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a b s t r a c t

Three perylenetetracarboxylic diimide (PDI) dimers linked with a conjugated chain of different lengths
have been designed and prepared. The UV–Vis absorption and fluorescence spectra of these three dimers
revealed different photophysical properties owing to the different length of the linkage. The intermolec-
ular p–p interactions were found to be enhanced significantly with the increase in the length of the link-
age and therefore induced different aggregation behaviors of these molecules. The structure of the
molecular aggregates was investigated by X-ray diffraction (XRD), and the morphology of the aggregates
was examined by atomic force microscopy (AFM). One-dimensional fibers were observed for the aggre-
gates of compounds 2 and 3, and thin solid films were observed for the aggregates of compound 1.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Perylenetetracarboxylic diimides (PDIs) are currently being
investigated for use as a variety of photoactive organic materials
because of their excellent thermal and light stability, high lumines-
cence efficiency and variable optoelectronic properties [1–3]. They
were widely studied as n-type semiconductors in field-effect tran-
sistors, chromophores as light-harvesting components in solar
cells, and robust organic dyes that are resistant to photobleaching
[4–13]. Because of the strong p–p interactions between the planar
PDI rings, they are also good building blocks for self-organized
molecular materials with highly ordered structure [14–34].

A recently developed strategy for the design and synthesis of
self-organized organic material is connecting several planar conju-
gated organic molecules into one macromolecule. The p–p interac-
tions between neighboring molecules can be reinforced
significantly in this system and, therefore, can drive the molecules
self-assemble into molecular aggregates with not only highly or-
dered structure but also large dimensional size [35]. A porphyrin
ring covalently connected with four PDI units has been prepared
by Wasielewski and co-workers [11]. The coplanar conformation
of these PDI units has reinforced the p–p interactions between
the molecules and induces the formation of large aggregates in
solution with high stability. Similarly, a phthalocyanine appended
with four PDI units at peripheral positions can form a heptamer in
nonpolar solvents with a well-defined face-to-face stacked struc-
ture [36]. More interestingly, quick and efficient energy transfer
ll rights reserved.
between the aggregated PDIs and phthalocyanines was observed.
Three PDI units connected by a rigid 1,3,5-triphenyl benzene group
formed a propeller-like PDI trimer [37]. This PDI trimer self-aggre-
gated into one-dimensional nanofibers with very large aspect ra-
tios. In a similar trimer, electron donors, N,N-diethylaniline, were
introduced at one end of the PDI molecules [38]. The resulted com-
pound exhibits non-covalent dimerization in solution and leads to
a variety of changes on its photophysical properties in comparison
with the monomers. We have prepared a series of PDI trimers with
triazine ring as the linkage [39]. The branched structure together
with the coplanar conformation leads to the reinforced p–p inter-
actions between the molecules and thus improves the structure or-
der of the nano-self-assembly. A hexaazatriphenylene linked with
six PDI units self-assemble in both solution and solid films to form
a highly stabilized dimeric aggregate in which energy transfer from
the hexaazatriphenylene core to the PDI moieties occurs efficiently
[40]. All the work mentioned above have clearly revealed that con-
nection of several planar PDI rings in one molecule is an efficient
way to reinforce the aggregation of organic molecules. However,
all the PDI oligomers mentioned above are connected at imide
nitrogen atoms. PDI oligomers linked at bay positions are still scar-
cely reported in literature [41,42].

Controllable self-assembling of small organic molecules into or-
ganic nano-material is the most attractive filed of molecular elec-
tronics. ‘‘Controllable’’ here means not only the controllable
structure of the self-assembly but also predictable inter- or intramo-
lecular interactions of the molecules, which cause novel properties
for the material. Therefore, programming the inter- and/or intramo-
lecular interactions during the molecular design is extremely impor-
tant to achieve a novel organic self-assemble material. In the present
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work, we designed three PDI dimers (Scheme 1), which linked with
conjugated chain at the bay positions. The rigid conjugated linkage
between the two PDI units renders a rigid conformation for the
whole molecule, and therefore, less conformation change occurs
during the self-assemble process. This will be helpful to keep the
properties of single molecule in the molecular self-assembly. More-
over, the conjugated chain between the PDI units can enhance the
interactions between the aromatic systems of the linked two PDI
units, which might induce significant change on the photophysical
properties of PDIs in relative to their monomeric form. To the best
of our knowledge, this represents the first example of the molecular
self-assembly of PDI dimers linked with rigid conjugated chain.

2. Materials and methods

2.1. General methods

Electronic absorption spectra were recorded on a Hitachi 4100
spectrometer. Fluorescence spectra were measured on an ISS K2 sys-
tem. MALDI-TOF mass spectra were taken on a Bruker BIFLEX III
mass spectrometer with a-cyano-4-hydroxycinnamic acid as the
matrix. The low-angle X-ray diffraction (LAXD) experiment was car-
ried out on a Rigaku D/max-c B X-ray diffractometer. The morphol-
ogy of nanostructures was measured in air by using a Veeco
multimode atomic force microscope (AFM) in tapping mode. The
minimized molecular structure was calculated at DFT/B3LYP/6-
31 g(d) level.

2.2. Materials and methods

All solvents were of analytical grade and purified using standard
methods [43]. 1,7-Di(p-t-butyl-phenoxyl)-3,4,9,10-tetracarboxylic
dianhydride [27] and monomers 4, 5 and 6 were synthesized by
the procedures described previously [44].

3. Results and discussion

3.1. Molecular design and synthesis

PDI dimers linked by ethynylene or butadiynylene at bay posi-
tions have been prepared by Zhao recently [41]. The absorption
and emission spectra as well as the electrochemistry are reported.
However, the intermolecular interactions between the PDI units of
these compounds were not discussed in the literature. In order to
evaluate the effect of the chain length of the conjugated spacer
on the intermolecular aggregation behavior of these dimeric PDIs,
we introduced longer conjugated spacers into these series of com-
pounds. Meanwhile, long alkyl chains are introduced to the other
bay positions of PDI ring which are expected to further enhance
the aggregation in solvents.

The three dimers, 1, 2 and 3, were prepared from PDIs (4,5,6)
with alkyne substituents at the bay position via oxidation
Scheme 1. Synthesis
condensation, Scheme 1. All the reactions were carried out in
DMF at 80 �C with CuI and I2 as catalysts. The 1H NMR spectra
of 1, 2 and 3 in deuterated chloroform display severely broadened
peaks, which indicates that these three compounds form aggre-
gates easily in chloroform. The detailed synthetic procedures are
described in the Supporting information.

3.2. Electronic absorption spectra in solutions

Owing to the strong p–p interactions between the PDI units of
different molecules, all these dimers show very small solubility in
CHCl3. In order to get satisfactory absorption spectra, a mixed sol-
vent of chloroform/toluene (1:1) was used in all spectroscopic
measurements.

The absorption spectra of compounds 1–3 in the mixed solvent
of chloroform and toluene are shown in Fig. 1A–C, and the spectral
parameters are summarized in Table 1. For comparison purpose,
the absorption spectra of monomeric PDI 4–6 in the same solvent
are also presented in Fig. 1. Compared with that of monomeric 4,
the broad absorption band of 1 in the region of 500–650 nm expe-
rienced a significant shift to red, and the absorption band edge
shifted from 600 nm for monomeric 4–650 nm for dimeric 1, which
may be ascribed to the extension on the conjugation system in di-
meric 1. However, the maximum absorption peak of 1 blue-shifted
significantly from 563 nm to 534 nm as shown in Fig. 1A, which
indicates the presence of strong p–p interactions between the
PDI units of 1. Similar blue shift has been attributed to the intermo-
lecular face-to-face stacking of PDI rings and the formation of H-
type aggregates in literature [45,46]. But we found that the absorp-
tion spectra of 1 is not concentration dependent and keep the same
shape even in a very diluted solution. This result suggests that the
blue shift on the maximum absorption peak of 1 relative to that of
4 is not caused by an intermolecular interaction but by an intramo-
lecular interaction instead. The significant enhancement on the
absorption of 1 relative to that of monomeric 4 in the region of
350–400 nm can be attributed to the conjugated linkage.

The absorption spectra of 2 in the mixed solvent are signifi-
cantly different from those of 1, but similar with those of mono-
meric 5 in shape. This suggests no strong interactions between
the two PDI units in the molecule of 2, probably due to the large
separation between the two PDI units. Similar to that observed
in the absorption spectra of 1, the absorption enhancement of 2
relative to that of 5 in the range of 350–420 nm can be attributed
to the conjugated bridge between the two PDI units. The absorp-
tion spectra of 3 present similar properties with those of mono-
meric 6, indicates that no intramolecular interactions between
the PDI units in 3, which is similar with that observed for 2.

3.3. Fluorescence spectra

As displayed in Fig. 2, the fluorescence spectra of 1 in the mixed
solvent show a significantly red-shifted emission band with very
of PDI dimers.



Fig. 1. The absorption spectra of 1 (A), 2 (B) and 3 (C) in the mixed solvent of
chloroform/toluene (1:1) with a concentration of 1 � 10�6 mol L�1. For comparison
purpose, the absorption spectra of 4, 5 and 6 recorded in the same concentration are
also shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Comparison of the spectroscopic parameters of 1–6 at 1 � 10�6 mol L�1 in mixed
solvent.

Compounds kabs (nm) kem (nm) Uf (%)

1 534 638 7.64
2 531 609 39.15
3 530 608 34.53
4 [44] 562 587 85.77
5 [44] 576 603 80.85
6 [44] 579 605 59.50

Fig. 2. Normalized fluorescence spectra of 1 and 4 in dilute solution in the mixed
solvent of CHCl3/toluene (1:1) (concentration: 1 � 10�6 mol L�1). Excitation wave-
length is 450 nm. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 3. Concentration-dependent absorption spectra of 1 (A), 2 (B) and 3 (C) in 1:1
CHCl3/toluene. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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low fluorescence quantum yield in comparison with those of
monomeric 4 (Table 1). This red-shifted emission can be attributed
to the efficient intramolecular p–p interactions between the PDI
units in 1 [47]. This is in accordance with the results of electronic
absorption spectra as mentioned above. However, the fluorescence
spectra of 2 and 3 (Supporting information, Fig. S1) are similar with
those of monomeric 5 and 6, respectively, and no significant
change on the emission wavelength as well as fluorescence quan-
tum yield was observed. This result indicates that there is no intra-
molecular interaction between the PDI units of 2 or 3, and it is in
good accordance with the results of absorption spectra.

3.4. Aggregation behavior in solution

UV–Vis absorption spectra of PDIs are sensitive to the interchro-
mophore distance and orientation and therefore have been widely
used to study their p–p stacking [17,39]. Fig. 3A shows the absorp-
tion spectra of 1 in a mixed solvent of 1:1 CHCl3/toluene at differ-
ent concentrations. At low concentration (5 � 10�7 mol L�1), the
spectra of 1 show two peaks at 541 and 579 nm, which correspond
to the 0–0 and 0–1 transitions, respectively [33]. Following the
previous report, the 0–0 and 0–1 transitions will reverse in inten-
sity upon p–p stacking [48–50]. Therefore, the intensity ratio of the
peaks at 541 and 579 nm is directly correlated with the proportion
of aggregates against monomer in solution. In a much diluted solu-
tion, such as 5 � 10�7 mol L�1, the absorption of 1 presents a spec-
trum with the peak intensity at 541 nm larger than that at 579 nm,
which indicates the presence of strong p–p interaction between
the PDI units of 1 in the diluted solution. The peak intensity ratio
A579/A541 does not change distinctively along with concentration
increase in the range of 5 � 10�7–5 � 10�6 mol L�1, which suggests
that the interaction between the PDI units of 1 in this diluted solu-
tion is concentration independent, and therefore, the interaction
between the PDI units, which caused the blue shift on the maxi-
mum absorption band, is an intramolecular process. However, in
more concentrated solution, such as 1 � 10�5–5 � 10�5 mol L�1,
the peak intensity at 579 nm drops significantly along with con-
centration increase, which indicates the formation of molecular



Y. Shi et al. / Journal of Colloid and Interface Science 365 (2012) 172–177 175
aggregates at this concentration via an intermolecular self-assem-
ble process.

The absorption spectra of 2 show the maximum absorption band
at 580 nm, which is almost same with those of monomer 5. The
absorption spectra of 2 do not change along with the concentration
increase in the low concentration range, 1 � 10�5–5 � 10�7

mol L�1(Fig. 3B), which indicates not only that no intramolecular
interactions between the PDI units in 2 but also that no intermolec-
ular aggregation happened in these diluted solutions. However,
when the concentration of 2 in the mixed solvent increases from
2.5 � 10�5 to 5 � 10�5 mol L�1, the absorption spectra of 2 present
an intensity reverse between the absorption band at 541 nm and
579 nm; meanwhile, a small shoulder appears at about 640 nm.
The changes on the absorption spectrum of 2 along with concentra-
tion increase can be attributed to the formation of co-facially ar-
ranged dimeric structure [10]. Similar to those of 2, the absorption
spectra of 3 show no changes along with the concentration increase
in the range of 5 � 10�6–5 � 10�7 mol L�1(Fig. 3C). But when the
concentration increased to 1 � 10�5 mol L�1, the absorption spectra
show distinctive characters of co-facially stacked PDIs as those ob-
served for 2.

In addition to the absorption spectra, the fluorescence spectra
are also sensitive to the aggregation of PDI molecules [39]. Fig. 4
shows the fluorescence spectra of 1, 2 and 3 in a mixed solvent
of 1:1 CHCl3/toluene at different concentrations. The fluorescence
spectra of 1 show one broad band centered at about 630 nm. The
wavelength of this emission band together with the fluorescence
quantum yield does not change significantly in the concentration
range of 5 � 10�7–5 � 10�6 mol L�1, which indicates that 1 does
not aggregate in diluted solution. However, when the concentra-
tion increased from 1 � 10�5 mol L�1 to 2.5 � 10�5 mol L�1, the
maximum emission band shifts to red slightly and a weak emission
peak at about 700 nm appears, which indicates the formation of
Fig. 4. Normalized fluorescence spectra of 1, 2 and 3 (A–C) in the mixed 1:1CHCl3/
toluene solution (excitation at 450 nm). Inset show the plots of U/U0 against the
concentrations for compounds 1, 2 and 3. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
aggregates of 1 at this concentration. This result is in accordance
with the results of absorption spectra as mentioned above.

The fluorescence spectra of 2 in diluted solution (5 � 10�7–1 �
10�6 mol L�1) are similar with those of monomer 5, which indi-
cates that no molecular aggregate is formed. However, when the
concentration of 2 increased to 1 � 10�5 mol L�1, a new emission
peak at about 660 nm is observed, which can be ascribed to the
‘‘excimer-like’’ state due to the formation of face-to-face stacked
aggregates of 2 in the concentrated solution. The fluorescence
spectra of 3 show similar changes along with its concentration in-
crease with those observed for 2.

Molecular aggregation always induce significant drop on the
fluorescence quantum yield as reported in the literature [39]. The
fluorescence quantum yields of 1, 2 or 3 in diluted solution
(5 � 10�7 mol L�1) were represented as U0, whereas the fluores-
cence quantum yields of these three compounds at other concen-
trations were labeled as U. The changes on the fluorescence
quantum yield along with concentration increase can be revealed
directly by a plot of U/U0 vs. concentration, insets of Fig. 4. It can
be found that the fluorescence quantum yields of 1 drop more
slowly than those of 2 and 3 along with concentration increase.
Meanwhile, the drop on the fluorescence quantum yield of 3 is a lit-
tle bit sharper than that of 2, indicating that 3 forms aggregate more
easily than 2 does. Based on these results, we can conclude that the
aggregation ability increases following the order of 1 < 2 < 3, i.e.
long linkage between the PDI units favors the self aggregation.

3.5. Morphologies of the aggregates

Different aggregation models of dimers 1–3 are also verified by
the different morphologies of the molecular aggregates [37]. Sam-
ples were prepared by casting a drop of solution onto a silicon sur-
face. The morphology of the aggregates was examined by atomic
force microscopy (AFM), and the results are shown in Fig. 5.

As shown in Fig. 5 and 1 formed well-distributed two-dimen-
sional film without specific fine structure can be identified. 2 and
3 formed one-dimensional rod-like aggregates with the aspect ra-
tio of the latter significantly larger than the former. This is reason-
able because the spectroscopic studies have revealed that 1 cannot
form molecular aggregates in a relative diluted solution, which
suggests that the intermolecular interactions between the mole-
cules of 1 are small. 2 and 3 can form stable molecular aggregates
in a relative diluted solution, which indicates the presence of
strong intermolecular interactions. This result can be attributed
to the different molecular conformation caused by the different
linkage between the two PDI units.

The minimized molecular structures of 1–3 are shown in Fig. 6.
The two PDI unites in 1 cannot take a co-planar conformation due
to the short linkage between them. Therefore, face-to-face stacking
of two molecules of 1 cannot be achieved easily due to the large
steric hindrance. However, the minimized structures of both 2
and 3 present co-planar conformations of two PDI units. The
face-to-face stacking of the molecules can repeat for many times
in one direction and leads to the formation of large molecular
aggregates with one-dimensional morphology.

3.6. X-ray diffraction patterns

The structures of the aggregates were further investigated by X-
ray diffraction (XRD) techniques. The aggregates of 1 do not give
any meaningful information in the XRD profile, which indicates
no long range order for the molecular packing in the aggregates
of 1. This is in accordance with the observation of the morphology
as shown in Fig. 5. But the diffraction pattern of 2 shows several
peaks in the low-angle region as shown in Fig. 7. The diffraction
peak at 2h = 3.58�, corresponding to a d space of 3.58 nm, can be



Fig. 5. AFM images of the molecular aggregates of 1(A, 6 lm � 6 lm), 2(B, 10 lm � 10 lm) and 3(C, 20 lm � 20 lm) on silicon surface.

Fig. 6. The minimized molecular structures of 1–3 (alkoxyl groups at bay positions were replaced with methoxyl groups in calculations).

Fig. 7. XRD profile of the aggregates of dimers 2.
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ascribed to the length of the molecule. Similarly, the peak at
2h = 1.94�, which corresponding to a d space of 1.94 nm, can be as-
cribed to the width of the molecule. The sharp peak at 2h = 0.76�
with the d space of 0.76 nm might be attributed to the thickness
of three face-to-face stacked molecules of 2 with a p–p distance
of 0.38 nm. This result suggests that three stacked molecules of 2
formed a unit cell in the aggregates. Although the morphology of
3 is similar with that of 2, the XRD profile of 3 (Supporting infor-
mation) is different from that of 2. No distinctive diffraction peaks
are found, which suggests no long range order in the aggregates of
3. This result reminds us that even though 3 formed molecular
aggregates more easily than 2 as revealed by the concentration-
dependent fluorescence spectra, the molecular aggregates of 3 do
not have long rang order on structure. Large driving force for the
molecular aggregation does not necessarily lead to long range
order in the molecular aggregates.
4. Conclusions

In summary, three of PDI dimers linked by ethynyl and phenyls
were prepared and their molecular structures were characterized.
Both experimental and theoretical studies showed that ethynyl
and phenyls are suitable linkages to extend the effective conjuga-
tion length and enhance p–p interaction. A short conjugation link-
age leads to strong intramolecular interactions between the PDI
units and varies the photophysical properties significantly. How-
ever, the longer linkage between the two PDI units hinders the
intramolecular interactions between PDI units, but it renders a
co-planar conformation for the two PDI units, and therefore, en-
hanced intermolecular interactions are achieved. Driven by this
strong intermolecular interaction, molecules can self-assemble
along one direction and form one-dimensional nano-fibers. The re-
sults of this research revealed clearly that the inter- or intramolec-
ular interactions can be controlled by the length of the conjugated
linkage. Oligomers of PDI linked with flexible non-conjugated link-
ages present normally properties of single PDI molecules without
significant interactions between their components [39,51]. How-
ever, interactions between the PDI units in an oligomer are favored
in some cases, such as the electron transfer or energy transfer in an
artificial light-harvesting system. Therefore, conjugated linkages
are preferred in these special occasions because it can transmit
p–p interactions to a relative long distance as revealed in com-
pound 1. We believe that these results will be helpful in guiding
the design of new organic molecules for the self-assemble organic
functional materials in molecular electronic devices.
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