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Supramolecular Self-Assembly of Conjugated Diblock Copolymers

Hengbin Wang,"! Wei You,"”! Ping Jiang,"”! Luping Yu,**! and H. Hau Wang'

Abstract: This paper describes the syn-
thesis and characterization of a novel
series of copolymers with different
lengths of oligo(phenylene vinylene)
(OPV) as the rod block, and poly(pro-
pylene oxide) as the coil block. De-
tailed characterization by means of

transmission  electron  microscopy
(TEM), atomic force microscopy
Introduction

(AFM), and small-angle neutron scat-
tering (SANS) revealed the strong ten-
dency of these copolymers to self-as-
semble into cylindrical micelles in solu-
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tion and as-casted films on a nanome-
ter scale. These micelles have a cylin-
drical OPV core surrounded by a
poly(propylene glycol) (PPG) corona
and readily align with each other to
form parallel packed structures when
mica is used as the substrate. A pack-
ing model has been proposed for these
cylindrical micelles.

glycol)], (OPV-PEG), system.!”

Semicrystalline rod—coil block copolymers exhibit consider-
able morphological richness arising from the two forces that
drive the microphase separation between the different
blocks in the melt.'"® The dissimilarity of the two blocks
favors the formation of segregated nanometer-scale domains
(e.g., spheres, cylinders, lamellae), and crystallization of one
block favors the formation of alternating amorphous and
crystalline layers. Similarly, rod—coil block copolymers in a
selective solvent could self-assemble into a variety of supra-
molecular structures through mutual interactions between
polymer segments and solvent.?!) Conjugated polymers are
rigid macromolecules and have been developed as advanced
materials for photonic or electronic applications.”>>! If the
conjugated polymer chains can be organized into higher-
order structures, novel functions at the molecular level may
translate into solid-state bulk properties due to their unique
m-electron system. Therefore, self-assembly of m-conjugated
block copolymers constitutes a promising strategy for the
construction of well-defined and stable nanometer-sized
structures with chemical functionalities and physical proper-
ties that are of potential use in optoelectronic devi-
ces.1732331 In our previous work we described the synthesis
and phase-separation behavior of an oligo[(phenylene vinyl-
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These diblock copolymers possess remarkable self-assem-
bling abilities, forming long cylindrical micelles (>1 pm).
Transmission electron microscopy (TEM), atomic force mi-
croscopy (AFM), and small-angle neutron scattering
(SANS) studies showed that the core of the micelles had a
diameter of ~8-10 nm and was composed of OPV segments.

Since the PEGs with high-molecular weights are crystal-
line materials, the driving force for phase separation in
OPV-PEG is high. In this paper we describe a new diblock-
copolymer system consisting of a monodispersed rodlike
conjugated oligo(phenylene vinylene), covalently bonded to
a coil-like segment of poly(propylene glycol) (OPV-PPG). It
was found that although the PPG is a less hydrophilic and
amorphous material, the resulting copolymers still exhibit a
strong driving force for phase separation. It was found that
these copolymers could be aligned if a proper substrate was
used. In this work we also discuss evidence of the fiber
packing structures for both OPV-co-PEG and OPV-co-PPG
copolymers.

Results and Discussion

Synthesis: These block copolymers were synthesized accord-
ing to Scheme 1; the synthesis of the oligo(phenylene vinyl-
ene) building blocks is the same as previously reported.”!
This approach facilitates purification of the final block co-
polymers, and synthesis of triblock copolymers and other ar-
chitectures. Three poly(propylene glycol) (PPG) polymers
with molecular weights of 1000, 2500, and 4500 were used.
The resulting copolymers were purified by column chroma-
tography (silica gel) using an eluent mixture of chloroform/
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Scheme 1. Synthesis of OPV-PPG block copolymers.

MALDI-TOF  measurements
showed a close match between
the calculated and experimental
molecular weight (Figure 1).
The chemical structures of
these copolymers were con-
firmed by using '"H NMR spec-
troscopy.

Diblock Copolymers

3A.N=16,m=6 p_ o Phase separation behavior: Di-

s m=2 luted solutions of these diblock
' ' copolymers, in mixed THF/H,O

Reaction conditions: or CHCIy/CH;0H solvents at

i. NaOH/THF/H,0; : ;

i DE AD/PPh; various volume ratios, were

iii. PdACc,/P(Tolyl)y/NBug, used for the self-assembly stud-

ies. Water or methanol was
used as the nonsolvent. Films
cast from a solution
(0.5 mgmL™") were studied by
TEM and AFM under various
conditions. Figure 2 shows the
Triblock copolymer TEM image of copolymer 3C
(PEO11gOPV47PEO110) (OPV;-PPG,;) obtained when
a carbon-coated copper grid
was used as the substrate for
the casting film. It shows that
the whole film is composed of
interwoven fibers with lengths
of several thousand nanometers

methanol. All of the resulting block copolymers showed a and diameters around 8-10 nm. These images were obtained
narrow molecular-weight distribution with polydispersities without staining the sample. The widths of the fibers indi-
of less than 1.1, as determined from gas-permeation chroma- cate that the dark fiber images are actually the core OPV

tography (GPC). Mass spectrometry studies by means of part only (see below).
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Figure 1. MS spectrum of copolymer 3A.
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Figure 2. TEM image of copolymer 3C on a carbon-coated copper grid.

SANS was used to study the self-assembly properties of
OPV-PPG block copolymers in solution.”! A very diluted
solution (0.2mgmL™") was used because the solubility of
the OPV-PPG copolymer in [Dg]THF/D,0 is not as high as
that of OPV-PEG copolymers that we studied previously.”)
Solutions of copolymers 3 A and 3C were both studied; they
have different lengths in PPG blocks and behave very differ-
ently from each other in SANS experiments. Figure 3 shows
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Figure 3. Small-angle neutron scattering curves of copolymer 3A in

[Dg]THF/D,0O mixed solvents (0%, 6%, 9%, 12%, 17%, and 21 % D,0O)
showing scattering intensity versus scattering vector.

the scattering intensities as a function of scattering vectors
(Q) of copolymer 3A (OPV;-PPG¢) in [Dg]THF and
[Dg]THF/D,0O mixed solvents. Modified Guinier analyses
were carried out for both rodlike and spherical particles in
the low Q region. The rodlike form factor clearly gave a
much better fit (details for 3C are given in Figure 5). The
scattering curves show that copolymer 3 A scattered strongly
and self-assembly occurred without D,O present in the solu-
tion. A small amount of D,O (6% w/w) doubled the scatter-
ing intensity. However, the increase was not as dramatic as
in the OPV-PEG system. This indicates that the packing of
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the molecules inside the fibers is not so well organized. Con-
tinual increase of the D,O/THF ratio from 6 to 12% gave
only a slight increase in the scattering intensities. When a
critical concentration of about 17% of D,O was reached, a
dramatic change in the scattering pattern was observed. The
forward scattering intensity increased by about one order of
magnitude. At the same time, a correlation peak appeared
at a value of Q=0.035, which corresponded to the diameter
of a swelled nanofiber (~18 nm) as described above. This
means that the originally distinct rodlike aggregates con-
dense into a phase of packed rods. The cross-sectional radii
(R) calculated from modified Guinier analyses (with QR
between 1.0 and 1.3) are also reported in Figure 3 and show
that the radii of the fibers slightly increase with the addition
of D,O. The radius is only 8.7 nm when there is no D,0O
present, which increases to 9.7 nm with 12% of D,O. This
implies water molecules swell the fibers. The results are con-
sistent with the model that giant rodlike aggregates have a
packed crystalline OPV core and a PPG shell.

In SANS experiments, the behavior of copolymer 3C,
with a long PPG block (n=70), was shown to be different
from copolymer 3 A, with a short PPG block (n=16). We
know that PPG will form the corona of the cylindrical mi-
celles and determines the compatibility of the micelles with
the solvent. With only 16 propylene oxide units in 3 A, the
PPG block cannot cover the lateral fiber surface of the
OPYV block completely. In addition, the packing structure of
3 A is not very ordered. With the long-coil block of copoly-
mer 3C, the PPG blocks can protect the OPV block from
unfavorable interaction with nonsolvent molecules and a
well-defined packing structure can be expected. SANS re-
sults, as shown in Figure 4, indicate that 3C, in pure
[Ds]THF and in [Dg]THF with 3% D,0O, shows no micelle
formation. However, when the D,O/THF ratio was in-
creased to 6% the scattering intensity increased by about
one order of magnitude, which clearly indicated assembly.
Modified Guinier analyses were carried out for the rodlike
particles in the low Q region. The results for 6 and 12%
D,O/THF, with Q,,..R. between 1.0 and 1.3, are shown in
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Figure 4. Small-angle neutron scattering curves of copolymer 3C in
[Dg]THE/D,0O mixed solvents (3%, 6%, 12%, and 14 % D,0) showing
scattering intensity versus scattering vector.
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Figure 5. The scattering intensity increased continuously
when the D,O ratio was increased, but the shape of the scat-
tering pattern did not change before a critical concentration.
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Figure 5. Modified Guinier analyses of 3C for rodlike particles in 6 and
12 % D,O/THF in the low Q region.

This indicates that the fibers continuously swelled and no
aggregation among fibers occurred. The calculated cross-sec-
tional radii (R) slightly increased with the addition of D,O.
When a critical concentration of about 14% of D,O was
reached, a dramatic change in the scattering curve was ob-
served. The forward-scattering intensity rises and at the
same time a very sharp correlation peak appears at a Q
value of 0.0294, corresponding to the distances between
swelled nanofibers. This indicates again that the originally
distinct rodlike aggregates condense into a phase of packed
rods. Here we should point out that the correlation peak is
much sharper than what appeared in the copolymer 3A and
5 systems; this means the aggregate of fibers is more or-
dered. Figure 6 gives a schematic representation of the self-

¥

\

Figure 6. Schematic representation of the self-assembly of copolymer 3C
in solution.
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assembly of copolymer 3C in solution with varying D,O
content.

The aggregate of fibers in solution was directly observed
by fluorescence microscopy. The fibers gave a strong yellow
fluorescence, which comes from the aggregated OPV block.
Bundles of fibers are clearly observed at their critical water
content (Figure 7). As expected, copolymer 3C formed long
and regular bundles and 3 A formed only short bundles.

Although cylindrical micelles were clearly observed by
TEM and confirmed by SANS studies, what about the pack-
ing structure of the diblock molecules? This question was
not explicitly answered in our previous work on OPV-PEG
copolymers. Traditional micelle organization, with rigid
head groups (OPV) on the outer layer and flexible coils
(PPG or PEG) in the core, is not consistent with the TEM
and SANS results, since the length of the conjugated block
is about 8.5 nm, which corresponds to the diameter of the
fiber measured from TEM studies. Based upon SANS and

Figure 7. Fluorescence micrographs of copolymer 3A (top) and 3C
(bottom) (x 600).
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small-angle X-ray scattering (SAXS) studies, as well as our
previous studies on OPV-PEG block copolymers, it is clear
that the packing structures for these systems consist of a hy-
drophobic OPV inner core and a hydrophilic PEG or PPG
outer shell. This model is also consistent with SANS results
of copolymer 6, in which the PEG block is fully deuterated.
SANS measurements on OPV-[D]PEG in [Dg]THF gave a
radius of 5.2 nm, roughly corresponding to the diameter of
the OPV cores (10 nm).

Another important question is the arrangement of OPV
segments inside the micelles. Two possible packing models
are proposed in Figure 8 (monolayer above, bilayer below).
Both packing models provide the same cross-sectional area.
To differentiate between the two packing models, a PEG-
OPV-PEG triblock copolymer was studied (copolymer 7).
TEM studies show this triblock copolymer forms similar cyl-
indrical micelles, with a diameter of 10 nm, as did the di-
block copolymers; this indicates they have the same kind of
OPYV core structure. In the SANS study with pure [Dg]THF
or low water concentration no micelle formation was ob-
served. This is because the triblock copolymer is more solu-
ble in the solvent with two long PEG blocks at the outside.
However, when 7% of water was added, the scattering in-
tensity increased by one order of magnitude and the scatter-
ing curves fit the infinite-fiber model well, indicating micelle
formation. By using the modified Guinier analysis for rod-
like objects, a radius of 8.9 nm was obtained. Since it is un-
likely for the triblock copoly-
mer to form bilayer packing
during the micelle formation,
these results strongly suggest
that the monolayer packing
could be the more favored
packing model for those block
copolymers.

Preliminary alignment studies:
Since the OPV-PPG diblock co-
polymers self-assemble into
nanofibers, it is interesting to
study their alignment on vari-
ous substrates. Different sub-
strates including polyimide,
mica, and glass were studied.
AFM images of copolymer 3C
showed the formation of long
fibers on polyimide (Figure 9a).
These fibers are randomly
stacked; no alignment effect
was observed. Compared to the
TEM image of the copolymers,
the diameters of these fibers
are much larger; this means the
fibers might aggregate together
to form small bundles. Poly-
imide films rubbed with a
Teflon bar were used as the
substrate; no surface alignment
was observed and random

c)
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Figure 8. Schematic representation of two possible packing models (mon-
olayer upper, bilayer lower) for OPV-PEO or OPV-PPO copolymers.

fibers were obtained. However, when mica was used as the
substrate for copolymer 3C, the fibers were aligned very
well over a range as long as tens-of-micrometers without

2000nm

1000 2000nm
d)

Figure 9. AFM images of copolymer a) 3C on polyimide, b) and ¢) 3C on mica, and d) 3A on mica.
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any special treatment (Figure 9b and c). The average diame-
ter of the fibers was about 17 nm, which matches the SANS
results of cylindrical micelles very well. It was also found
that copolymer 3A does not form a well-aligned structure
on mica (Figure 9d).

These results indicate that both the substrate and the
properties of coil blocks play important roles in the fiber
alignment. Since the diblock copolymers exist in bundles of
fibers, when the solvent evaporates or when the nonsolvent
ratio increases to a critical content, interactions between
PPG blocks and the surface will determine the orientation
of the fibers. It is known that the surface dipoles of the
newly cleaved mica exhibit a regular orientation and could
have strong and directed interactions with the ether moieties
in PPG.” The fiber bundles in copolymer 3C are more or-
ganized and have more interacting ether sites than those in
copolymer 3A. The adhesion of the first layer of fiber bun-
dles of copolymer 3C is thus stronger than those of 3A.
After the first layer deposition, this layer plays the role of
template to direct further orientation of fiber bundles.
Shorter fiber lengths and less correlated bundles in copoly-
mer 3A are, therefore, responsible for less ordering of 3A
on the mica surface.

Thermotropic phase behavior: The OPV blocks, which have
all-trans structures, are rigid rodlike molecules due to the
delocalized m-conjugation. It is not surprising that all of the
copolymers exhibit a reversible thermotropic liquid-crystal-
line phase. Differential scanning calorimetry (DSC) traces
of the diblock copolymers indicated that the liquid-crystal
isotropic transitions of three copolymers were at 223°C,
212°C, and 211°C for 3A, 3B, and 3C, respectively
(Figure 10). Reversed transitions were observed from DSC
traces of cooling scans at 210°C, 200°C, and 195°C for co-
polymers 3A, 3B, and 3C, respectively. Glass-transition
temperatures of the copolymers were not observed and no
melting peak of the PPG block was observed; this means
that the PPG block is amorphous at room temperature. The
values of the critical temperature (7,) decreased as the size
of the coil block increased. This is consistent with our previ-
ous studies of OPV-PEG block copolymers; a visible crystal-
line melting peak of an OPV block can be observed only for
an OPV with 13 or more phenyl rings.’! With the increase
of the amorphous poly(propylene oxide) ratio, the melting
temperature of the OPV block and the liquid-crystal iso-

Heat flow

Temperature /°C

Figure 10. DSC traces of copolymer A) 3A, B) 3B, and C) 3C.
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tropic transition decreased slightly. Polarized optical micro-
scopic studies of these copolymers confirmed the liquid-crys-
tal isotropic-phase transition temperature.

Conclusion

A novel series of amphiphilic rod—coil copolymers with dif-
ferent lengths of oligo(phenylene vinylene) as the rod block
and poly(propylene oxide) as the coil block were synthe-
sized and characterized. These copolymers organize into cyl-
indrical micelles in solution and as-cast films on a nanome-
ter scale, as observed by using TEM, AFM, and SANS stud-
ies. These micelles have a cylindrical OPV core surrounded
by a PPG corona. Based on the experimental results, a pack-
ing model was proposed for cylindrical micelles. It was
found that the cylindrical micelles from copolymer 3C read-
ily aligned with each other to form parallel packed struc-
tures, especially when mica was used as the substrate.

Experimental Section

Materials: 1,4-Dichlorobenzene, 1-bromohexane, methyl 4-methyl ben-
zoate, triethyl phosphite, poly(propylene oxide) methyl ether (average
M, ca. 1000, 2500, 4500, from Aldrich), and the other conventional re-
agents were used as received. Divinylbenzene was purified according to
literature procedures.®®! Tetrahydrofuran was dried by distillation from
sodium metal. Ethylene glycol dimethyl ether and N,N-dimethylform-
amide were dried by distillation from calcium hydride.

Techniques: '"H NMR spectra were recorded in CDCl; on a Bruker
AMS500 spectrometer. Thermal analyses were performed on a Shimazu
DSC-60 and TGA-50 under a nitrogen atmosphere at a heating rate of
10°Cmin~'. A Nikon Optiphoto-2 optical polarized microscope (magnifi-
cation: x400), equipped with a Creative Devices 50-600 high-tempera-
ture stage, was used to observe the thermal transitions and to analyze the
anisotropic texture. Molecular-weight distributions were determined by
using gel-permeation chromatography (GPC) with a Waters Associates
liquid chromatograph equipped with a Waters 510 HPLC pump, Waters
410 differential refractometer, and Waters 486 tunable absorbance detec-
tor; THF was used as the solvent and polystyrene as the standard. Ele-
mental analyses were performed by Atlantic Microlab. MALDI-TOF
spectra were carried out in the Washington University Resource for Bio-
medical and Bio-organic Mass Spectrometry laboratory, with dithranol as
the matrix. UV/Vis spectra were collected by using a Shimadzu UV-
2401PC Recording Spectrophotometer. Emission Spectra were recorded
using a Shimadzu RF-5301PC Spectrofluorophotometer.

Transmission electron microscopy: As-cast films were prepared by plac-
ing a drop of the copolymer solution onto carbon-coated or holey TEM
grids. The grids were air-dried or dried in the atmosphere of the solvent.
The specimen was examined in a Philips CM120 electron microscope op-
erated at 120 kV.

Atomic force microscopy: The tapping mode AFM imaging of the
sample was performed in air with a Multimode Nanoscope IIIA Scanning
Probe Microscope (MMAFM, Digital Instruments). Cantilevers, with an
Olympus Tapping Mode Etched Silicon Probe (Digital Instruments) with
a nominal spring constant of 42 Nm™', were used in the tapping mode
with a type E scanner. The drive frequency was 270-350 kHz, and the
drive amplitude was between 0.7 V and 1.1 V. The setpoint was usually
around 0.6-0.9 of the free amplitude in our experiments. The pictures
shown are height mode with a frame rate of 512.

Small-angle neutron scattering: Scattering experiments were performed
by using the time-of-flight instrument SAND at the Intense Pulsed Neu-
tron Source (IPNS) at Argonne National Laboratory. By using neutrons
with wavelengths in the range of 0.5-14.0 A by time-of-flight and a 40x
40 cm? position sensitive proportional counter at a fixed sample-to-detec-
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tor distance of 2m, SAND produced data in the scattering vector Q
(Q =4msin(6/1), whereby 6 is half the scattering angle and 4 is the wave-
length of the incident neutrons) of the range 0.004-0.8 A~' in a single
measurement. To obtain the best contrast for the SANS signals, deuterat-
ed THF was used as a solvent. In addition, D,O was used for the investi-
gation into the effect of water on the self-assembly of the diblock copoly-
mer in deuterated THF. The solutions were measured in Suprasil
(quartz) cylindrical cells with a 2 mm path length. The data for each
sample were corrected for the backgrounds from the instrument, the Su-
prasil cell, solvent, and sample transmission. It was then placed on an ab-
solute scale by using the routine procedures at IPNS.'

Synthesis: A general synthetic procedure is outlined in Scheme 1. Oligo-
(phenylene vinylene) segments were synthesized according to similar pro-
cedures described previously.*)

Compound 2A: Compound 1 (0.8355 g, 0.679 mmol) and KOH (0.183 g,
3.4 mmol) were dissolved in THF (15 mL), and H,O (0.6 mL) was added.
The resulting solution was refluxed for 12 h and then poured into meth-
anol (100 mL) at room temperature. The precipitate was collected by suc-
tion filtration and washed with methanol. The product was further puri-
fied by flash chromatography, using an eluent mixture of chloroform and
methanol, to give a yellow solid (OPV6-acid). The mixture of poly(pro-
pylene oxide) monomethyl ether (M,=1000) (0.33 g, 0.33 mmol), OPV6-
acid (0.368 g, 0.3 mmol), and PPh; (87 mg, 0.33 mmol), in THF (15 mL),
was heated to 80°C. When all the starting material dissolved, it was
cooled to 35°C and diethyl azodicarboxylate (DEAD) (63 mg,
0.36 mmol) was added. The resulting solution was stirred at 35°C for 24 h
and then the DMF was removed by vacuum distillation. The product was
further purified by flash chromatography, using an eluent mixture of
chloroform and methanol, to give compound 2 as a yellow solid.
Compound 2A: 'H NMR (500 MHz, CDCL,): 6=38.06 (d, /=8 Hz, 2H),
7.58 (d, J=8Hz, 2H), 7.54-7.52 (m, 8H), 7.49-7.46 (m, 6H), 7.44 (s,
1H), 7.39 (d, J=16 Hz, 2H), 7.38 (d, J=16 Hz, 1H), 7.28 (d, /=16 Hz,
1H), 7.07 (d, J=16 Hz, 2H), 7.06 (d, /=16 Hz, 1H), 7.05 (d, J=16 Hz,
1H), 7.00 (d, J=16Hz, 1H), 4.01 (d, J=5.5Hz, 1H), 3.58-3.50 (m,
32H), 3.49-3.40 (m, 15H), 2.78 (m, 8H), 2.68 (m, 4H), 1.66 (m, 12H),
1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m, 48H), 0.91 ppm (m, 18H); ele-
mental analysis caled (%) for C,3sH,;;BrO: C 73.63, H 9.66, Br 3.63;
found: C 73.21, H 9.78.

Compound 2B: 'H NMR (500 MHz, CDCL;): 6=8.06 (d, /=8 Hz, 2H),
7.58 (d, J=8 Hz, 2H), 7.54-7.52 (m, 8H), 7.49-7.46 (m, 6H), 7.44 (s,
1H), 7.39 (d, /=16 Hz, 2H), 7.38 (d, /=16 Hz, 1H), 7.28 (d, /=16 Hz,
1H), 7.07 (d, /=16 Hz, 2H), 7.06 (d, J=16 Hz, 1H), 7.05 (d, J=16 Hz,
1H), 7.00 (d, J=16Hz, 1H), 4.01 (d, J=5.5Hz, 1H), 3.58-3.50 (m,
80H), 3.49-3.40 (m, 40H), 2.78 (m, 8H), 2.68 (m, 4H), 1.66 (m, 12H),
1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m, 120H), 0.91 ppm (m, 18H); ele-
mental analysis calcd (%) for C,;HsssBrOy,: C 69.14, H 9.95, Br 2.22;
found: C 68.72, H 10.05.

Compound 2C: 'H NMR (500 MHz, CDCLy): 6=8.06 (d, /=8 Hz, 2H),
7.58 (d, J=8Hz, 2H), 7.54-7.52 (m, 8H), 7.49-7.46 (m, 6H), 7.44 (s,
1H), 7.39 (d, /=16 Hz, 2H), 7.38 (d, /=16 Hz, 1H), 7.28 (d, /=16 Hz,
1H), 7.07 (d, /=16 Hz, 2H), 7.06 (d, /=16 Hz, 1H), 7.05 (d, J=16 Hz,
1H), 7.00 (d, J=16Hz, 1H), 4.01 (d, J=5.5Hz, 1H), 3.58-3.50 (m,
140H), 3.49-3.40 (m, 70H), 2.78 (m, 8H), 2.68 (m, 4H), 1.66 (m, 12H),
1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m, 210H), 0.91 ppm (m, 18H); ele-
mental analysis calcd (%) for Cy;Hs3sBrO4,: C 66.83, H 10.10, Br 1.50;
found: C 66.23, H 10.35.

Compound 3A: '"H NMR (500 MHz, CDCl,): 6=8.04 (d, /=8 Hz, 2H),
7.58-7.52 (m, 21 H), 7.47-7.37 (m, 26 H), 7.32 (d, J=16 Hz, 2H), 7.19 (d,
J=8Hz, 2H), 7.06 (d, /=16 Hz, 10H), 7.03 (d, /=16 Hz, 1H), 4.01 (d,
J=5.5Hz, 1H), 3.58-3.50 (m, 32H), 3.49-3.40 (m, 15H), 2.78 (m, 12H),
2.38 (s, 3H), 1.66 (m, 12H), 1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m,
48H), 0.91 ppm (m, 18H); elemental analysis calcd (%) for CygHss045:
C 81.57, H 9.85; found: C 81.32, H 9.96.

Compound 3B: '"H NMR (500 MHz, CDCl;): 6=8.04 (d, /=8 Hz, 2H),
7.58-7.52 (m, 21H), 7.47-7.37 (m, 26 H), 7.31 (d, J=16 Hz, 2H), 7.19 (d,
J=8Hz, 2H), 7.06 (d, J=16 Hz, 10H), 7.04 (d, /=16 Hz, 1H), 4.01 (d,
J=5.5Hz, 1H), 3.58-3.50 (m, 80H), 3.49-3.40 (m, 40H), 2.78 (m, 12H),
2.37 (s, 3H), 1.66 (m, 12H), 1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m,
120H), 0.91 ppm (m, 18 H); elemental analysis calcd (%) for Csp0)Hy7,04:
C 75.84, H 10.01; found: C 75.62, H 10.34.
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Compound 3C: 'H NMR (500 MHz, CDCl,): 6=8.05 (d, /=8 Hz, 2H),
7.58-7.52 (m, 21H), 7.47-7.37 (m, 26 H), 7.31 (d, J=16 Hz, 2H), 7.19 (d,
J=8Hz, 2H), 7.06 (d, /=16 Hz, 10H), 7.03 (d, /=16 Hz, 1H), 4.01 (d,
J=5.5Hz, 1H), 3.58-3.50 (m, 140H), 3.49-3.40 (m, 70H), 2.78 (m, 12H),
2.38 (s, 3H), 1.66 (m, 12H), 1.43 (m, 12H), 1.35 (m, 24H), 1.14 (m,
210H), 0.91 ppm (m, 18 H); elemental analysis calcd (%) for CspHgs,O7,:
C 72.14, H 10.12; found: C 72.01, H 10.25.
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