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ABSTRACT: Self-assembly of the perylene segment leads to vesicle formation of perylene end-capped
poly(dimethylsiloxane) (PDMS) in nonaqueous media. The perylene self-assembles into crystalline
aggregate, with a well-defined melting temperature and reversible melting and crystallization. The T\,
of the perylene aggregates increases with an increase in the length of the PDMS chain. The absorption
spectra depend on the solvent used. TEM images show that a trilayer vesicle structure is formed with
hexane mixtures. Thus, the packing of perylene depends on the choice of the solvent system. This initial
attempt to prepare such vesicles in nonaqueous media may be applicable to similar systems.

Introduction

There has been significant activity on the self-as-
sembly of amphiphilic block copolymers in solution.!2
One of the blocks is usually water-soluble, and a variety
of morphologies such as spheres, rods, vesicles, and
lamellae have been observed, depending on the compo-
sition of the polymer and the polarity of water. In a
number of cases, the amphiphilic block copolymer has
to be highly asymmetric. Such architecture involves a
long, hydrophobic core-forming block and a short, hy-
drophilic corona block. It has been shown that for the
case of polystyrene-b-poly(acrylic acid), with a relatively
long PAA block, micelles are seen initially. With a
progressive decrease in the length of the PAA segment,
successive transitions were seen from micelles to vesic-
ular structures.!”7 The latter have hollow spherical
shape, with walls composed of bilayers of the polymers.

Formation of such micelles or vesicles in nonaqueous
media has not been explored so far. In this paper, we
discuss the synthesis, morphology, and spectral proper-
ties of perylene end-capped poly(dimethylsiloxane)
(PDMS). This is essentially an oligomeric PDMS linked
at one end to a perylene unit, whereby the macromo-
lecular structure resembles that of a surfactant. How-
ever, in this case the surfactant has a large planar
m-system (whose stacking tendency and hence insolubil-
ity are well-known) attached to a long flexible, elasto-
meric and soluble PDMS chain. The micelle or inverse
micelle formation in surfactant systems, depending on
the nature of the headgroup, is well-known. It was
expected that in nonaqueous media the self-assembly
of the perylene units would lead to morphologies similar
to those observed in the case of polystyrene-b-poly-
(acrylic acid) and similar block copolymer systems.

Among the various classes of pigments, perylene
bisimides are remarkable in the diversity of colors that
can be achieved in the solid by derivitization and the
resulting changes in the & overlap and the crystal
structure.® Perylene derivatives exhibiting liquid crys-
talline® or supramolecular polymer!® characteristics
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have been studied. Perylenes have also been incorpo-
rated in polyimide polymers and copolymers.!1714
Perylene derivatives are also used as photogenerators
and n-type organic semiconductors for optoelectronic
applications.® It is expected that vesicle formation of
perylene derivatives could to lead to interesting and
useful properties as such an assembly is analogous to
the arrangement of perylene derivatives in a molecular
crystal. This work is an initial attempt in this regard.

Experimental Section

3,4,9,10-Perylenetetracarboxylic acid dianhydride, 2,5-di-
tert-butylaniline, zinc acetate dihydrate, imidazole, isoquino-
line, and tert-butyl alcohol were purchased from Aldrich
Chemical Co. and used as received. Amine-terminated poly-
(dimethylsiloxane)s (DMS-A11, DMS-A12, and DMS-A15) were
purchased from Gelest Inc. and used as received. The molec-
ular weights of PDMS terminated with primary amine end
group were obtained by end-group titration, with aqueous HCI
solution. The PDMS (0.1 mequiv) was stirred in 75 mL of
2-propanol, and an automated titrator was used. The molec-
ular weight of each was determined as an average of three
such measurements. The average molecular weights of A-11,
A-12, and A-15 were determined to be 875, 1500, and 3035
amu, respectively. The synthesis of N-(2,5-di-tert-butylphenyl)-
perylene-3,4-dicarboxylic imide (1) and perylene-3,4-dicar-
boxylic anhydride (2) (Figure 1) were carried out according to
the literature procedure.'®

Three different molecular weights of ~900, 1500, and 3000
of PDMS were used for the synthesis of 3, 4, and 5 (Scheme
1), respectively. In a round-bottom flask, 0.32 g (0.1 mmol) of
perylene-3,4-dicarboxylic anhydride, 3.6 g (0.4 mmol) of amine-
terminated poly(dimethylsiloxane) (DMS-A11), and 0.2 g of
isoquinoline were dispersed in 15 mL of m-cresol, and the
solution was slowly heated to 200 °C. The reaction mixture
was stirred at 200 °C for 4 h, cooled to room temperature, and
poured into 300 mL of methanol. The precipitated solid was
filtered, repeatedly washed with aqueous sodium hydroxide
(1 N) solution, followed by water and methanol, and dried to
get the crude solid. It was dissolved in chloroform and then
chromatographed with chloroform over silica gel. After evapo-
rating the solvent and drying in a vacuum at 60 °C the yield
was 1.05 g (86.1%) of M900. IR (KBr): 1692.5, 1649.8, 1594.8,
1379.7, 1354.9, 1250, 1094, 839.5, 809.1, 751.6.

M1500 (4) (with DMS-A12). IR (KBr): 1692.3, 1650.9,
1593.5,1379.8, 1355, 1259, 1094.9, 1060.4, 839.2, 809.2, 752.5.

M3000 (5) (with DMS-A15). IR (KBr): 1694.7, 1650, 1597,
1382, 1356.9, 1261.1, 798.5, 752.
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Figure 1. N-(2,5-Di-tert-butylphenyl)perylene-3,4-dicarboxylic
imide (1) and perylene-3,4-dicarboxylic anhydride (2).

Scheme 1. Synthesis of Perylene End-Capped PDMS:
B)n~10; 4) n ~ 20; (5) n ~ 40
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H NMR spectra were recorded on a Bruker-400 spectrom-
eter using tetramethylsilane as an internal reference. Infrared
measurements were performed on a Michelson M129 BOMEM
FTIR spectrometer. A TA Instruments DSC Q100 was used
for thermal analysis with a heating rate of 10 °C/min under
nitrogen flow (50 mL/min). Thermal stabilities of the samples
were determined using a Seiko 120 TG/DTA analyzer up to
500 °C at a heating rate of 10 °C/min under nitrogen flow (100
mL/min). UV—vis absorption spectra were recorded with a
Perkin-Elmer 900 spectrophotometer. Fluorescence emission
data were collected using a Shimadzu RF 1501 fluorescence
spectrophotometer.

The X-ray diffraction patterns on film were recorded with
a Statton-type Warhus flat film camera (William Warhus Co.,
Wilmington, DE), under vacuum, to eliminate air scatter, using
Cu Ka radiation with a wavelength of 1.5418 A. The diffrac-
tometer traces were obtained using a Philips PW1710 auto-
mated powder diffractometer (Cu Ka, 4 = 1.5418 A). The
diffraction data were recorded from 26 = 2° to at least 26 =
40° with a step size of 1.2°/min. The data were analyzed using
the Jade 5 XRD Pattern Processing software by MDI Materials
Data Inc.

Transmission electron micrographs were recorded using a
Philips CM20 TEM, operated at 120 kV. The samples were
prepared by pipeting a small amount of the solution onto a
carbon lacey grid. The solution was allowed to cascade down
the surface of the tilted grid. This reduced the agglomeration
of the material. The thin film formed in this manner was
allowed to dry for a few hours before examination. This is
similar to the protocol used for the TEM analysis of vesicular
morphologies of block copolymers in aqueous media.! ® For
cryo-TEM, the sample was placed on the grid as above, and
the grid was then loaded into the cryo-holder and immediately
inserted into the microscope. The reservoir of the cold stage
initially at room temperature was filled with liquid nitro-
gen and kept filled throughout the duration of the sample
examination. Once the temperature had dropped to —40 °C,
the high tension was turned on and filament current increased
to saturation. Micrographs were acquired between —40 and
=55 °C.

Results and Discussion

Imides can be prepared in a single step by heating
an anhydride and an amine together in a polar solvent
such as NMP, DMAc, or m-cresol at high temperature.
Imide—siloxane copolymers are prepared in a similar
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Figure 2. DSC thermograms of M900: (a) first heating, (b)

cooling, and (c) second heating; (d) DSC thermogram (second
scan) of M3000.

manner by copolymerization of a dianhydride, a di-
amine, and a siloxane-containing diamine.'® In this
paper we describe the synthesis and characterization
of perylene end-capped poly(dimethylsiloxane) (PDMS)
which has been made by reaction of perylene-3,4-
dicarboxylic anhydride with an amino-terminated poly-
siloxane in m-cresol at elevated temperatures (com-
pounds 3—5, Scheme 1). We used a 4-fold excess of the
amino-terminated polysiloxane so as to preferentially
synthesize polysiloxanes that are end-capped at only one
end with perylene moieties. The crude materials were
washed by 1 N aqueous sodium hydroxide to change any
unreacted perylene dicarboxylic anhydride to disodium
perylene dicarboxylate and remove it. The column
chromatography can remove trace amino-terminated
PDMS and other unpurified materials. The reaction was
monitored using FT-IR, by observing the wavenumber
of carbonyl group shift from a broad peak between 1730
and 1780 cm™! for the anhydride to peaks at 1690—1650
cm~! upon imide formation. 'TH NMR (CDCI; solution)
further confirmed the formation of perylene end-capped
PDMS as chemical shifts between 8 and 8.6 ppm
corresponding to perylene hydrogens and 0.7—4.2 ppm
due to the hydrogens of the alkyl groups (o, 3, and y to
the nitrogen atom), and chemical shifts lower than 0.5
due to hydrogens of the methyl groups attached directly
to the silicon atoms were observed.

The question arises as to the possibility of both ends
of the PDMS chain being substituted with perylene. As
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Figure 3. Powder X-ray diffractogram of M1500.

noted above, a 4-fold excess of amino-terminated poly-
siloxane was used. During the chromatographic separa-
tion process, the free amino-terminated main product
would have higher interaction with the silica gel, and
it will be the slower eluent compared to the product that
reacted on both sides. 'TH NMR showed only the ex-
pected spectrum. The TLC plate also showed one eluent.
The final product was easily soluble in most common
solvents. This would not be the case if the perylene
substitution occurred on the both ends of the polymer.
Since amino-terminated PDMS is soluble in common
solvents such as methanol and acetone, repeated wash
with methanol would remove any unreacted amino-
terminated PDMS. As an aside, repeated washing with
1 N aqueous sodium hydroxide is not expected to cause
any scission of the Si—O bonds. This procedure has been
used during the preparation of perylene-containing
polymers with alkyl chains,!1:17 and it is known that the
bond energy of the Si—O bond is ~5 kcal mol~! higher
that of the C—C bond.'®

Crystallization and Melting Behavior. The as-
prepared perylene end-capped PDMS was found to be
semicrystalline. Figure 2 shows the DSC results on
M900 and M3000. All three polymers (3—5) showed
reversible melting and crystallization. M900 initially
shows two melting transitions at 175 and 210 °C in the
first scan (Figure 2a) and crystallization transitions
upon cooling (Figure 2b). A similar occurrence of mul-
tiple melting peaks has been reported for other poly-
mers.'” It has been suggested!?® that the low-tempera-
ture endotherm is due to the melting of crystals that
exist prior to the heating scan and that the higher
temperature endotherm is the result of melting of
crystals formed by simultaneous melting and recrys-
tallization (reorganization) during the DSC scan. The
two melting endotherms become closer in the second
scan (Figure 2c), with the peak position at 195 °C.
M1500 and M3000 are also semicrystalline, with a T},
of 225 °C (as seen for the latter in Figure 2d). These
results suggest the presence of molecular aggregation
of the perylene units in the solid state and the resulting
crystallinity. Note that the T}, of perylene by itself from
its crystalline state is 278—280 °C.20 The lower melting
temperatures observed here is due to the less perfect
ordering of the perylene units relative to its single
crystal.

We observe that the T, of the perylene in M900 is
lower than in the case of M3000. It would seem that
the longer, flexible PDMS segments facilitate aggrega-
tion of the perylene chain ends. This is corroborated by
the heat of fusion as well. The value of AH, normalized
for the weight fraction of perylene, is 80 J/g for M900,
and it increases to 130 J/g for M1500 and M3000. It is
known that perylene derivatives form liquid crystalline
phases.?! However, we do not observe consistent mul-
tiple transitions in this case on heating and cooling that
would indicate such liquid crystalline transitions. In
addition, Figure 2d shows a small melting endotherm
at —50 °C, which is attributed to melting of the PDMS
segment. This endotherm was not seen with the lower
molecular weight samples (e.g., M900).

The X-ray diffraction trace from M1500 is shown in
Figure 3. Four strong well-resolved reflections are seen,
with d-spacings of 24.66, 7.70, 3.61, and 3.35 A. The
diffraction patterns from M900 and M3000 were similar.
The 3.61 A reflection corresponds to the z-stacking of
the perylene and 7.70 A to the side-to-side packing
distance. The length of the perylene unit including the
three CHy groups is about 12.3 A, which is half the
spacing at 24.66 A. Thus, the three principal packing
directions of the perylene unit are seen in the X-ray
diffraction. Note that PDMS itself crystallizes only
below —50 °C. The crystalline peaks seen in Figure 3
are due to perylene aggregation.

UV-vis Spectra. The UV—vis and fluorescence
spectra were recorded in dichloromethane, chloroform,
dichlorobenzene, carbon tetrachloride, and hexane as
well as mixtures of hexane with the chlorinated sol-
vents. The concentrations were 2.0 x 107°—2.0 x 1076
M, depending on the molecular weight.

Figure 4 shows the UV-—vis spectra from these
solvents and their mixtures for M900 and M3000. There
are two significant changes that occur with increasing
ratio of hexane. First, the absorption peaks become
sharper and the doublets become well resolved. This
difference is pronounced when the spectra from dichlo-
romethane are compared with those from hexane.
Second, the absorption maxima blue shift by 7—9 nm.
With M900 in dichloromethane, peaks occur at 503 and
481 nm, and the ratio of the intensities of these peaks
is 1.092. With hexane, these peaks shift to 495 and 467
nm, respectively, with a ratio of 1.042. In addition, a
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Figure 4. UV—vis spectra for M900 in (a) mixtures of dichloromethane and hexane, (b) mixtures of chloroform and hexane, (c)
mixtures of dichloromethane and carbon tetrachloride; (d) M3000 in mixtures of dichloromethane and hexane.

third peak appears at 443 nm. The spectra for M1500
and M3000 in hexane also show the presence of the
third peak at 443 and 438 nm, respectively. With
chloroform, the peaks occur at 505 and 482 nm. These
shift to lower wavelengths with increasing ratio of
hexane. It was noted by Neuteboom et al.l4 that in the
case alternating copolymers of perylene bisimide and
poly(THF) in o-dichlorobenzene the blue shift of the
absorption maximum is consistent with the formation
of H aggregates.

Figure 4c shows the spectra from carbon tetrachloride,
dichloromethane, and their mixtures. It is seen that
although both are chlorinated solvents, the doublets in
the spectra from CCly are well-resolved compared to
that in CH3Cly. The nature of the solvent thus plays a
role. The solubility parameter () for PDMS is 14.9
MPa'2. Those for hexane, CCly, CHCls, and CHyCl, are
14.9, 17.6, 19, and 20.3 MPa'2, respectively, with
increasing polarity.?2 Thus, the difference in 0 between
PDMS and hexane is close to zero, while it is large
between PDMS and CHCIl; or CH5Cls. The interaction
parameter y between PDMS and hexane is 0.3—0.4,
while it is 0.36, 0.6, and 0.69 with CCly, CHCl3, and
CH,Cl,, respectively.22 The aggregation of the perylene
segment would thus depend on the interaction between
the solvent and PDMS. This is reflected in the vesicular
morphology as seen from TEM.

Fluorescence spectra were recorded in the mixtures
of dichloromethane and hexane. Figure 5 shows the
fluorescent spectra for M900 and M1500. M3000 showed
a similar spectrum. Excitation wavelength of 500 nm
was used since all three compounds have strong absorp-
tion at that wavelength. Fluorescence spectra have a
pattern very similar to UV absorption. With increasing
the ratio of mixture of hexane and dichloromethane, the
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Figure 5. Comparison of fluorescent spectra in mixtures of
dichloromethane and hexane for (a) M900 and (b) M1500.

peaks shift to lower wavelength and the ratios of the
lower and the higher wavelength peaks become larger.

Transmission Electron Microscopy. The intent in
this article is to show that the perylene end-capped
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Figure 6. TEM images of (a) M900 in CHCls, (b, ¢) cryo-TEM image of M900 in CHCls, (d) M900 in CH2Cly/hexane (50:50), and
(e) M900 in hexane. (f) An enlarged view of a vesicle of M900 in hexane. The scale bars in (b) and (c) correspond to 100 nm.

PDMS forms micellar and vesicular morphology. It is
realized that the method of sample preparation would
have a significant influence on the observed morphology.
The samples for TEM analysis were prepared in a
manner similar to that used for studying the morphol-
ogy of block copolymer vesicles in aqueous media.!~¢ The
TEM micrographs are shown in Figure 6, including the
cryo-TEM images of M900. For M900 from chloroform
(Figure 6a), vesicles are seen (marked by arrows) with
the dark region corresponding to PDMS surrounded by
the shell formed by perylene. The interaction of the
chlorinated solvent with perylene can be expected to be
stronger than with PDMS. (The dark region is identified
with PDMS due to the presence of the silicon atom. Note
that the large “bubble-like” features are due to the lacey
grid used for the TEM analysis and not to be confused
with the vesicles.) These are similar to the morphologies
observed in the case of equilibrium vesicular structures

formed with PS300-b-PAA44 in THF /water mixtures.23 In
that case, the size of the vesicles could be changed
reversibly by changing the water content. In this initial
study, only one concentration was used in each case.
With M900 in chloroform, the size of the vesicle is about
30 nm, with a perylene layer thickness of about 2—3
nm. The structure of the vesicles from dichloromethane
was similar.

With the cryo-image of M900 in chloroform (Figure
6¢), the structure is similar to that shown in Figure 6a.
The features are somewhat irregular, perhaps due to
nonuniform solvent content. Although the same solvent
was used, the size of the vesicles (100—300 nm) in
Figure 6¢ is much larger than that of Figure 6a (~30
nm). This demonstrates the diverse morphologies that
the system could adopt, depending on the sample prep-
aration and history. Such mixed morphologies, depend-
ing on solvation and other conditions, have been ob-
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Figure 7. Trilayer packing model of perylene end-capped
PDMS (from molecular mechanics modeling).

served in the cryo-TEM studies of surfactants?*25 and
PEO-based block copolymers.26 These can also be com-
pared with mixed morphologies obtained in the case of
block copolymers.!~¢ With the same sample, some parts
of the image appear micellar, as shown in Figure 6b.
Note that PDMS crystallizes at the low temperatures
used here (see DSC trace in Figure 2d). With M1500
and M3000 from chloroform, more aggregated compound
vesicles were observed, perhaps due to association that
develops in the solution. In the case of PSy10-0-PAA;3,
these compound vesicle formation was attributed to
nonequilibrium trapped morphologies.

The vesicles observed in the TEM image of M900 from
the mixtures dichloromethane/hexane (Figure 6d) and
chloroform/hexane (figure not shown here) and from
hexane (Figure 6e) are larger than that from chloroform
or dichloromethane. The vesicle diameters of M900 are
about 240, 290, and 180 nm in chloroform/hexane,
dichloromethane/hexane, and hexane, respectively. In
fact, these seem to form a trilayer vesicle, with the
perylene layer surrounded on either side by PDMS. A
slightly enlarged view of a vesicle is shown in Figure 6f
to show the dark/light/dark layers corresponding to
PDMS/perylene/PDMS. This is different from the mor-
phology observed with the chlorinated solvents. We
attribute this to the favorable interactions between the
PDMS and hexane. A schematic of the trilayer structure
is shown as an inset in Figure 6. The PDMS layers are
about 1.2 nm thick, and the perylene layer is 2.8 nm
wide. A model based on a simple molecular mechanics
simulation of this structure is shown in Figure 7. The
length of the perylene segment is about 1.1 nm, and an
edge-to-edge packing of the perylene would give rise to
a spacing of about 2.6 nm. The perylene layer appears
wider in some of images due perhaps to the sample
preparation. As mentioned before, we followed the
procedure similar to that of other authors for TEM
analysis. Since a drop of the solution was cascaded on
to the TEM grid, any dilation due to surface tension
during drying could cause the layer to enlarge. Irrespec-
tive, the vesicle formation is clearly evident in the
micrographs.

Figure 6 shows that the vesicles that formed with
CHCI; or CH2Cly are much smaller compared to those
formed with hexane or hexane mixtures, with (the dark
region corresponding to) PDMS surrounded by the shell
formed by perylene. It was discussed above that the
difference in solubility parameters (and interaction
parameters y) is large between PDMS and CHCl; or
CHyCls. This leads to the perylene forming the outer
shell in this case. With hexane or hexane mixtures, the
polarity decreases, and the difference in solubility
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parameters with PDMS is also very small. This causes
the trilayer structure, with PDMS forming the outer and
inner layers and the perylene segment sandwiched in
between.

Conclusions

We have shown that the copolymer perylene end-
capped PDMS, which is like a surfactant, forms vesicles
in nonaqueous media. The perylene segment forms
crystalline aggregate, with well-defined melting tem-
perature and reversible melting and crystallization. The
absorption spectra depend on the solvent used. Signifi-
cant shifts in the absorption frequencies and changes
in the relative intensities of the doublets are seen with
the concentration of hexane in dichloromethane or
chlorofrom. Thus, the packing of perylene can be
changed by the choice of the solvent system. TEM
images of the vesicles show a trilayer structure, depend-
ing on the solvent. These observations were rationalized
on the basis of the solubility parameters of PDMS and
those of the solvents as well as the interaction param-
eter y between PDMS and the solvents used. This initial
attempt to prepare vesicles in nonaqueous media has
been successful and may be applicable to similar
systems, e.g., with a noncrystallizable polymer such as
poly(methylphenylsiloxane) and other types of photo-
active/electroactive molecules. Part of the model for the
trilayer structure shown in Figure 7 resembles the
mushroom morphology described by Stupp et al.2” for a
rod—coil triblock molecule. Our study indicates that by
varying the nature of the solvent different types of
supramolecular nanostructures can be obtained, as
envisioned by Stupp et al.?”
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