
motif to couple with PDI as a model system to examine this
effect.

There are basically two ways to link POSS to both nitrogen
atoms of PDI: through a rigid linkage or a flexible linkage. The
former gives a shape-persistent dumbbell-like molecule, while
the latter gives a flexible rattle-drum-like molecule, which also
allows us to examine the effect of shape and conformation on
self-assembly. Inspired by self-assembly in biological systems,
the importance of molecular shape and shape persistence in self-
assembly has been gradually recognized in recent years.36–38 For
example, it has been found that the coplanar geometry of a
tetracyclic arylene ethynylene macrocyle with a carbonyl-linked
alkyl side chain enabled effective 1D self-assembly simply by
dispersing a solution into a poor solution or directly by
evaporating on a surface while the saddle-shaped tetracycle
counterpart requires more strictly controlled assembling condi-
tions.39 Meanwhile, if a flexible linkage is used, the nanoparticle
and the π-conjugated plane are decoupled in this case, and the
nanoparticle will exhibit less influence on the self-assembly of
the π-conjugated planes.20 Therefore, we focus on the POSS-
PDI conjugate with rigid linkages.

In this publication, we report the molecular design, synthesis,
and self-assembly of a novel shape-persistent POSS-PDI-POSS
conjugate molecule 3 (Scheme 1). The POSS nanoparticles are
covalently attached to PDI via a rigid 1,4-phenylene linkage.
The shape of the molecule is thus well-defined due to limited
conformational freedom. Surprisingly, it has been found that 3
could be self-assembled into uniform, ultralong crystalline
nanobelts with dimensions typically of 0.2 mm × 1 µm × 50
nm simply by slow evaporation of a solution cast drop from
tetrahydrofuran (THF). The crystal structure and phase behavior
were then determined using differential scanning calorimetry
(DSC), polarized light microscopy (PLM), one- and two-
dimensional (1D and 2D) wide-angle X-ray diffraction (WAXD),
and selected area electron diffraction (SAED). The molecular
packing scheme of the molecules in the crystalline nanobelts
has been simulated via computer calculation, and the results
have agreed well with experimental observations. We have also
provided the reason for the formation of such 1D nanobelt
morphology.

Experimental Section

Materials. p-Aminophenylisobutyl POSS (1, Hybrid Plastics,
AM0292,g97%), perylene-3,4,9,10-tetracarboxylic dianhydride

SCHEME 1: Synthesis and Chemical Structure of
Compound 3
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(2, Aldrich,g98.0%), imidazole (ACS reagent, Aldrich,g99%),
1,2-dichlorobenzene (ODCB, Aldrich, anhydrous, 99%), chlo-
roform (ACS reagent, Aldrich, g99.8%), and tetrahydrofuran
(THF, Aldrich, anhydrous and inhibitor-free, g99.9%) were
used as received. Silver-plated aluminum foil used for the
oriented crystal growth was put into 10% nitric acid for 10 s,
washed with deionized water and acetone and then dried under
vacuum.

Synthesis of 3. The compound was prepared according to
Scheme 1 using the method described in previous reports.29,40

p-Aminophenylisobutyl POSS (1, 0.50 g, 0.55 mmol), perylene-
3,4,9,10-tetracarboxylic dianhydride (2, 0.072 g, 0.18 mmol),
imidazole (2.0 g), and 4 mL of o-dichlorobenzene (ODCB) were
placed in a round-bottom flask fitted with a reflux condenser.
Under an argon atmosphere, the mixture was heated in an oil
bath at 140 °C with vigorous stirring for 6 h. It was then cooled
and dispersed in 50 mL of ethanol and 50 mL of 2N HCl
overnight. The mixture was extracted with 200 mL of chloro-
form two times. The combined organic phase was washed with
5% NaHCO3 aqueous solution until neutral and then with brine.
After drying over anhydrous sodium sulfate, it was concentrated,
loaded into a silica gel column, and eluted with hexane/ethyl
acetate (v/v ) 10:1). The colored fraction was collected, which
was a mixture of the desired product and unreacted 1. It was
further purified by dissolving in chloroform and adding methanol
to induce the precipitation of 3 by slow diffusion. The product
was collected by filtration as a dark red solid (0.185 g). Yield:
47%. 1H NMR (CDCl3, 500 MHz, ppm, δ): 8.79 (d, J ) 8.1
Hz, 4 H), 8.72 (d, J ) 8.1 Hz, 4 H), 7.88 (d, J ) 8.1 Hz, 4 H),
7.38 (d, J ) 8.3 Hz, 4 H), 1.92 (m, 14 H), 0.99 (dd, J ) 6.6,
3.2 Hz, 84 H), 0.67 (m, 28 H). 13C NMR (CDCl3, 125 MHz,
ppm, δ): 163.46, 136.84, 135.24, 135.05, 132.98, 131.91,
129.89, 127.78, 126.78, 123.56, 123.40, 25.74, 25.72, 23.90,
22.55, 22.48. FT-IR (KBr) ν (cm-1): 2956, 2926, 2871, 1712
(CdO), 1673, 1594, 1504, 1464, 1385 (C-N), 1352, 1229, 1105
(Si-O), 838, 743, 691, 483, 428. MS (MALDI-TOF analysis,
m/z): Calcd for C92H142N2NaO28Si16 (M + Na+): 2193.60;
Found: 2193.58 (M + Na+, 100%).

Sample Preparation. Single-crystalline nanobelts were pre-
pared by solution-casting a dilute 0.01 (w/v) % THF solution
on carbon-coated mica surfaces under slow evaporation in a
THF-saturated atmosphere. After crystallization, the single
crystals were removed from the mica surface and collected on
copper grids for transmission electron microscopy (TEM). The
procedure was repeated on different substrates, such as carbon-
coated glass and silver-plated aluminum foil, to prepare samples
for 1D/2D WAXD, polarized light microscopy (PLM), and
atomic force microscopy (AFM). For 2D WAXD experiments,
oriented crystalline samples were needed to obtain fiber patterns.
It could be achieved via surface-supported self-assembly by
submerging one end of a silver-plated aluminum foil in the 0.3
(w/v) % THF solution and allowing slow evaporation to use
the crystalline silver substrate as a template for orientation.
The oriented beltlike crystals were grown along the surface
of the silver-plated aluminum foil for 3 days during which
all the solvent evaporated. For the DSC experiment, about 4
mg of sample was used, and the pan weights were kept
constant to the precision of (0.001 mg.

Equipment and Experiments. All 1H and 13C NMR spectra
were acquired in CDCl3 (Aldrich, 99.8% D) using a Varian 500
NMR spectrometer. The 1H NMR spectra were referenced to
the residual proton impurities in the CDCl3 at δ 7.27 ppm. 13C
NMR spectra were referenced to 13CDCl3 at δ 77.00 ppm.
Infrared spectra were recorded on an Excalibur Series FT-IR

spectrometer (DIGILAB, Randolph, MA) by casting polymer
films on KBr plates from dilute THF solutions. UV-vis spectra
were recorded on an HP 8453 UV-vis spectrometer system.

Photoluminescence (PL) spectra and the corresponding
excitation spectra were measured in the reflection geometry by
positioning the samples at an angle of 45° to the incident
radiation on a Jobin Yvon Fluorolog-3-Tau steady-state fluo-
rescence spectrophotometer. A Xe lamp was utilized as the
excitation light source. The excitation wavelength was at 497
nm. All the measurements were carried out at room temperature
in ambient air. The analysis range was 200-800 nm with a
resolution of 1 nm. The quantum yield of fluorescence of the
sample in dilute CHCl3 solution was measured using Rhodamine
6G as a standard and calculated using eq 1:

where Φunk is the fluorescence quantum yield of the sample,
Φstd is the fluorescence quantum yield of the standard, Iunk and
Istd are the integrated emission intensities of the sample and the
standard, respectively, Aunk and Astd are the absorbance of the
sample and the standard at the excitation wavelength, respec-
tively, and nunk and nstd are the refractive indexes of the
corresponding solution.

The thermal properties of 3 were characterized by utilizing a
Perkin-Elmer PYRIS Diamond DSC with an Intracooler 2P
apparatus. The temperature and heat flow scales were calibrated
at different heating and cooling rates (1-40 °C/min) using
standard materials. 1D WAXD powder pattern was taken at
room temperature with a Rigaku MultiFlex 2 kW tube-anode
X-ray (Cu KR radiation) generator coupled to a diffractometer.
The samples were scanned at a 1°/min scanning rate. The peak
positions were calibrated using silicon powder in the high-angle
region (>15°) and silver behenate in the low-angle region (<15°).
Background scattering was subtracted from the sample pattern.
For 2D WAXD pattern, a Rigaku 18 kW rotating anode X-ray
generator attached to an R-AXIS-IV image plate system was
used. The exposure time to obtain high-quality WAXD pattern
was 30 min. The same standards were used to calibrate the 2θ
angles. The crystal unit cell was determined by constructing
reciprocal lattices using the software we developed. Density
measurement was carried out at room temperature using a Gay-
Lussac type specific gravity bottle (10 mL). An aqueous solution
of potassium iodide was used to find the density of crystallized
samples.

TEM experiments were carried out with a Philips Tecnai 12
using an accelerating voltage of 120 kV. Selected area electron
diffraction (SAED) patterns with different crystal orientations
were obtained by using a tilting stage to determine the crystal
structure parameters. The d-spacings were calibrated using a
TiCl standard. The tilting angle was defined as positive if the
tilting direction was clockwise and negative for counterclock-
wise. PLM observation was performed on an Olympus (HB-2)
microscope under reflection mode. AFM (Digital Instruments
Nanoscope IIIA) was used to examine the crystals grown on
the mica substrate with a 100 µm scanner under the tapping
mode. The cantilever force was light enough to avoid any
damage to the sample, yet strong enough so that the surface
features could be accurately explored. The scanning rate was 1
Hz for low-magnification images at a resolution of 512 × 512
pixels per image.

Electrospray ionization (ESI) mass spectra were obtained on
a Waters Synapt HDMS quadrupole/time-of-flight (Q/ToF)

Φunk ) Φstd × (Iunk

Istd
) × ( Astd

Aunk
) × (nunk

nstd
)2

(1)
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tandem mass spectrometer equipped with traveling wave ion
mobility (TWIM) separation.41 The TWIM device is located
between the Q/ToF mass analyzers and consists of three parts,
a trap cell, an ion mobility (IM) cell, and a transfer cell. The
trap and transfer cells can be used for conventional tandem mass
spectrometry experiments via collisionally activated dissociation
(CAD). The ion mobility cell is used in IM separations. The
following parameters were used in the TWIM-MS experiments:
ESI capillary voltage, 3.5 kV; sample cone voltage, 35 V;
extraction cone voltage, 3.2 V; desolvation gas flow, 800 L/h
(N2); trap collision energy (CE), 6 eV; transfer CE, 4 eV; trap
gas flow, 1.5 mL/min (Ar); IM gas flow, 22.7 mL/min (N2);
sample flow rate, 10 µL/min; source temperature, 30 °C;
desolvation temperature, 40 °C; IM traveling wave velocity, 380
m/s; and IM traveling wave height, 15 V. In the tandem mass
spectrometry (MS/MS) experiments, argon was used as the
collision gas and the trap CE was varied from 6 to 55 eV to
cause fragmentation. The sprayed solution was prepared by
dissolving ∼1 mg of sample in 1 mL of a MeOH/THF (v/v )
1:3) mixture and adding 5 µL of 10 mg/mL NaTFA in THF as
the cationizing agent.

Molecular Modeling. Molecular modeling and analysis of
the diffraction patterns were performed using the Cerius2

package of Accelrys. The lowest energy conformation of 3 was
chosen as the starting conformation. Basic unit cell parameters
determined by crystallographic experimental data from 2D
WAXD and SAED experiments were used to build the crystal
unit cell. The positions of atoms in this unit cell were judged
by comparing their calculated diffraction patterns with those
of experiments.

Results and Discussion

Molecular Design and Synthesis. Perylene diimides have
been widely used as building blocks for self-assembly into low-
dimensional organic semiconductor materials (liquid crystals,19,26

nanowires,25,42 nanobelts,43 etc.) because of their facile synthetic
availability and strong π-π interaction.22 To investigate the
effect of a nanoparticle side chains, the POSS nanoparticle
should be covalently attached to PDIs via a spacer or linkage.
In our study, a rigid 1,4-phenylene linkage was chosen so that
the POSS and PDI are closely coupled together to allow the
least conformational freedom. Such a stiff, shape-persistent
dumbbell with a π-conjugated plane center is expected to exhibit
interesting self-assembly behavior. Therefore, in this work, we
focus on the shape-persistent conjugate molecule 3.

Using the standard condensation method developed by
Langhals,40 the target molecule 3 was conveniently synthesized

in one step from commercially available starting materials 1
and 2. The yield of 47% was acceptable given that the reaction
conditions were not optimized. It is possible that mono-POSS
end-capped products (POSS-PDI) might form and were not
converted further to 3. Such intermediates have anhydride bonds
which hydrolyze during the workup procedure and thus possess
high polarity, making them hard to elute from the column.
Therefore, the desired product 3 could be readily separated from
them by chromatography. After further purification by slow
diffusion to remove the unreacted amine, the product was
obtained as a red solid. In contrast to most PDI derivatives that
have very limited solubility, compound 3 shows high solubility
in common organic solvents such as hexane, THF, CH2Cl2, and
chloroform, which facilitates the processing and self-assembling
process. The unusual solubility is a result of the POSS
nanoparticles substituted with many isobutyl groups and the
steric demand that reduces the strong π-π interaction.

Compound 3 has been fully characterized by 1H NMR (Figure
S1 (Supporting Information)), 13C NMR (Figures S2 and S3
(Supporting Information)), FT-IR, UV-vis (Figure 6a), fluo-
rescence (Figure 6b), and MALDI-TOF mass spectrometry to
unambiguously establish its chemical identity. Perylene diimides
are known to have very high quantum yields, and a quantum
yield of unity compared with the standard (Rhodamine 6G) in
good solvent is not uncommon for PDI derivatives.29

Crystalline Nanobelt Formation and Crystal Structure
Determination. Normally, the attachment of a bulky side chain
would significantly affect the π-π stacking and disfavor self-
assembly. To our surprise, simply by evaporation of a dilute
solution in THF on a carbon-coated mica surface, single crystals
can be grown that resemble the shape of a nanobelt. Figure 1a
shows the single crystals in the shape of nanobelts observed
under reflection mode of PLM. An individual nanobelt-shaped
single crystal can be clearly seen in the AFM image of Figure
1b. The line-scan profile over the transverse direction of the
single crystal demonstrates a flat top surface and a typical
thickness of ∼50 nm (Figure 1c). The width of the nanobelt is
around 1 µm (Figure 1b,c), while the length of the single crystals
can be as long as several hundred micrometers (Figure 1a).

To determine its phase behavior and crystal structure, a DSC
cooling and subsequent heating scan of 3 at a scanning rate of
10 °C/min between room temperature and 250 °C was first
obtained. The thermogram shows no phase transition during the
temperature range studied. On the other hand, 1D WAXD
pattern as shown in Figure 2 exhibits sharp diffraction peaks in
both low and high 2θ-angle regions, indicating that the nanobelts
of 3 do possess a crystalline-ordered structure. Furthermore,

Figure 1. (a) PLM images of single-crystalline nanobelts of 3 prepared by slow evaporation from a 0.01% THF solution on a carbon-coated mica
surface; (b) AFM image of single-crystalline nanobelts of 3; and (c) a line-scan profile clearly reveals the flat top of the crystal with a thickness
of 50 nm.
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since there is no thermal transition observed in DSC experi-
ments, we conclude that the nanobelts of 3 are crystalline and
that there is only one phase in this temperature region. The 1D
WAXD powder pattern lacks lattice dimensionality of the crystal
structure, and it is not sufficient for a complete structure
determination.

To precisely determine the crystal structure of 3, a 2D WAXD
fiber pattern from oriented crystals is required. The oriented
samples could be obtained by surface-supported self-assembly
as described in the Experimental Section. Figure 3 shows a 2D
WAXD pattern obtained from the oriented crystals. The
d-spacings of these diffraction arcs correspond well to those in
the 1D WAXD pattern shown in Figure 2. According to the
principles of the reciprocal lattice, the a*- and b*-axes are
tentatively assumed to be on the equator; namely, the (hk0)
diffractions are thus on the equator. Furthermore, if the c*-axis
is along the meridian, the crystal structure must be either
orthorhombic or monoclinic. However, if the c*-axis is off the
meridian, it depends upon the relationship between a*- and b*-
axes. When the angle γ* between these two reciprocal axes is
not 90°, a triclinic lattice has been formed. Following the
standard procedure of determining the crystal lattice,44–47 a
triangle of the (hk0) diffractions on the equator direction can
be constructed, and all of the (hk0) diffractions can be indexed
based on the triangle. On the other hand, we observed that the
c*-axis is off the meridian, and the diffractions show third-
order peaks. The d-spacing ratios of these diffractions are 1:2:
3, indicating a layered structure along this direction in the
crystals. The first diffraction arc has been assigned as the (001)
diffraction with the smallest diffraction angle (2θ ) 8.03°). This
corresponds to a d-spacing of 1.101 nm, which is slightly larger
than the width of the molecule 3 (∼1 nm).19 Therefore, this
layer spacing must be attributed to the edge-to-edge organization
of molecules. Using the refinement procedure developed in our
laboratory,44–47 the unit cell of the crystal was finally determined

to be triclinic with dimensions of a ) 6.577 nm, b ) 5.213
nm, c ) 1.107 nm, R ) 93.26°, � ) 94.85°, and γ )
92.73°containing 12 molecules as a motif in the crystal. Such
a large unit cell dimension is quite remarkable and implies a
complex molecular packing scheme and motif symmetry in the
unit cell, probably due to longitudinal, transverse, and rotational
offsets among the PDIs in the crystal. The experimental and
calculated diffraction angles (2θ) and d-spacing values of the
crystal lattice are listed in Table S1 (see Supporting Informa-
tion). It should be noted that the d-spacing of (100) at 6.577
nm is not directly detected in our 2D WAXD because it is at a
low angle of 1.35° that is out of our 2D WAXD detecting range.
It is later confirmed by the SAED experiments in TEM. The
calculated crystallographic density is 1.15 g/cm3 with 12
molecules in each unit cell, which is in good agreement with
the experimental result of 1.14 g/cm3.

Figure 4a shows part of the single-crystal morphology
observed in TEM, and Figure 4b is the corresponding SAED
pattern. As shown in this figure, the strong (020) diffraction
found in the 2D WAXD pattern on the equator (Figure 3) cannot
be observed in this SAED pattern. The reciprocal angle between
the two reciprocal axes is 85°, which is consistent with the (180°
- �) angle calculated from the 2D WAXD experiment.
Therefore, this is the �* angle, and the SAED pattern in Figure
4b must be the [010] zone ED pattern of this single crystal.
Given the single-crystal morphology in Figure 4a, it can be
concluded that the c*-axis must be parallel to the elongated
direction of the single crystal. Along the a*-axis in the SAED
pattern of Figure 4b, there are 28 diffraction spots and their
d-spacing values follow integral ratios with respect to each other.
The triclinic unit cell is primitive and there are no extinction
rules for all the diffractions, so that the observed diffraction
spots are the (200), (300), (400), (500), (600), ... and up to the
(1400) diffractions with a d-spacing of 3.272 nm for the (200)
diffraction. The strong intensity of the (600) diffraction spot
probably indicates a highly ordered substructure within the unit
cell. Considering the characteristics of π-π interaction between
PDI cores, the (600) diffraction spot should come from layered
molecules packing along the plane normal to the PDI. Along
the c*-axis in the SAED pattern, five layers of diffraction spots
can be detected. The spot corresponding to the smallest angle
on the first layer diffraction can be assigned as the (001)
diffraction with a d-spacing of 1.101 nm. Therefore, the ac-
plane of the 2D unit cell dimensions (a ) 6.577 nm, c ) 1.107
nm, and � ) 94.85°) are found to agree well with the structure
determined utilizing the 2D WAXD results (Figure 3).

Further proof of the crystal structure was obtained from a
series of SAED experiments on tilted samples. Figure 5a shows
an SAED pattern that was obtained by tilting the sample 12°
around the a*-axis of the [010] zone ED pattern (Figure 4b).
On the zero diffraction layer along the a*-axis, the diffraction
pattern and the intensity ratios are identical to those shown in
Figure 4b, since the tilting is along the a*-axis. However, on

Figure 2. 1D WAXD pattern of 3.

Figure 3. 2D WAXD fiber pattern of 3: (a) overview; (b) a zoom-in
view at the center part of the diffraction pattern.

Figure 4. (a) TEM bright field image of the single-crystal nanobelt
morphology; (b) SAED pattern of the [010] zone without tilting obtained
from the crystal.
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the first and second diffraction layers parallel to the a*-axis,
the diffraction pattern changed, which is direct evidence that
this is the ED pattern from a different diffraction zone. These
diffraction spots on the first and second diffraction layers parallel
to the a*-axis have the d-spacings and angles in good agree-
ments with those calculated utilizing the [011] zone pattern
based on the unit cell structure deduced from the 2D WAXD
experiments. Therefore, the ED pattern in Figure 5a is taken
along the [011] zone. Similarly, the [012] zone ED pattern can
be obtained by a 23° tilting of the sample (Figure 5b), while
the [011j] (Figure 5c) and the [012j] zone (Figure 5d) ED patterns
can be obtained by -11° and -21° tilting around the a*-axis,
respectively. On the basis of these SAED experimental results,
the crystallographic parameters of the unit cell determined by
WAXD results were confirmed.

For a triclinic unit cell, it is interesting that the ED patterns
from the [011] zone (Figure 5a) and [011j] zone (Figure 5c) are
similar to each other and the required tilting angles from [010]
zone around the a*-axis to achieve these ED patterns are also
close. The observation is the same in the cases of the ED patterns
along the [012] zone (Figure 5b) and [012j] zone (Figure 5d).
The reason is that the R, �, and γ angles of this triclinic unit
cell are close to 90° so that the unit cell is not too far deviated
from an orthorhombic lattice. We speculate that the triclinic
lattice may result from a distorted orthorhombic lattice due to
the longitudinal, transverse, and rotational offsets among the
PDI π-stacks in order to accommodate the rigid, bulky nano-
particle side chain to minimize free energy. Simulation was used

to gain insight into the solid-state packing of these shape-
persistent molecules and account for the tendency of such
molecules to form a nanostructured morphology.

Crystallographic Simulation of Molecular Packing Scheme.
The first question in building up the molecular packing scheme
is to determine the dominant force that guides the molecular
packing configurations. Will the PDI in 3 still aggregate with
strong π-π interaction despite the steric hindrance of the POSS?
In order to understand this, concentration-dependent UV/vis
spectra and fluorescence spectra of 3 in a mixed solvent of
chloroform/methanol (v/v ) 1:2) were measured and are shown
in Figure 6. Chloroform is a good solvent for 3, while methanol
is a poor solvent for 3. The presence of methanol induced the
aggregation in solution. Pronounced changes in both absorption
and emission spectra upon increasing concentration were
observed. At low concentrations, 3 exhibited typical monomeric
π-π transition band with three resolved absorption peaks at
528, 491, and 460 nm. Upon increasing concentration, the
apparent absorption coefficients of these monomeric absorption
peaks decrease gradually with a slightly blue-shifted peak
position (ca. 1 nm), and the absorption became broadened and
less structured. Meanwhile, a new broad bathochromically
shifted band grows at ∼585 nm (Figure 6a), which is a typical
sign of an effective π-π interaction with the face-to-face
configuration.29 The formation of cofacial aggregation species
is also supported by concentration-dependent fluorescence
spectra. The strong π-π electronic coupling leads to the
significant quenching of the molecular fluorescence upon
increasing concentration (Figure 6b). These spectral features are
very similar to that for the formation of H-aggregates of PDI
derivatives,30 but the absence of a significantly hypsochromically
shifted peak suggests that its packing behavior must be different
from the H-aggregates that normally consist of continuously
stacked π-planes. Therefore, the spectral change as shown in
Figure 6a,b may be explained by the formation of dimeric
species that could be representative of atypical H-aggregates
which are not continuously packed along the normal direction
of the π-planes.

The strong tendency for 3 to form dimers is also observed
by tandem mass spectrometry coupled with traveling wave ion
mobility (TWIM) separation, which is an experimental technique
allowing us to detect supramolecular aggregates with size
resolution.41,48–50 The molecules or supramolecular aggregates
were first ionized, and conventional tandem mass spectrometry
was applied to destroy the specific aggregate via collisionally
activated disassociation (CAD). The ions were then subjected
to ion mobility separation by their mass-to-charge ratios and

Figure 5. SAED patterns from the [011] zone (a), [012] zone (b),
[011j] zone (c), and [012j] zone (d) at room temperature. The patterns
of (a), (b), (c), and (d) were obtained by tilting the sample by 12°, 23°,
-11°, and -21° from [010] zone around a*-axis, respectively.

Figure 6. Concentration-dependent (a) UV-vis absorption spectra and (b) fluorescence spectra (excitation at 497 nm) of POSS-PDI-POSS 3 in
chloroform/methanol (v/v ) 1:2) mixed solvent (1 × 10-5 to 2 × 10-4 M).
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sizes. In the full mass spectrum of 3 in Figure 7a, monomer as
well as aggregates of dimer, trimer, tetramer, and up to pentamer
with sodium ions were observed, as were NaTFA adducts. The
peak with the strongest intensity was the monomer/dimer peak
at m/z 2194. With ion mobility separation, [2M + 2Na+] was
found to be the dominant species for the ions at m/z 2194, while
[M + Na+] was only detected with trace abundance (Figure
7b, 6 eV). Are the dimers merely aggregated clusters of two
monomeric molecules without specific interaction, or are the
dimers a result of strong π-π interaction? To answer this
question, tandem mass spectrometry was used in the trap cell
to break the aggregation in the dimeric species. With applied
collision CAD energy from 6 to 55 eV, the signal of [2M +
2Na+] was decreased and almost disappeared at 53 eV, while
the signal of [M + Na+] increased due to the dissociation of
dimeric species. The results indicated that the dimer was not
just the cluster of two [M + Na+] that would easily disassociate
at low collision CAD energy. Instead, it results from strong π-π
interaction that could survive energies as high as 53 eV.

To maximize the π-π interaction, two PDI planes have to
be face to face. The steric repulsion between the rigid and bulky
POSS nanoparticles in this case renders a slight bending of the
POSS away from the center of the plane and a small offset
between the PDI planes. This type of arrangement makes it very
difficult for further π-π stacking beyond the dimer. Therefore,

to ensure the close packing in the crystals, it seems very
plausible that 3 will form dimers as building blocks to pack in
the crystalline lattice.

Based on these assumptions, a primitive molecular packing
scheme can be constructed utilizing the Cerius2 software
package. The π-π stacked PDI dimers exhibiting the face-to-
face geometry with π-π plane distance ranging from 0.334 to
0.355 nm are used as motifs.51 However, this packing scheme
construction leads to an orthorhombic or monoclinic unit cell
with � ) γ ) 90°. Therefore, the triclinic lattice obtained via
experimental data must result from the distortion of the PDI
dimers relative to each other.22,30 A model of the dimer of 3
and the directions for adjustments of relative positions of 3 in
the dimer are as shown in Figure 8. First, in each dimer the
relative positions of the PDIs can be adjusted along the long
axis of the PDI plane (longitudinal displacement). Second, a
transverse offset between PDI dimers is allowed (transverse
displacement). Third, a rotational offset is introduced. The
optimal adjustments are then taken based on the best fit to the
results of 2D WAXD and SAED experiments in TEM (Figures
4b and 5a-d).

Figure 9 presents the molecular packing simulation results
that generated the diffraction patterns showing the best fit with
the experimental observations. In the lattice, the dimers are
interdigitated with each other to fill in the space. The π-planes
of the dimers are parallel to the b-axis. The b-axis (5.213 nm)

Figure 7. ESI mass spectrum of POSS-PDI-POSS acquired on the
Waters Synapt quadrupole/time-of- flight (Q/ToF) mass spectrometer.
(a) Full mass spectrum of POSS-PDI-POSS (M) using NaTFA for
cationization. (b) Two-dimensional ESI-TWIM-MS plot for m/z 2194.
Two species, monomer and dimer, were observed at 14.80 and 7.58
ms, respectively. The brightness of the color represents the intensity
of the peak. Precursor ions at m/z 2194 were isolated by the Q for
subsequent gradient tandem mass spectrometry in a trap cell at collision
energies ranging from 6 to 55 eV.

Figure 8. Schematic illustration of the direction of (a) transverse
displacement, (b) longitudinal displacement, and (c) rotational axis for
the PDI dimer.

Figure 9. Molecular packing in the crystal lattice on three different
planes. Upper left, bc-plane; upper right, ab-plane; bottom, ac-plane.
Each projection contains 4 unit cells along the projection plane. The
orange-red cubes represent POSS cages.
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is shown to be around 1.3 times the length of the molecule
because of the bending of the bulky POSS groups and the
interdigitated packing nature of the dimers (note that the length
of a fully extended molecule without bending of the POSS
groups is 3.910 nm). An important feature in this packing
scheme is the longitudinal, transverse, and rotational offset.
Similar rotational offsets of the PDI derivatives with ethyl and
benzyl substituents have been reported before.51,52 In this case,
a series of complex offsets of the PDI planes is induced probably
both by the electrostatic interactions and steric demands of the
bulky POSS groups from the rigid 1,4-phenylene linkage.
Starting from the perfect face-to-face parallel packing PDI
dimers, a distortion by both the longitudinal and transverse
offsets of the PDI planes was introduced. The longitudinal
displacement of ∼0.052 nm and the transverse displacement of
∼0.092 nm, respectively, leads to a triclinic structure with � )
94.85° and γ ) 92.73°. The rotational offsets are then introduced
along the normal of PDI plane. Based on the unit cell dimensions
determined using the experimental observations, there are six
pairs of PDI dimers in one unit cell. To maintain the long-range
order of the layer structure along the a-axis and minimize this
long spacing period with the translational symmetry, the best
rotational angle of the PDI plane relative to each other was found
to be 3°. Their torsion angles are thus assigned to be -1.5°,
-4.5°, -1.5°, +1.5°, +4.5°, and +1.5°, respectively, which
would fulfill the a-axis dimension of 6.577 nm. As a result, a
large spacing along the a-axis in this triclinic lattice can be found
in this molecular packing scheme.

The constructed molecular packing scheme can then serve
as a model system to simulate ED patterns along different zones
and compare with the experimental SAED results. Figure 10
shows a series of simulated ED patterns from different zones
generated by the crystal packing scheme of Figure 8. It is evident
that the simulated ED patterns agree well with our experimental
results. Specifically, the rotational offsets of the PDI cores are
not significant enough to disrupt the ordered layer packing along
the a-axis in one unit cell. This result of the strong (600)
diffraction intensity in our simulated data (Figure 10) fits well
with both our TEM and 2D WAXD results. In addition, the

observed c-axis with a dimension of 1.107 nm in our 2D WAXD
and TEM results is attributed to the edge-edge organization
of molecule 3 as shown in Figure 8.

The reason for 3’s tendency toward elongated self-assembly
is evident based on the crystal packing scheme shown in Figure
9. The long axis of the nanobelt is along the c*-axis, and thus,
the growing direction is the [001], normal to the ab-plane. The
other two growth directions along the a*- and b*-axes are close
to the growth fronts of the bc-plane and the ac-plane because
the crystalline lattice is not that different from an orthorhombic
lattice. The shape persistence of the packing motif, the dimer,
has a well-defined, anisotropic, parallelepiped shape that pos-
sesses three distinctly different cross-sectional areas. Its attach-
ment to the ab-plane from the side with the largest cross section
thus most effectively decreases the surface free energy during
the crystal growth and, therefore, reduces the barrier for crystal
nucleus formation. The slower growth along the a*-axis (the
bc-plane) is from the side of the dimer with the second largest
cross section. It also requires interdigitation along the a*-axis
dimers. This is energetically unfavorable by a direct contact
between nonpolar POSS nanoparticle and the PDI plane. The
slowest growth along the b*-axis (the ac-plane) can be explained
by the difficulty of the stiff dimer to attach on a flat surface in
an upright conformation from the side with the smallest cross
section and the weak head-to-head interaction between these
shape-persistent molecules. The nucleation barrier is expected
to be the highest in this case. Therefore, the formation
mechanism of the nanobelt-shaped single crystals in this shape-
persistent molecule is due to the difference of the nucleation
barriers on the growth fronts of the ab-, ac-, and bc-planes,
and thus, very anisotropic growth rates along these directions
exist to construct this nanobelt-like supramolecular assembly.
This analysis is based on crystallization in solution and the
observed morphology with the elongated c-direction (growth
of ab-plane).

Conclusions

In summary, a shape-persistent, POSS-nanoparticle-tethered
perylene diimide molecule has been designed and synthesized.
The molecule can be self-assembled into crystalline nanobelts
by slow evaporation from solutions in THF on various surfaces
such as carbon-coated mica. The crystal structure and phase
behavior of the material have been determined through a variety
of experiment techniques. On the basis of our 2D WAXD results
on the oriented crystal samples and SAED results on the
nanobelts, a large triclinic unit cell of a ) 6.577 nm, b ) 5.213
nm, c ) 1.107 nm, R ) 93.26°, � ) 94.85°, and γ ) 92.73°,
is deduced with a supramolecular dimer motif consisting of 12
molecules in one unit cell. On the basis of the experimental
results of concentration-dependent ultraviolet/visible absorption
spectra, florescence spectra, and tandem mass spectroscopy with
traveling wave ion mobility separation, the molecules first pack
into dimers to maximize their π-π interactions and the dimers
then pack into crystal lattices. This complex structure with the
large a-axis dimension can be attributed to the longitudinal,
transverse, and slight rotational offsets of the PDIs in each of
the dimers and the interdigitation among the neighboring dimers.
The molecular packing scheme of the crystal is simulated
utilizing the crystallographic Cerius2 software package. The
simulated diffraction data agree well with the diffraction results
observed in the WAXD and SAED experiments. The packing
scheme can account for the highly anisotropic crystal growth
along different axis and the resultant nanobelt formation.
Although 3’s electronic properties such as charge mobility might

Figure 10. Computer-calculated SAED patterns from the [011] zone
(a), [012] zone (b), [011j] zone (c), and [012j] zone (d), which agree
well with the experimental SAED (Figure 5) diffraction patterns.
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be compromised due to the interruption of the π-π stacking,
the current work has more implications in elucidating the effect
of different factors on self-assembly such as shape and
conformation rigidity and in improving our understanding in
solid-state packing of these materials which can guide the design
of functional systems in the future. Further work on the
electronic properties of 3 and its derivatives are ongoing in our
group.
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