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Abstract Two new perylenetetracarboxylic diimide (PDI)
derivatives, namely, trimer 1 and trimer 2, composed of three
PDI units with different tail groups, are prepared. Solubility of
these two trimers is significantly different due to the different
tail groups. The aggregation behavior of these two compounds
in solution was investigated using absorption and fluorescence
spectra. The results indicate that both trimers 1 and 2 can form
large molecular aggregates via an intermolecular process in
either good solvent or poor solvent. Trimer 1 can form gel in a
mixed solvent of methanol and tetrahydrofuran (THF), while
trimer 2 can only form gel in non-polar solvents, such as
hexane and toluene. This can be ascribed to the multiple long
alkyl chains in trimer 2, which have introduced extra hydro-
phobic interactions besides the 77t interactions between the
molecules of trimer 2. The morphology examination of the
dried gel of trimer 1 by atomic force microscopy (AFM)
reveals simply long fibers. But, the dried gel of timer 2 shows
network-like morphology, which can be ascribed to the hy-
drophobic interactions between the multiple alkyl chains.
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Introduction

Supramolecular organic assembly have attracted a lot of re-
search interests due to their numerous potential application in
many fields, such as semiconductors in electronic devices
[1-4], functional materials in photovoltaic [5—8] devices, lig-
uid crystals [9, 10], and artificial biological materials (artificial
muscles [11], synthetic membranes[12], and cell growth [13]).
They also offer the possibility in some cases to organize
hierarchical nanostructures [14, 15]. Moreover, organic gels,
an important group of molecular self-assembly, can also pro-
vide unique environment for photochemical or photophysical
process because of the special gel state [16, 17].

As an important group of molecular self-assembly, organic
gels have attracted a lot of research attentions recently [18].
The formation of organogel is ascribed to the formation of
molecular self-assembly in solution driven by non-covalent
interactions, such as 7—7t stacking, hydrogen bonding, metal-
ion coordination, dipole—dipole interactions, and other van der
Waals interactions. Recently, organogelators based on porphy-
rins [19-23], phthalocyanines [24, 25], and conjugate oligo-
mers [26, 27] in pure or mixed solutions have been developed.
Perylenetetracarboxylic diimide (PDI) derivatives became a
kind of popular building block for organic gels recently,
because of their excellent thermal and light stabilities and
great application potentials as photonic materials [28]. Sinkai
reported a mixed gel of PDI derivatives with different substit-
uents at the bay positions and found sequenced energy transfer
in this gel [17]. Rybtchinski and co-workers prepared a supra-
molecular gel based on an amphiphilic PDI, which can re-
sponse to the outside stimuli [29]. Wiirthner and co-workers
have reported a highly fluorescent organic gel based on a PDI
derivative functionalized with urea groups [30]. It is found
that the 71—t interactions dominate the formation process of
gel. The aggregation model (H- or J-type) plays a crucial role
in determining the properties of the gels [31, 32]. We have
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found that introduction of multiple aromatic subunits in one
gelator molecule could increase the interactions among the
molecules significantly, which is believed to be favorable for a
gelator [33]. A porphyrin trimer linked with a 1,3,5-
benzenetricarboxylate bridge can form a well-defined pattern
on a mica or glass surface via self-assembling [34]. This result
suggested that linking chromophores with 1,3,5-
benzenetricarboxylate to form trimers might be a good strat-
egy to enforce the interactions among the molecules and
achieve a good gelator.

In this work, we prepared two new PDI trimers linked with
1,3,5-tricarboxylate benzene, namely, trimers 1 and 2, as
shown in Fig. 1. Different tail groups are linked for the
purpose of changing their solubility in different organic sol-
vents. The aggregation behaviors of these two compounds in
solution are investigated by the steady-state absorption and
fluorescence spectra. The gelating properties of them in dif-
ferent solvents are also tested. The structures of the dried gels
are determined by the X-ray diffraction (XRD) experiments,
and the morphology is examined by atomic force microscopy.

Results and discussion
Molecular design and synthesis

PDIs with no substituent at the bay positions have very strong
7—7t interactions and, therefore, are ideal building blocks for
the construction of ordered molecular aggregates [35]. How-
ever, the low solubility of these no-substituted PDIs in con-
ventional organic solvents brings difficulties to the synthesis

Fig. 1 The molecular structure of
trimer 1 and 2, and monomer 3
and 4
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and purifications. Therefore, we choose 1,7-diphenoxyl
substituted PDIs as the building block of our compounds,
which can maintain a reasonable solubility in conventional
organic solvents and a strong 7t—7t interaction between each
other simultaneously [36, 37]. The
tris(dodecyloxy)benzamide group in trimer 2 could improve
the solubility of it in conventional organic solvents, especially
in non-polar organic solvents. Meanwhile, it can also bring
hydrophobic interaction among the long alkyl chains of the
different molecules, which are expected to promote the mo-
lecular order in the aggregates efficiently.

The synthetic procedures of these two trimers are shown in
Scheme 1. 1,7-Di(p-t-butyl-phenoxyl)-3,4,9,10-
tetracarboxylic dianhydride (5) [38] reacts first with n-hexyl
amine or N-(2-aminoethyl)-3,4,5-tris(dodecyloxy)benzamide
[34] in refluxing pyridine to give the key intermediate
monoanhydried PDI 6 or 7. Further reaction of 6 or 7 with
ethylenediamine gives intermediate 8 or 9. In the last step, the
benzoylation of 8 or 9 with trimesoyl chloride gives trimers 1
and 2, respectively, with reasonable yields. These compounds
are purified by repeat column chromatography on silica with a
mixture of chloroform and methanol as eluent; all the new
compounds were fully characterized with '"H NMR, matrix-
assisted laser desorption/ionization—time-of-flight (MALDI-
TOF) mass spectra, and elemental analysis.

UV-vis absorption and fluorescence spectra in solutions

UV-vis absorption and fluorescence spectra of PDIs are sen-
sitive to the interchromophore distance and orientation [39,
40] and, therefore, have been widely used to monitor the 77t
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Scheme 1 Synthesis of trimers 1 and 2. a pyridine/reflux; & CHCls, room temperature, ethylenediamine; ¢ trimesoyl chloride, CHCl;, room

temperature; d pyridine/reflux, 1-octylamine

stacking of PDIs [41-43]. Figure 2 compares the absorption
and emission spectra of these two trimers in diluted CHCl;
solution with those of monomeric PDI. Because both of these
two PDI trimers are very soluble in chloroform, typical mo-
nomeric absorption and fluorescence spectra of them in chlo-
roform are expected. The absorption spectra of trimer 1 in a
much diluted solution of CHCl3 (5x1077 mol L") have
indeed resembled those of a monomeric PDI in shape
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Fig. 2 Normalized absorption (red, solid square) and emission (green,
no symbols) spectra of trimer 1 (a) and trimer 2 (b) in diluted CHCl; (5%
1077 mol L™"). The absorption spectrum of monomer 3 (a) and 4 (b) in
diluted CHCI; (blue, solid circle) is shown for comparison purpose

(Fig. 2a) [44], with the maximal absorption peak appears at
549 nm and a small shoulder at about 519 nm. The former can
be attributed to the 0-0 transition, whereas the later can be
assigned to the 0—1 transition. However, the intensity ratio of
0-1 and 0-0 peaks (Io_i/I_o) is large than that of the monomer
3 PDI (0.69 of monomeric PDI vs 0.90 of trimer 1). This
indicates the presence of “H-type” aggregates of trimer 1 in
this diluted solution [45]. An emission band at about 582 nm
is found in the fluorescence spectrum of trimer 1, which is the
mirror image of the absorption band. The fluorescence quan-
tum yield of this emission band is about 8.43 %, which is
remarkably smaller than that of monomer 3 (98 %) [44]. This
is also an evidence for the presence of aggregation of PDI
units of trimer 1 in diluted chloroform solution.

The absorption spectrum of trimer 2 in CHCI; (5%
1077 mol L") resembled that of monomer 4 (Fig. 2b). The
intensity ratio of the 0—1 and 0-2 vibration bands is 0.92,
which is almost same as that of trimer 1 and larger than that of
monomer 4, indicating the presence of similar aggregation for
trimer 2. The emission band of trimer 2 appears at 584 nm
with a fluorescence quantum yields of 3.89 %. Because sev-
eral works have reported that there is a photo-induced electron
transfer from trialkoxylbenzene group to PDI and then the
fluorescence of PDI can be quenched [46]. The low fluores-
cence quantum yield of timer 2 might be the result of electron
transfer. To verify this point, we have also prepared a model
compound monomer 4, which has a trialkoxylbenzene group
connected at the imide nitrogen atom. The fluorescence quan-
tum yield of this compound is 86 %, which is smaller than that
of monomer 3 (98 %), but still remarkably larger than that of
trimer 2. So the low fluorescence quantum yield of trimer 2 is
not caused by electron transfer; it is caused by the aggregation
of PDI units. Besides, in the '"H NMR spectra of trimer 2
(4.5%x10* mol L™y and 1 (¢=3.0x10"* mol L") in CDCl;,
very broad peaks were observed, which suggests also the
formation of molecular aggregates in the solution.
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Now, a critical question is that is the aggregation of timer 1
and 2 in diluted solution an intermolecular process or an
intramolecular process? As mentioned above, the absorption
spectra are recorded in a solution of chloroform with a con-
centration of as low as 51077 mol L™'. Normally, no inter-
molecular interaction can be observed in such a dilute solu-
tion. Therefore, the aggregates of the PDIs in the trimers as
revealed by the absorption spectra are speculated to be caused
by an intramolecular aggregation. To verify this point, we
recorded the absorption spectra of trimers 1 and 2 in chloro-
form (5x1077 mol L") at different temperatures. Figure 3
shows the temperature-dependent absorption spectra of trimer
1. It can be found that the absorption spectra of trimer 1 in
diluted chloroform have not shown obvious changes along
with temperature increase; only a very small shift on the

maximal absorption band can be identified, and this may be
ascribed to the different solvation effects of chloroform on the
solute. The intensity ratio of 0—0 and 0-1 transition has also
kept unchanged. This result suggests that the aggregation of
the PDI subunits of trimer 1 in diluted solution is not affected
by temperature significantly. This is further supported by the
temperature-dependent fluorescence spectra of trimer 1,
which revealed no significant changes on emission wave-
length and very small increase on the fluorescence quantum
yield (Fig. 3b). All these temperature-dependent experiments
(including the absorption and fluorescence spectra) revealed
that the aggregation of trimer 1 in diluted chloroform solution
(5%1077 mol L™") is an intramolecular aggregation instead of
an intermolecular aggregation. The same results can be de-
duced from the temperature-dependent absorption and
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Fig. 4 The minimized molecular
structure of trimer 1 with AM1
method. The right part shows a
pair of PDI subunits stack in a
twisted “face-to-face” mode

fluorescence spectra of trimer 2 (Fig. S1 in Supporting Infor-
mation). We suggest that the intramolecular aggregation of
PDI subunits in trimer 1 or 2 is the result of an interbranch
interactions as shown in Fig. 4. Because of the flexibility of
the linkage between the central phenyl bridge and the PDI
subunits, the PDI subunits can take a twisted “face-to-face”
stacked structure and show some characteristics of aggregates
[47].

When increasing the concentration of trimer 1 in chloro-
form from 5% 107 to 5% 10> mol L ™", the absorption spectra
show significant change along with concentration increase
(Fig. 5). The relative intensity ratio of the 0—1 and 0-0
transition increased from 0.90 to 1.1, indicating the formation
of the H-type aggregates in concentrated solutions. Because
this aggregation is concentration-dependent, therefore, it can
be attributed to the intramolecular aggregation. Similar chang-
es on the absorption spectra of trimer 2 are observed along
with the concentration increase. However, the relative inten-
sity ratio between the 0—1 and 0—0 bands of trimer 2 increases
up to 1.4 when concentration is 5% 10> mol L', which is
obviously larger than that of trimer 1. This may be ascribed to
the long alkyl chains, which enforce the interactions between
the molecules of timer 2, and the aggregates of trimer 2 are
more stable than those of trimer 1 [37]. The intermolecular
aggregation of trimers 1 and 2 is also proved by the
temperature-dependent absorption spectra (Fig. S2 in
Supporting Information). The relative intensity ratio of 01
and 0-0 transitions decreases on heating and increases on
cooling, which revealed the reversible nature of the intermo-
lecular aggregation process.

The concentration-dependent fluorescence spectra of tri-
mer 1 in chloroform (concentration range 5x1077 to 5x
10> mol L") revealed also the presence of intermolecular
aggregation (Fig. 6). Along with concentration increase, the
emission at 560 nm, the fluorescence of monomeric PDI,
disappears gradually. Meanwhile, a broad emission band ap-
pears in longer wavelength region. The broad emission at

AP
WIS oe €
O i
o S EEES
f_J 9 = = 4

longer wavelength can be attributed to the emission of
excimer [48]. The fluorescence quantum yields of trimer 1
decrease obviously along with concentration increase, indicat-
ing the formation of intermolecular aggregates. These aggre-
gates can be broken by heating, revealing the reversible nature
of the intermolecular aggregation [49]. The concentration and
temperature-dependent absorption and fluorescence spectra of
trimer 2 (Fig. S3 and S4 in Supporting Information) show
similar results with those of trimer 1, indicating the formation
of similar aggregates of trimer 2 in concentrated solutions.

Aggregation in poor solvents

Because the aggregation behavior of PDI is efficiently affect-
ed by its solubility in solvents, it is necessary to test the
aggregation behavior of the trimers in a solvent with low
solubility, i.e., bad solvent. Based on the solubility of trimer
1 and trimer 2 in different solvents, we choose a mixture of
methanol and tetrahydrofuran (THF) (Vyeon/Vrar=1:4) as
solvent for trimer 1 and methyl cyclohexane (MCH) or tolu-
ene for trimer 2.

In the mixed solvent, the absorption spectrum of trimer 1
does not show two vibration bands as that in chloroform, but a
broad absorption band with a peak at 512 nm instead (Fig. 7).
It can be attributed to the formation of H-type aggregates in
this mixed solvent [50]. It is worth noting that the absorption
spectrum does not show any changes even though the con-
centration is reduced to as small as 5x10 7 mol L™!; this
means that trimer 1 formed very stable aggregates in the
mixed solvent (Fig. S4 in Supporting Information). However,
the concentration-dependent fluorescence spectra of trimer 1
in this mixed solvent show distinctive changes (Fig. 8). In a
diluted solution, two emission bands with peaks at 560 and
650 nm, respectively, can be identified from the fluorescence
spectra. But, the emission peak at 560 nm disappeared grad-
ually along with concentration increase. The emission at
560 nm can be assigned to the emission of monomeric PDI
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Fig. 5 The normalized
concentration-dependent

. . . 1.0
absorption spectra of trimer 1 in
chloroform (from 5x 1077 to 5x
10~ mol L") at room
temperature
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and is attributed to the non-aggregated trimer 1. The band at
650 nm can be assigned to the emission of “excimer-like”
states. Along with the concentration increase, all the trimer 1
molecules changed into aggregates and the emission from
monomeric PDI at 560 nm disappear gradually, and only the
emission from excimer-like states at 650 nm remains in the
fluorescence spectrum.

The aggregation of trimer 1 in this THF/methanol mixed
solvent is reversible as revealed by the temperature-dependent
fluorescence spectra as shown in Fig. 9. At low temperatures,

5(')0
Wavelength (nm)

such as room temperature, the solution of trimer 1 in the mixed
solvent gives a spectrum dominated by the emission from
excimer-like states. However, the emission from monomeric
PDI at 550-600 nm became the dominating component of the
fluorescence when the temperature rises to 50 °C.

Both the absorption and fluorescence spectra of the diluted
solution of trimer 2 in MCH (5x10~" mol/L) (Fig. 10) are
similar with those of trimer 1 in the mixed solvent of THF/
methanol, which suggests the formation of H-type aggregates.
The concentration decrease does not bring distinctive change

Fig. 6 The normalized
concentration-dependent
fluorescence spectra of timer 1 in
chloroform (5% 10775 x

1077 mol/L) at room temperature

Relative Fluorescence Intensity
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Fig. 7 Normalized absorption spectrum of trimer 1 (black, with open
squares) in the mixed solvent of methanol and THF (methanol/THF 4:1;
1x107° mol/L). The absorption spectrum of monomer 3 (red with open
circles) is also shown as comparison

on the absorption and the fluorescence spectra of trimer 2 in
MCH (Fig. S5 in Supporting Information). This means that
the aggregates formed by trimer 2 in the MCH solution are
much stable than those by trimer 1 in the mixed solvent, and
almost all the molecules of trimer 2 exists in the form of
aggregates even in diluted solution. The fluorescence quan-
tum yields of trimer 2 decrease remarkably along with con-
centration increase, which can be attributed to the enhanced
interactions between the PDI subunits in the aggregates [36].

—o—30°

Relative Fluorescence Intensity

s . T = T .
500 600 700 800
Wavelength (nm)

Fig. 9 The fluorescence spectra of trimer 1 in the mixture (5%
107 mol L") of methanol and THF (4:1) at different temperatures
(Aex=410 nm)

The temperature-dependent absorption spectra of trimer 2
in MCH reveal also no distinctive changes in shape as well as
maximum emission wavelength along with temperature ris-
ing; only a slight increase of fluorescence quantum yield is
observed (Fig. 11). It seems that the aggregates of trimer 2 are
very stable and cannot be broken at elevated temperatures.
This might be attributed to the long alkyl chains, which bring
extra intermolecular interactions between the molecules of
trimer 2.

Fig. 8 The normalized
concentration-dependent
fluorescence spectra of trimer 1 in
the mixed solvent of methanol
and THF (4:1). The inset shows
the fluorescence quantum yields
(@) at different concentrations
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Fig. 10 Normalized absorption (black with open squares) and fluores-
cence (red with open circles) spectra of trimer 2 (5%1077 mol/L) in
diluted MCH solution

Besides, in MCH, trimer 2 can also form aggregates in
toluene. The absorption and fluorescence spectra of trimer 2 in
toluene resemble those of trimer 2 in MCH (Fig. 12). The
temperature and concentration-dependent absorption and
fluorescence spectra of trimer 2 in toluene did not show
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Fig. 11 Temperature-dependent absorption and fluorescence spectra of
timer 2 in MCH (5% 10”® mol/L) at different temperatures
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Fig. 12 Normalized absorption (black) and fluorescence (red) spectra of
trimer 2 in toluene (5% 107 mol L")

significant changes along with concentration and temperature
change, suggesting the high stabilities for the aggregates of
trimer 2 in toluene.

Gelating properties

Based on the good aggregation properties revealed by the
spectroscopic results as presented above, we expect good
gelating properties for both trimer 1 and trimer 2. The gelating
abilities are tested in several organic solvents. The samples are
mixed with the solvent in a glass vial, and then, the mixture is
heated until everything is dissolved. The mixture is then
cooled to room temperature. After leaving the sample for
2 days at ambient temperature, we invert the vial to check
the state of the solution. Trimer 1 can only form gel in the
mixed solvent of methanol and THF (Vy\icow/Vrar=1:4). Tri-
mer 2 can form gel in both MCH and toluene but does not in
polar solvents, such as acetone, dioxane, and THF. The critical
gelation concentrations [26] of trimer 1 in the mixed solvent
are determined to be 2 mmol mL ™', and trimer 2 in MCH is
3.37 mmol mL™" at room temperature (Fig. 13). It is worth
noting that the gelating process is thermally reversible. On
heating, the gel can change into transparent solution and form
gel again on cooling. The gels can also be broken by vigor-
ously stirring and shaking.

The absorption and fluorescence spectra of the gels of
trimer 1 and trimer 2 are shown in Fig. 14. The absorption
spectrum of the gel of trimer 1 is similar with that of trimer 1 in
the diluted mixed solvent (Vyeon/Vrur=1:4), but with dis-
tinctive broadening on the absorption bands. The fluorescence
spectrum of the gel of trimer 1 presents a further red-shifted
emission peak (676 nm) compared with that in the diluted
mixed solvent (652 nm), which can be attributed to the en-
hanced intermolecular aggregation of trimer 1 in the gel state.
The absorption spectrum of the gel of trimer 2 is also identical
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Fig. 13 Photographs of the gel of trimer 1 (a) in THF/methanol (4/1) and
trimer 2 (b) in MCH

to that in MCH solution. The maximal emission peak of the
gel of trimer 2 has red-shifted from 631 nm in MCH solution
to 669 nm in the gel state, which can be ascribed similarly to
the enhanced intermolecular aggregation of trimer 2 in gel
[51].

The morphologies of the dried gels are examined by atomic
force microscopy (AFM) (Fig. 15). Long fibers without obvi-
ous winding have been found in the image of the gel of timer
1. But, in the image of the gel of trimer 2, long fibers without
definite end formed a network. These different morphologies
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Fig. 14 Normalized absorption (black) and emission (red) spectra of the
gels of trimer 1 (a, 2.0 mmol/mL) in THF/methanol (4:1) and trimer 2 (b,
3.37 mmol/mL) in MCH

can be assigned to the different molecular structure between
trimers 1 and 2. Two kinds of driving forces are working in the
aggregation process of both trimer 1 and trimer 2. They are
m—7t interactions between the PDI rings and hydrophobic
interactions between the long alkyl chains. Because the 77t
interactions between the PDI subunits are similar with each
other, therefore, which will not bring large difference on the
aggregation behavior between trimer 1 and trimer 2. But, in
trimer 1, only one long alkyl chain connected to each of the
three PDI subunits. The hydrophobic interactions between the
long alkyl chains of different molecules are, therefore, small.
But, in trimer 2, there are three long alkyl chains that are
connected to each PDI subunits, and the hydrophobic interac-
tions between the molecules of trimer 2 are much stronger
than those of trimer 1. These strong hydrophobic interactions
together with the 7—7t interactions drive the molecules of
trimer 2 to form long fibers. Moreover, the efficient chain
interdigitation between the fibers provides extra driving force
for long fibers to weave into a network [35].

Hydrogen bonding may be another important driving force
for the gelating of these two trimers in solvents because of the
presence of the amide groups in these two compounds. Be-
cause trimer 1 can only form gel in the mixed solvent of
methanol/THF, the hydrogen bonding should not be the im-
portant factor in the formation of gel because of the presence
of proton solvent. However, timer 2 has extra three amide
groups in its molecules, and therefore, its gelating process in
non-polar and non-proton solvents is expected to be driven by
the hydrogen bonds too. To verify this, the IR spectrum of the
dried gel of trimer 2 was recorded, and the results are shown in
Fig. S6 in Supporting Information. It can be seen that a
distinctive band at about 3,500 cm ™' appears, which reveals
the presence of hydrogen bonds in the gel and suggests that
hydrogen bonding is indeed another driving force for the
gelating of trimer 2 in non-polar solvents [18, 19].

XRD patterns

The internal structure of gels was further investigated by X-
ray diffraction (XRD) experiments. Figure 16 shows the XRD
patterns of the dried gel of trimer 1 and trimer 2. In the XRD
pattern of trimer 1, a broad peak in the range of 20=15-25°,
corresponding to a d space of about 0.42 nm, can be assigned
to the liquid-like order of the alkyl chains [52]. In the low-
angle region, two diffraction peaks are observed. The peak at
20=3.22° (d=2.74 nm) is roughly equal to the width of the
molecules, and the peak at 6.43° (d=1.37 nm) is the second-
order diffraction of the peak at 3.22°, which revealed that the
molecules take an “edge-on” configuration on the surface of
the substrate. Because the fibers are lying on the substrate with
the long axis parallel to the surface of the substrate, therefore,
it can conclude that the molecular plane of trimer 1 in the
aggregates is perpendicular to the growing direction (long
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Fig. 15 AFM images of films
formed from dropped diluted gel
solutions of a trimer 1 in the
mixture solvent of THF/methanol
(4:1) and b trimer 2 in MCH onto
the surface of a SiO, substrate and
then volatilized slowly to dry

axis) of the fiber. A diffraction peak at about 20=28.51°,
where the diffraction of 7t stacking of aromatic rings nor-
mally appears, is observed, which suggests the PDI units in
the gel of trimer 1 packing with long-range order [53, 54].
This is in accordance with the morphology observation as
mentioned above.

In the XRD pattern of trimer 2, the broad peak with a d
space of 0.315 nm can be assigned to the 7—7 stacking of
aromatic rings [55]. In the low-angle region, a small
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Fig. 16 XRD patterns for dried gels of trimer 1 (a) and trimer 2 (b)
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diffraction peak at 260=2.41° (d=3.66 nm) may be ascribed
to the diameter of the disk-like molecule of trimer 2. But, the d
value is smaller than the radius of the molecule calculated

(Fig. 17b) based on an energy-minimized molecular structure
(MM"), which may be ascribed to alkyl chain interdigitation
between the adjacent molecules.

Based on the results of the XRD, spectroscopic experi-
ments, and morphology examination, we can draw a specu-
lated microstructure for the molecular aggregates of trimer 1
and trimer 2 in gel, respectively. In the mixed solvent of THF
and methanol, driven by the 7—t interaction and hydrophobic
interaction between the alkyl chains, the PDI subunits of
trimer 1 stacked in a face-to-face way to form dimers. Along
with concentration increase, the molecules of trimer 1 further
self-assembled into linear fibers driven mainly by the 7—m
interaction between the PDI rings of different molecules. The
thin linear fibers form large aggregates by interlacing. For the
trimer 2, the 7—7t interaction together with the strong hydro-
phobic interaction of the long alkyl chains drives the mole-
cules to stack along the perpendicular direction of the molec-
ular plane into slim fibers, and then, because of the interdig-
itation of the long alkyl chains of different fibers, the two-
dimensional grid-like fibers formed finally.

Conclusions

Two new PDI trimers, trimer 1 and trimer 2, containing
different alkyl tails, are prepared. Due to the presence of
efficient 7t—7t interactions, the PDI subunits in these two
compounds can form face-to-face stacked aggregates even in
very dilute solutions. This result suggests that connection of
multiple PDI subunits in one molecule can indeed enhance the
interactions between the molecules and thus promote the
aggregation of the molecules in solution. But, two trimers
formed different fibers with different morphology due to the
different number of alkyl side chains connected. Trimer 1 can
form long fibers in concentrated solution driven mainly by the
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top view

side view

Fig. 17 The energy-minimized structure (MM ") of the dimeric aggregates of trimer 1 (a) and trimer 2 (b)

7—t interactions. This makes it a good gelator for the mixed
solvent of methanol and THF. Trimer 2, which has three long
alkyl chains connected at the end of the molecule, can form
long fibers too, but because of the interdigitation of the long
hydrophobic alkyl chains, the fibers tangle into a network.

Experimental
General methods

"HNMR spectra were recorded at 300 MHz with the solvent
peak as the internal standard (in CDCls). Electronic absorption
spectra were recorded on a Hitachi 4100 spectrometer. The
spectra of the extremely diluted solutions were recorded in a
larger cuvette with a 5-cm light path. Fluorescence spectra
were measured on an ISS K2 system. Fluorescence quantum
yields were calculated with N,N,-dicyclohexyl-1,7-di(p-t-bu-
tyl-phenoxyl)-3,4,9,10-tetracarboxylic diimide (@¢=100 %)
as the standard [56], and all samples were excited at

410 nm. MALDI-TOF mass spectra were obtained on a
Bruker BIFLEX III mass spectrometer with acyano-4-
hydroxycinnamic acid as matrix. The morphology of the dried
gel on Si was studied in air by the use of a Veeco multimode
atomic force microscope (AFM) in tapping mode. The low-
angle X-ray diffraction (LAXD) experiment was carried out
on a Rigaku D/, B X-ray diffractometer.

Materials and methods

All solvents were of analytical grade and purified by
using standard methods [57]. 1,7-Di(p-t-butyl-phenoxyl)-
3,4,9,10-tetra-carboxylic dianhydried (5) [58], N-(2-
aminoethyl)-3,4,5-tris(dodecyloxy)benzamide [31], N'-
octyl-1,7-Di(p-t-butyl-phenoxyl)-3,4-dicarboxylic imide-
9,10-dicarboxylic anhydride (6) [45], and N-(2-
aminoethyl)-N'-hexyl-1,7-Di(p-t-butyl-phenoxyl)-3,4,9,10-
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tetra-carboxylic diimide (8) [59] were synthesized by the
procedures described previously.

Trimer I To a mixture of compound 8 (400 mg, 0.49 mmol)
and 20 ml CHCls, trimesoyl chloride (43 mg, 0.16 mmol) in
CHCI; (30 ml) was added drop by drop after the reaction flask
was purged with N, for several times, and then, the reaction
mixture was stirred continuously at room temperature over-
night. After the solvent was evaporated, the residue was puri-
fied by column chromatography on silica gel (CHClz/metha-
n0l=99.2/0.8, v/v as eluent) to give trimer 1 (300 mg, 75 %) as
red solid. "H NMR (300 MHz, CDCl5): §=9.4-9.0 (m, broad,
6H), 7.86-8.31 (s, broad, 6H), 7.79-7.86 (s, broad, 6H), 7.31—
7.38 (m, 12H), 7.0-7.2(m, 12H) 6.81-6.83 (s, 3H), 4.35-4.47
(s, broad, 6H), 3.95 (s, 6H), 3.48-3.85 (broad, 6H), 1.8-1.2
(m, broad, 78H), and 0.86 (broad, 9H). MS (MALDI-TOF): m/
z, calculated for Cy45H;53N9O5;: 2,596.1, found 2,597.2 [M+
H)'; elemental analysis (%) calculated for C65H;53NgO51: C
76.28, H 5.94, N 4.85; found: C 76.14, H 5.87, N 4.88.

Compound 7 To a mixture of 1,7-di(p-t-butyl-phenoxyl)-
3,4,9,10-tetracarboxylic dianhydried (344 mg, 0.5 mmol) in
30 ml dried pyridine, a solution of N-(2-aminoethyl)-3,4,5-
tris(dodecyloxy)benzamide (165 mg, 0.23 mmol) in 10 ml
dried pyridine was added drop by drop. The mixture was
refluxed at 115 °C for 1.5 h. After cooling to room tempera-
ture, the solvent was evaporated. The residue was purified by
column chromatography on silica gel (CH,Cl, as eluent) to
give compound 7 (32.5 mg, 10 %). '"H NMR (300 MHz,
CDCl3): 6=9.65 (m, 2H), 8.59 (m, 2H), 8.35 (d, 2H), 7.50—
7.53 (d, 4H), 7.13 (d, 4H), 6.89 (s, 2H), 6.75 (t, 1H), 4.45 (t,
2H), 3.91 (t, 6H), 3.78 (br, 2H), 1.8-1.2 (m, 78H), and 0.87
(m, 9H). MS (MALDI-TOF): m/z, calculated for
CgoH;14N,0;: 1,387.91, found 1,387.67 [M']; elemental
analysis (%) calculated for CgoH;14N,O;;: C 77.02, H 8.28,
N 2.02; found: C 77.05, H 8.46, N 2.12.

Compound 9 To a mixture of ethylenediamine (1 ml) and
30 ml CHCI3, compound 7 (140 mg, 0.1 mmol) in 10 ml
CHCIl; was added drop by drop with continues stirring at
room temperature. The resulted mixture was stirred continu-
ally at room temperature under a nitrogen atmosphere over-
night. After the solvent was evaporated, the residue was
purified by column chromatography on silica gel (methanol/
chloroform=3:95) to give compound 9 (108 mg, 75 %). 'H
NMR (300 MHz, CDCl;): §=9.60-9.64 (m, 2H), 8.55-8.63
(m, 2H), 8.34 (d, 2H), 7.44-7.48 (d, 4H), 7.12 (d, 4H), 6.89 (s,
2H), 4.49-5.1 (m, 3H), 4.45 (t, 2H), 4.17-4.20 (t, 2H), 3.91 (t,
6H), 3.11(t, 2H), 2.45 (t, 2H), 1.8-1.2 (m, 78H), and 0.87 (m,
9H). MS (MALDI-TOF): m/z, calculated for CgoH;14N,01;:
1429, found 1428.6; [M']; elemental analysis (%) calculated
for C91H120N4010: C 7644, H 846, N 392, found: C 7665,
H 8.23, N 3.79.

@ Springer

Trimer 2 To a mixture of compound 9 (240 mg, 0.17 mmol),
triethylamine (1 ml) and 20 ml CHCls, trimesoyl chloride
(14 mg 0.057 mmol) was added drop by drop with continuous
stirring at room temperature. The resulting mixture was stirred
continually at room temperature under a nitrogen atmosphere
overnight. After the solvent was evaporated, the residue was
purified by column chromatography on silica gel (CHCI;/
MeOH=08. 99.2, v/v as eluent) to give trimer 2 (134 mg,
60 %). "H NMR spectrum of trimer 2 in CDCl; (¢=3x
10* M) shows very broad peaks, suggesting the formation
of molecular aggregates [34]. "H NMR (300 MHz, CDCls):
6=9.15-9.28 (s, broad, 6H), 8.0-8.15 (s, broad, 6H), 7.98 (s,
broad, 6H), 7.39-7.47 (m, 12H), 7.00-7.04 (m, 12H), 6.99 (s,
6H), 6.95 (s, 3H), 4.45 (s, broad, 6H), 3.95 (t, 18H), 3.48-3.85
(s, broad, 12H), 1.8-1.2 (m, broad, 234H), and 0.89 (broad,
27H). MS (MALDI-TOF): m/z, calculated for
CosoH360N120353: 4445.6, found 4448.3 [M']; elemental anal-
ysis (%) calculated for Cog,H360N12035: C 76.18, H 8.16, N
3.79; found: C 76.14, H 8.32, N 3.52.
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