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ABSTRACT: Interesting self-assembly behavior of an ABC triblock copolymer in selective solvents for the
terminal A and C blocks is reported. The triblock copolymer consists of poly(fert-butyl acrylate)-block-poly(2-
cinnamoyloxyethyl methacrylate)-block-poly(glyceryl monomethacrylate) or PtBA-b-PCEMA-b-PGMA, with 107
tBA units, 193 CEMA units, and 115 GMA units. The solvents used are pyridine/methanol with methanol volume
fraction fyeon between 80 and 100%. While pyridine is a good solvent for all of the three blocks, methanol is
selective for PtBA and PGMA. At fyeon = 80% and fiyieon = 90% and at 50 °C, spherical and cylindrical micelles
with PtBA and PGMA coronal chains are formed. At fyeon = 95%, vesicles are formed. Grafted on the outer
surface of the vesicles are mostly the PGMA chains and some PtBA chains. The PtBA chains are found by
atomic force microscopy and transmission electron microscopy to segregate from the PGMA chains to form
circular patches. At fyecon = 100%, tubular micelle-like aggregates (MAs) coexisted with vesicular MAs. While
there have been many reports on morphologies of block copolymer MAs, reports on MAs of ABC triblock
copolymers in selective solvents for A and C are rare. Also, there have been very few reports on tubular MAs
and MAs with segregated surface chains. These combinations make results of this study unique.

I. Introduction

The association of block copolymers in block-selective
solvents yields micelle-like aggregates (MAs) with shapes
ranging from spheres'? to cylinders,>”® donuts,® !
vesicles,**'%! and tubes.'*'> The shape diversity of such
aggregates facilitates their applications in nanofabrication,'¢~'®
lithography,'®~>' cell culturing,**** and drug delivery.®* ¢
Most of past morphological studies of MAs were performed
using diblock copolymers. When linear ABC triblock copoly-
mers were studied,?”*>® solvents selective for one terminal block
(A or C) or two consecutive blocks (A and B or B and C) were
typically used.>*>* With rare exceptions for linear ABC triblock
copolymers®> 37 and with exceptions for mikto-arm ABC
triblock copolymers,®®° the use of such solvents led to the
formation core—shell—corona spheres®>*° or cylinders.'®*! Our
group has been interested in particles with segregated surface
chains. Aside from developing methods to bring different
diblock copolymers together to form particles with segregated
surface chains,**** a direct method for such particles has been
to prepare MAs from ABC triblock copolymers in block-
selective solvents for the terminal A and C blocks.** The A
and C blocks used before were not highly incompatible, and
their surface chain segregation was absent or not obvious.*>~*
We report in this paper the preparation of MAs from an ABC
triblock copolymer with highly incompatible A and C blocks
in binary mixtures consisting of a solvent and a block-selective
solvent. We discuss its rich morphologies and the interesting
segregation patterns of the A and C chains on the surfaces of
the vesicles and nanotubes.

Specifically, the triblock copolymer used was poly(zert-butyl
acrylate)-block-poly(2-cinnamoyloxyethyl methacrylate)-block-
poly(glyceryl monomethacrylate) or PtBA-b-PCEMA-b-PGMA.
With PGMA being hydrophilic and PtBA being hydrophobic,
the two terminal blocks should be highly incompatible. The MAs
were prepared in pyridine/methanol (Py/MeOH) with different
MeOH volume fraction fyeon. Here Py was a mutual solvent
for all of the three blocks of the copolymer and MeOH was
selective toward PtBA and PGMA. As fyeon increased from
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80 to 100%, the morphology of the MAs changed from spheres
to cylinders, vesicles, and tubes.

While there have been many reports on morphologies of block
copolymer MAs, reports on self-assembled tubular
MAs'*1548751 are rare despite reports on their preparation from
the chemical processing, involving the cross-linking and sculpt-
ing of selective domains, of ABC triblock copolymers cylindrical
MAs. #3233 Also, reports on MAs of ABC triblock copolymers
in selective solvents for A and C and on MAs with segregated
surface chains are rare. These combinations make results of this
study unique.

I1. Experimental Section

Materials. Anhydrous diethyl ether, methanol, and methylene
chloride were of reagent grade from Fisher Scientific and were used
without further purification. Pyridine (99.9%) from Fisher Scientific
was dried by filtration through alumina columns of an Innovative
Technology system. 3-Aminopropyltrimethoxysilane (97%, APT-
MS), succinic anhydride (99+%), trifluoroacetic acid (99%),
cinnamoyl chloride (98% and dominantly trans), and triethylsilane
(99%) were purchased from Aldrich and used as received. Spectra/
Por dialysis tubes used had a molecular weight cutoff of
12000—14000.

PtBA-b-PCEMA-b-PGMA. The triblock copolymer was derived
from a precursor prepared by anionic polymerization. Since the
syntheses and characterization of the same family of triblock
copolymers with different compositions have been described
before,'®>* they are thus not repeated here.

MA Preparation. MAs were prepared by dispersing at 50 °C
the triblock copolymer at 1.0 mg/mL in pyridine/methanol at a given
fmeon. The samples were stirred for 2 d before any analysis.

Triblock Thermal Stability. The stability of the PCEMA block
of the PtBA-b-PCEMA-b-PGMA copolymer against thermal cross-
linking during the 2 d of heating at 50 °C to prepare the MAs was
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established by comparing the size-exclusion chromatograms of the
copolymers that were subjected and not subjected to the thermal
treatment. The two samples used for this test was each at 3.0 mL
and 1.0 mg/mL. The fyreon used were 95 and 100%, respectively.
After the samples were heated for 2 d, the solvents were removed
by rota-evaporation. The samples were further dried for 30 min in
a vacuum oven before they were dissolved in 0.5 mL of DMF
containing 0.25% of tetrabutylammonium bromide and injected for
size-exclusion chromatography (SEC) analysis.

The SEC analysis was performed on a Waters 515 system
equipped with three columns (styragel HR SE and 4E columns and
an uStyragel 500 A column) and a differential refractometer (Water
2410). The system was calibrated by monodisperse polystyrene
standards. The eluant used was DMF containing 0.25% tetrabuty-
lammonium bromide at a flow rate of 0.4 mL/min.

PCEMA Cross-Linking and PtBA Hydrolysis. The PCEMA
domains of MAs in pyridine/MeOH were cross-linked at 50 °C by
a focus beam that had passed a 270 nm cutoff filter from a 500 W
mercury lamp powered by an Oriel 6128 power supply. To
hydrolyze the tBA units 21 mg of a cross-linked spherical MA
sample prepared at fyeon = 80% was first dialyzed against MeOH
for solvent switching. The MA solution in methanol was concen-
trated to 2 mL by rota-evaporation before addition into 20 mL of
diethyl ether to precipitate the cross-linked MAs. After centrifuging
and decanting, the precipitate was rinsed with 5 mL of diethyl ether
thrice and then dispersed in 2 mL of methylene chloride. To the
dispersion was then added 10 uL of triethylsilane and 0.67 mL of
trifluoroacetic acid. The mixture was stirred overnight before excess
diethyl ether was added to precipitate the MAs. The precipitate
was washed thrice with ether before it was redispersed in 10 mL
of water.

Reacting the Vesicles with Succinic Anhydride. Succination
of hydroxyl groups has been reported by our group on multiple
occasions.**>> To succinate the vesicles, 10 mg of cross-linked
vesicles freshly precipitated from diethyl ether was dissolved in 2
mL of pyridine in a 50 mL round-bottom flask. To the vesicle
solution containing 0.030 mmol of PGMA hydroxyl groups was
added 44 mg or 0.44 mmol of succinic anhydride dissolved in 1
mL of pyridine. The mixture was stirred magnetically overnight
before it was dialyzed against water to remove small-molecule
reagents and side products.

DLS Measurements. Dynamic light scattering (DLS) measure-
ments were carried out at room temperature on a Brookhaven BI-
200 SM instrument equipped with a BI-9000AT digital correlator
and a He—Ne laser (632.8 nm). Measurements were done at 90°.
Samples were clarified by filtration through 0.2 and 1.5 gm Titan2
regenerated cellulose filters for the spherical and vesicular MAs,
respectively. The data were treated by the Cumulant method’® to
yield particle hydrodynamic diameter dj, and polydispersity K%/
K,. The refractive index n, of a Py/MeOH mixture was estimated
from®’

n.= nrlfMeOH + nr2(l _fMeOH) (1)

where n,; and n,, are the refractive indices of MeOH and pyridine,
respectively. The viscosity 1 of a solvent mixture was calculated
using®®

Inn=¢, Iny,+¢,Inn, 2)

with #7; and 7, being the viscosity of solvents 1 and 2, respectively,
and ¢, and ¢, being the molar fractions for solvents 1 and 2.

TEM Measurements. Transmission electron microscopy (TEM)
measurements were carried out on a Hitachi H-7000 instrument
operated at 75 kV. The specimens for TEM were prepared by
aspirating the sample solutions on carbon- or nitrocellulose-coated
copper grids. To stain the PCEMA domains, the specimens were
stained by either OsO4 or RuOy4 vapor from 30 min to 2 h.

Two methods were used to stain the carboxyl groups. Method
one involved aspirating first a sample on a 1 x 1 cm? carbon film
supported on mica. The specimen was then stained with 3 drops of
uranyl acetate or UO,(Ac), solution in methanol at 50 mg/mL for
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Table 1. Molecular Properties of PtBA-b-PCEMA-b-PSMA

SEC dn/de LS 10~ 4 x NMR
M/ M, (mL/g) My, (g/mol) l/min Ly My Ny
1.06 0.181 8.7 0.93/1.7/1.0 107 193 115

30 min. Filter paper was used afterward to remove the excess
staining solution. Further removal of the excess staining agent was
achieved by rinsing each specimen 10 times using a total of 2.0
mL of MeOH/H,0 at v/v = 8/2. The carbon film was finally floated
on water surface and transferred onto a TEM grid. In method two,
3 volumes of the sample solution were directly mixed with 2
volumes of uranyl acetate solution in methanol. The mixture was
stirred for 2 h before it was dialyzed against water for 48 h with
water changed 8 times to remove excess uranyl acetate. The solution
was then aspirated onto a TEM grid.

Surface Modification of Silicon Wafers. Silicon wafers were
cleaned by sonicating them for 30 min, in a 1% MICRO-90
detergent cleaning solution, obtained from International Products
Corporation. The cleaned wafers were rinsed first with excess
distilled water and later with acetone before they were dried in a
stream of nitrogen. The cleaned wafers were then treated with
piranha solution (70% by volume of sulfuric acid and 30% by
volume of hydrogen peroxide) at 80 °C for 3 h to introduce hydroxyl
groups. After rinsing with distilled water and acetone, the silicon
wafers were dried in a stream of nitrogen. Surface amino groups
were introduced by treating silicon wafers using aminopropyltri-
ethylsilane, as described previously.>®

AFM Measurements. Tapping mode atomic force microscopy
(AFM) studies were performed on a Veeco Multimode Microscope
equipped with a Nanoscope Illa Controller. For ambient AFM
measurements, silicon tips with force constant and oscillating
frequency at about 40 N/m and about 300 kHz were used.
Specimens for ambient AFM measurements were prepared by
aspirating sample solutions on to either freshly cleaved mica or
cleaned silicon wafer.

Solution AFM was performed using DNP-S-NP Series Veeco
Probes with force constant and oscillating frequency at about 0.58
N/m and about 57 kHz, respectively. An aqueous solution of the
succinated MAs with pH adjusted to 7.4 was dropped on the
surface-modified silicon wafer and equilibratred for 1 h to allow
for the anchoring of the succinated MAs before an AFM measure-
ment.

II1. Results and Discussion

Triblock Copolymer Characterization. The PtBA-b-PCEMA-
b-PGMA sample was characterized in the PtBA-b-PCEMA-b-
PSMA form for the similar solubility between PtBA, PCEMA,
and PSMA, where PSMA denotes poly(solketal methacrylate).>
The repeat unit number ratios //m/n were determined from
comparing the 'H NMR peaks of the three blocks of the
copolymer. The specific refractive index increment dn,/dc and
the light scattering (LS) molecular weight M,, of the copolymer
were determined in butanone. The polydispersity index M/M,
of the sample was measured by SEC in THF based on
polystyrene standards. By combining the NMR //m/n and LS
M,, values, the weight-average repeat unit numbers /, m, and
ny for the PtBA, PCEMA, and PSMA blocks were calculated
to be 107, 193, and 115, respectively (Table 1).

MAs at Different fyreon. MAs were prepared by stirring the
triblock copolymer at 50 °C for at least 2 d in Py/MeOH of a
given fyeon. This temperature was chosen because the triblock
dispersed very slowly at room temperature in Py/MeOH at fyreon
= 95 and 100%. Then, the MAs prepared at these two fyeon’s
at room temperature were not well defined and contained large
aggregates.

The heating protocol was acceptable because the PCEMA
block of the copolymer was shown by SEC analysis not to
undergo any noticeable thermal cross-linking. For the original
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Figure 1. TEM images of MAs aspirated from pyridine/methanol at
methanol volume fractions of 80 (a), 90 (b), 95 (c¢), and 100% (d). The
spherical MA sample was stained by RuO, vapor, and the other samples
were stained by OsOy vapor.

or unheated sample, the PS-equivalent SEC M,, and M /M,
values measured using DMF as the eluant were (1.62 £ 0.01)
x 10° g/mol and 1.31 + 0.01, respectively, based on the results
of two injections. The corresponding values for a sample heated
in Py/MeOH at fieon = 95% were (1.62 £ 0.01) x 10 g/mol
and 1.29 + 0.01, respectively, and those for a sample heated at
Sfmeon = 100% were (1.60 & 0.01) x 10° g/mol and 1.31 +
0.01, respectively. The SEC M, and M/M, values did not
change within experimental error with sample heating. The M,/
M, values here appeared artificially high because this set of
columns for SEC analysis using DMF as the eluant was partially
damaged.

Figure 1 shows TEM images of MAs aspirated from
Py/MeOH with fyeon at 80, 90, 95, and 100% on carbon-coated
copper grids and stained by the PCEMA-selective OsOy4 or
RuO4. The MA morphologies obviously changed with fyeon-
Only spherical MAs were seen at fyieon = 80%. At fueon =
90%, mostly cylindrical MAs and a few spherical MAs
coexisted. Exclusively, vesicles were found at fyieon = 95%.
In methanol, the MAs consisted of a mixture of vesicles, tubes,
and branched tubes.

MA morphological transition from spheres to cylinders and
then to vesicles in solvent/selective solvent binary mixtures with
increasing selective solvent content has been observed on many
occasions for diblock copolymers.”®*! Shen and Eisenberg®
observed this trend, for example, for PS3,0-b-PAAs, consisting
of 310 styrene units and 52 acrylic acid units in dioxane/water,
when the PAA-selective water weight fraction increased from
5 to 45%. Ding et al.’ observed spherical micelle formation
from PS250-b-PCEMA ¢ in tetrahydrofuran/cyclopentane at a
tetrahydrofuran volume fraction of 97%. In cyclopentane, which
was selective for PS, cylindrical micelles were formed.

Increases in the interfacial energy Gj, between the micellar
core and the solvent phase with increasing block-selective
solvent content have been accepted as the cause for such micellar
morphological transitions. To decrease Gi,, the size of the
micelles increases initially with increasing block-selective
solvent content as predicted theoretically®** and verified
experimentally.®®®> This size increase is accompanied by
increases in the stretching energies G; and G; of the coronal
chains and core chains. Above a critical micellar size, a system
decreases its total G by going through a morphological
transition.
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Table 2. Characteristics of Different MAs
MA type drem/nm? 6w/nm dapm/mm® hapy/nm dDLs/l’lmb DLSb KZZ/K4

spherical 24+3 56+5 14+£1 57+1 0.11+£0.02
cylindrical 26+ 3 54+7 24+2
vesicular 116 =214 20+2 168+ 17 90+ 11 177+2 0.04 £0.03
tubular 111+£19 20+4 126 £20 70+8

¢ The samples were aspirated from pyridine/methanol at their formation.
fMeons. > DLS was performed at their formation, fyveons. The standard
deviations here denote data precision and is different from those appearing
in other columns.

Interestingly, the PtBA-b-PCEMA-b-PGMA MAs have a
similar morphological variation trend with selective solvent
content as diblock copolymer MAs. Even more interesting has
been the observation of tubular MAs for the triblock copoly-
mer.*® Self-assembled nanotubes have been reported so far for
very few diblock copolymer systems and for one ABA triblock
copolymer system.'*!3484951 We are not aware of reports on
self-assembled nanotubes from ABC triblock copolymers. For
coil-coil diblock copolymers, nanotubes are formed at very low
soluble block weight fractions, for example, <5%.'"* Here
tubular MAs were formed at a PGMA and PtBA total weight
fraction of 39%. Such tubular MAs should be much more
dispersible in solvents for their potential controlled delivery and
release application.

Spherical MAs. Spherical MAs were formed in Py/MeOH
at fmeon = 80%, and a TEM image of such aspirated MAs has
been shown in Figure la. Since the specimen was stained by
the PCEMA-selective RuQy, the uniformly sized circular objects
of Figure 1a must be projections of the spherical PCEMA cores.
Averaging over all the particles in Figure la, we obtained a
TEM core diameter drgm of 24 4+ 3 nm as listed in Table 2.

Figure 2a shows an AFM topography image of the MAs
aspirated. The MAs appear hemispherical because the AFM tip
could not probe the bottom half of the spheres. The particles
have an average diameter dapm of 56 £ 5 nm and height hapm
of 14 £ 1 nm. We have also determined by DLS an average
diameter dprs of 57 &= 1 nm and a polydispersity index K>*/Kj
of 0.11 &+ 0.02 for the MAs.

For nondeformable core—shell spheres, the TEM diameter
of the whole sphere including the shell should be the same as
the AFM height. The fact that the PCEMA core TEM diameter
drem of 24 & 3 nm was substantially larger than the siapv value
of 14 £ 1 nm suggests the substantial flattening of the particles
on the silicon substrate and TEM grid. Thus, the radius of a
nonflattened core should be less than the TEM radius of 12
nm. The particle cores flattened upon contact probably because
they were then highly swollen.

At 193 units, the PCEMA block has a fully stretched chain
length of 49 nm. Assuming a characteristics ratio Co, of 6.0, a
typical value for atactic poly(methyl methacrylate),*® the root-
mean-square end-to-end distance of such a chain in the
unperturbed state was estimated to be 7.4 nm. The core chains
of spherical micelles should normally be more stretched than
those in the unperturbed state.®*”*® We cannot conclude this
with certainty here because we do not know by how much
smaller the actual radius of the spherical MAs was than the
TEM radius 12 nm. This is different from the diblock copolymer
spherical micelle case. At a similar soluble to insoluble block
weight ratio and insoluble block length, the core diameter of a
diblock spherical micelle sample would have been substantially
larger.%® This smaller triblock copolymer micelle size is
common and has been seen before by others*”*” and by us.*
This reduced MA size and thus aggregation number should have
resulted from the stronger repulsion between the dissimilar A
and C coronal chains.

The hapwm value is normally less than darm because of the tip
width effect and also for particle flattening. The dprs value is
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Figure 2. AFM topography (a) and TEM (b) images of spherical MAs aspirated from Py/MeOH at fucon = 80%. Before aspiration, the TEM
sample was photolyzed to cross-link the PCEMA core and treated by trifluoroacetic acid to hydrolyze PtBA. The resultant PAA chains were stained

by UOx(Ac),.

075 1.00 HM

Figure 3. AFM topography (a) and phase (b) images of cylindrical MAs aspirated from Py/MeOH at fuecon = 90%.

larger than drgm because DLS measures the size of the whole
micelle including the PGMA and PtBA corona. Also, DLS
measures the size of the swollen particles and TEM measures
that of the dry particles.

To probe the distribution of the corona A and C chains, we
irradiated the spherical MAs in pyridine/MeOH to cross-link
the PCEMA core. We then hydrolyzed the coronal PtBA chains
to PAA chains. The resultant PAA chains were stained by
UO;(Ac), for enhancement of contrast between PAA and
PGMA. Figure 2b shows a TEM image of the PCEMA-cross-
linked and PtBA-hydrolyzed spheres aspirated from water.

Distinctively dark dots corresponding to stained PAA domains
are seen on some particles (two marked by arrows) in Figure
2b. This suggests the segregation of the PAA and PGMA chains.
This should, however, be treated with skepticism because the
size of the PAA domains was comparable to the radius of
gyration of a PAA chain. Such small domains could have formed
due to the collapsing of a single PAA chain or from the
clustering of several PAA chains during TEM specimen
preparation or solvent evaporation. These several chains did not
have to be immediate neighbors in their solvated state.

Cylindrical MAs. Mostly cylindrical MAs plus occasional
spherical MAs were seen in samples aspirated from Py/MeOH
at fmeon = 90%. Averaging over 93 sections of five cylindrical
MAs in Figure 1b, we obtained a TEM PCEMA core diameter
drem of 26 £ 3 nm (Table 2). Figure 3a shows an AFM
topography image of the cylindrical MAs. The average AFM
diameter dary and height hapy values were 54 + 7 and 24 +
2 nm, respectively.

The comparable drgm and hapv values suggests a lower
degree of particle flattening than the spherical MAs after their
aspiration on solid substrates. This is reasonable as the cores
would be less swollen here for the higher fyeon value.

Figure 3b shows an AFM phase image of the cylindrical MAs.
Because the AFM image was obtained at a minimal force

required for stable imaging, we doubt that the tip penetrated
the coronal layer and probed the PCEMA core. If only the
surface chains were probed, the phase contrast in Figure 3b must
be due to the different viscoelastic properties of the segregated
surface PtBA and PGMA chains. This conclusion should again
be treated with skepticism as the segregated domains were too
small to be discerned with confidence. We have also cross-linked
the PCEMA cores and hydrolyzed the coronal PtBA chains of
the cylindrical MAs. The resultant PAA chains were then stained
by UOx(Ac),. Again, the TEM images did not allow a definitive
conclusion about the segregation of the PGMA and PAA chains.

Vesicular MAs. Figure 4a shows a 3D AFM image of a MA
sample aspirated from Py/MeOH at fycon = 95%. Spherical
particles coexisted with “bowl-shaped” particles. We also
imaged the particles in water. This required the surface
modification of silicon wafers, which were used as the AFM
imaging substrate, for amine group introduction. It also required
the introduction of carboxyl groups onto the surfaces of the
particles. The latter was achieved by cross-linking the PCEMA
shell of the particles first and then reacting the hydroxyl groups
of the PGMA chains with succinic anhydride. The electrostatic
interaction between the amine and carboxyl groups facilitated
the pinning down of the particles on to silicon surfaces for
imaging. Figure 4b shows a solution AFM image of the MAs
obtained under water.

MA clumps were preferentially imaged by solution AFM
probably because they were more easily pinned down by the
substrate. The MA clump image clearly shows that all discern-
ible particles were spherical. Thus, the MAs at fyeon = 95%
must be vesicles and the bowl-shaped particles seen by ambient
AFM were formed probably due to the partial collapse of the
hollow particles after evaporation of solvent from the cores.

The spherical vesicular particles of Figure 4a had an average
height Aapm of 90 = 11 nm and a diameter dapm of 168 + 17
nm. These are far larger than those of the spherical particles
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Figure 4. Solid (a) and solution (b) AFM topography images of vesicular MAs formed at fyieon = 95%. The vesicles in image b were cross-linked
and reacted with succinic anhydride before their anchoring on amine-modified silicon wafer surface.
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Figure 5. AFM phase (a and b) and TEM (c and d) images of the PtBA-b-PCEMA-b-PGMA vesicles (a) and their derivatives (b-d). Images b and
d are for PCEMA cross-linked and PtBA-hydrolyzed vesicles, and image c is for PtBA-b-PCEMA-b-PSGMA vesicles. Both of the TEM specimens

were stained by UO(Ac),.

prepared at fyeon = 80%. The vesicle assignment suggests that
the dark rim and the gray core of each circular object of Figure
1c were projections of the PCEMA shell and the vesicle cavity,
respectively. Based on these, our quantitative analysis of many
particles yielded an average TEM diameter drgvm of 116 £ 14
nm for the vesicles including the PCEMA shell (Table 2). The
thickness d,, of the PCEMA shell was 20 &= 2 nm. We have
also performed DLS analysis of the vesicles in Py/MeOH at
fmeon = 95% and yielded a diameter dprs of 177 = 2 nm and
a polydispersity index of 0.04 4 0.03 for the vesicles.

That drgm was larger than hapv suggests again the flattening
of the vesicles after their aspiration from solution. dprs was
larger than drgm because DLS probed the size of the whole
solvated vesicles and TEM yielded the diameter of the flattened
dry vesicles. The low DLS polydispersity value was in agree-
ment with the narrow vesicle size distribution that was seen by
AFM and TEM. The 0y, value of 20 £ 2 nm suggests some
stretching of the PCEMA chains, a phenomenon typical for
block copolymer vesicles.®’

The distribution of coronal chains on the two surfaces of a
vesicle was very intriguing. Eisenberg and co-workers’®~ "> and
Stoenescu and Meier’® showed by fluorescence quenching
experiments that the larger coronal block of A and C of ABC
copolymers segregated preferentially on the outer surface. Based

on the repeat unit numbers of 107 and 115 for the PtBA and
PGMA blocks and the larger size of each GMA unit, our
suspicion was that PGMA would preferentially segregate on
the outer surfaces.

The occurrence of PGMA chains on the outer surface was
supported by the following observations: First, the vesicles after
PCEMA cross-linking and dialysis against water remained
dispersible in water, which was selective for PGMA. Second,
the PCEMA-cross-linked vesicles could be imaged on the
amine-modified silicon wafers after treatment with succinic
anhydride, which reacted with PGMA to generate carboxyl
groups.

Figures 5a shows an AFM phase image of PtBA-b-PCEMA-
b-PGMA vesicles aspirated on silicon from Py/MeOH at fyieon
= 95%. This vesicle sample was also photolyzed to cross-link
PCEMA and treated by trifluoroacetic acid to hydrolyze PtBA.
Figures 5b shows an AFM phase image of the resultant sample,
and its TEM image after staining by UO,(Ac), is shown in
Figure 5d. The PCEMA-cross-linked PtBA-b-PCEMA-b-PGMA
vesicles were reacted also with succinic anhydride to produce
PtBA-b-PCEMA-b-PSGMA vesicles with PSGMA denoting
poly(succinated glyceryl monomethacrylate). Figure 5S¢ shows
a TEM image of the PtBA-b-PCEMA-b-PSGMA vesicles
stained by UOy(Ac);.



9732 Njikang et al.

PiBA

Figure 6. Cross-sectional schematics of structures of vesicular (left)
and tubular (right) MAs.

Because the interpretation of phase contrast on rugged
surfaces is tricky,74 we concentrate our discussion on these
spherical rather than bowl-shaped particles in Figure 5a and b.
On these particles dark dots of an average diameter of 18 £ 5
nm are seen in Figure 5a, and bright dots of an average diameter
of 19 + 4 nm are seen in Figure 5b. Because no holes are seen
on the walls of the vesicles from Figures 1c and 4, the phase
contrast must be due to the different viscoelastic properties of
two polymers on the vesicle surfaces. The inversion of the phase
contrast’*”> under essentially identical imaging conditions from
Figure 5a to b must be due to a modulus change from PtBA to
PAA. As expected, the PtBA to PAA conversion did not change
the domain size.

Light circular spots with a diameter 16 + 3 nm are seen in
Figure 5c for the PtBA-b-PCEMA-b-PSGMA vesicles. Since
PSGMA was stained by UO,(Ac),, these white spots must
correspond to the unstained PtBA domains. The TEM spot sizes
are smaller than those from AFM most likely for the tip size
effect in AFM. The density of light spots is higher in Figure 5c¢
than those of the circular domains in Figures 5a and 5b probably
because the circular PtBA domains on the surface of both the
top and bottom hemispheres of a vesicle were imaged by TEM.
On the other hand, AFM probed the surface of only the top
hemisphere of a vesicle.

The segregation of PtBA chains mostly on the inner surface
can be appreciated from the following observations. First, dark
UO,(Ac), agglomerates (one marked by arrow) were seen in
the core of the PtBA-b-PCEMA-b-PSGMA vesicles of Figure
Sc but not in the cores of PAA-b-PCEMA-b-PGMA vesicles
of Figure 5d. Second, the core of the PAA-b-PCEMA-b-PGMA
vesicles was more heavily stained by UO(Ac); than the corona
in Figure 5d. Agglomerates of UO,(Ac), were seen in the cores
of the PtBA-b-PCEMA-b-PSGMA vesicles because UO,(Ac);
did not bind with PtBA and crystallized out during solvent
evaporation. UO»?* spread more uniformly in the cores of PAA-
b-PCEMA-b-PGMA vesicles because it complexed with the AA
groups. The more heavy staining of the PAA core by UO,(Ac),
is evident for the three vesicles marked by regular arrows in
Figure 5d.

Dark dots associated with the concentration of UO,2" are seen
on the PAA-b-PCEMA-b-PGMA vesicles of Figure 5d. That
at least some of dots occurred on the outer surface of the vesicles
is best seen in the particle marked by an arrow with a round
end. The dark dots occurred on the outer surface because of
the presence of PAA domains as seen in Figures 5b—5c. The
dots here are, however, much smaller than those there. Our
suspicion is that not each AA unit was bound to UO,*>" and
UO,%* was not uniformly distributed inside the PAA domains.
After all, these stained samples were rinsed extensively with
water to remove physically trapped UO,*" and some UQO,>*
sorbed by AA groups might have also been removed during
this process.

Figure 6a depicts the vesicle structure of our current
understanding. While we are confident about the dominance of
the PtBA chains on the core surface, there must be some PGMA
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chains there as well. This is depicted by drawing a single PGMA
chain on the inner surface of the vesicle in Figure 6. Entropy
maximization should drive the uniform distribution of PGMA
and PtBA on both surfaces. They distributed on the different
surfaces to minimize the unfavorable PGMA and PtBA contacts.
The packing of the longer chains on the more spacious outer
surface also helped reduce the stretching energy of the longer
chains. Some PtBA domains occurred on the outer surfaces here
probably for the small size difference between the PGMA and
PtBA blocks and the difficulty for squeezing all the PtBA chains
onto the inner vesicle surface.

The direct visualization of the phase separation between
PGMA and PtBA as well as between PGMA and PAA was
very interesting. The segregation of PGMA and PtBA into easily
detectable domain sizes on the same surface reinforces our prior
assertion that these two polymers were highly incompatible.

Tubular MAs. Figure 1d suggests the formation in methanol
of tubular MAs together with other types of MAs. Figure 7a
shows a close-up view of a tubular MA stained by OsOj, and
Figure 7b shows an AFM topography image of a tubular MA
clump obtained under water. For the solution AFM imaging,
the MAs were photolyzed to cross-link the PCEMA shell and
reacted with succinic anhydride to introduce surface carboxyl
groups.

The tubular shape of the MAs is unambiguously seen in
Figure 7b. Also clear from the images of Figure 1d and Figure
7 is that some tubes bore undulations. The fact that the
undulation was seen even in water suggests that it was inherent
to the tubes. Of course, we cannot rule out the possibility that
some undulated sections seen by TEM and ambient AFM were
formed as a result of tube collapsing during specimen prepara-
tion for solvent evaporation.

Undulations have been frequently seen in cylindrical MAs
of block copolymers.®”-’® Jain and Bates’® have attributed
undulations in their diblock copolymer cylindrical MAs to a
“locally equilibrated structure”. Along their line of argument,
our triblock copolymer probably had a composition intermediate
between those for vesicular and tubular MAs. The rate of chain
exchange between different block copolymer MAs was very
slow in our system at fyreom = 100%. Once a tube had been
formed, chain exchange between different MAs was essentially
impossible. Within the same tube, chains of differrent composi-
tions (always present due to sample heterogeneity) shuffled their
positions to facilitate the formation of tube-like and vesicle-
like sections.

The dark rim of the object in Figure 7a must be due to the
PCEMA shell. Our quantitative analysis yielded a TEM thick-
ness of 20 & 4 nm for the shell (Table 2) and a diameter of
111 £ 19 nm for the tubes including the PCEMA shell. Analysis
of AFM images obtained of aspirated tubular MAs yielded hapm
=70 = 8 nm and dagy = 126 £ 30 nm. These values are all
reasonable when compared with each other as has been
discussed for the vesicular and spherical MAs.

Figure 8a shows an AFM phase image of a dried tubular MA
sample. The dark dots associated with PtBA domains are still
seen on the surfaces of the tubes. Their number per unit surface
area has decreased. The fact that PtBA are still mostly located
on the inner surface can be appreciated from Figure 8b. Here
the sample was cross-linked, the PtBA chains were hydrolyzed,
and the resultant PAA chains were stained by UO»(Ac),. The
stain was mainly concentrated on the inner surface of the marked
tube. Thus, the PtBA and PGMA chain distribution in the tubular
MAs would be similar to that depicted in the right structure of
Figure 6.

The decrease in the density of the PtBA domains on the
tubular MA surfaces might be caused by the shrinkage of the
PtBA chains with fyeon increase from 95% to 100%. The
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Figure 7. TEM (a) image of a tubular MA aspirated from methanol and solution AFM topography image (b) of tubular MAs in water. The TEM

specimen was stained by OsOs.

Figure 8. AFM phase (a) and TEM (b) images of nanotubes. To obtain the TEM image, the sample was cross-linked, the PtBA chains were

hydrolyzed,and the resultant PAA chains were stained by UO,(Ac),.

Figure 9. TEM images of transient species aspirated from pyrine/methanol at fy.on = 90% 15 (a) and 30 (b) min after pyridine addition to decrease

fMeOH from 95 to 90%.

literature solubility parameters O for Py and MeOH are 21.9
and 29.7 MPa!”2, respectively.®® Our calculations based on group
contributions’®”” yielded ¢ values of 18.6 and 28.7 MPa!2 for
PtBA and PGMA. These parameters indicate that PtBA should
assume a less expanded conformation in MeOH than in Py/
MeOH and PGMA conformation should be more expanded in
MeOH than in Py. This increased PGMA/PtBA size asymmetry
should help squeeze more PtBA chains onto the inner surface
than at fireon = 95%.

Micelles versus MAs. Micelles are self-assembled structures
with the lowest Gibbs free energy under a given set of conditions
and are thermodynamically favored products. The limited
mobility of polymer chains in aggregates may prevent the
attainment of the micellar structures. Under such circumstances,
the aggregates formed may correspond to kinetically frozen
structures. If the stabilization mechanism, kinetic vs thermo-
dynamic stabilization, of an aggregate is unknown, it is normally
referred to as a MA.

We suspect that the spherical MAs seen at fyieon = 80% were
micelles because the PCEMA core chains should be highly

mobile at such a high Py content. To know if the cylindrical,
vesicular, and tubular MAs were also micelles, we attempted
their preparation using methods different from dispersing the
copolymer directly at their required fyeon’s. If the MAs at a
given fveon were indeed micelles, they should form regardless
of how the fyveon was achieved.

We tried to prepare the cylindrical MAs by preparing
vesicular MAs at fyeon = 95% first and then adding Py to
decrease fyveon suddenly to 90%. Figure 9 shows two TEM
images of the transient species formed after the fyieon decrease
from 95 to 90%.

Before pyridine addition, exclusively vesicles were found in
the system as shown in Figure 1c. Only 15 min after Py addition
at 50 °C, spherical and cylindrical MAs coexisted with the
vesicular MAs (Figure 9a). At 30 min, the population of the
spherical and vesicular MAs decreased and that of the cylindrical
MAss increased (Figure 9b). At 2 d, essentialy pure cylindrical
MAs with occasional spherical and vesicular MAs were
obtained. We did not attempt cylindrical MA preparation by
starting from spherical micelles because the PCEMA chain
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Figure 10. TEM images of samples aspirated from pyrine/methanol 15 min (a) and 4 d (b) after methanol addition to increase fyeon from 90 to

95%.

-

Figure 11. TEM images of samples aspirated from pyrine/methanol 30 min (a) and 5 d (b) after pyridine addition to decrease fuecon from 100 to

95%.

mobility should be higher between fyeon = 80 and 90% than
between fueon = 90 and 95%, and spherical to cylindrical
micelle conversion should be easier than the vesicular to
cylindrical MA conversion. Furthermore, the spherical MAs
were already produced as seen in Figure 9a from the sudden
addition of Py into the vesicular MA solution initially at fyeon
= 95%. Their disappearace and the appearance of the cylindrical
MAs suggests their conversion into cylindrical MAs. The fact
that the cylindrical MAs were obtained regardless how the final
Jmeon of 90% was achieved suggests that the cylindrical MAs
were micelles.

Aside from dispersing the triblock copolymer directly in Py/
MeOH at fyeon = 95%, two more approaches were attempted
to prepare the vesicular MAs. In one approach, cylindrical MAs
were first prepared at fyreon = 90% and more MeOH was added
to increase suddenly fyeon to 95%. In the other approach, the
copolymer was dispersed in MeOH to yield tubular and other
MAs. Pyridine was then added in one aliquot to decrease fyeon
to 95%.

Figure 10 shows TEM images of samples taken 15 min and
4 d after MeOH addition to increase fyieon from 90 to 95%. At
15 min, cylindrical and vesicular MAs coexisted (Figure 10a).
At 30 min, only vesicular MAs were observed and a complete
cylinder to vesicule transition was accomplished. At 4 d, the
vesicular MAs in Figure 10b reached an average size of 105 £
17 nm, which is the same within experimental error as that for
the visicles shown in Figure lc.

Figure 11 shows TEM images of samples aspirated from
pyrine/methanol 30 min (a) and 5 d (b) after pyridine addition
to decrease fuveon from 100 to 95%. The spherical MAs in the
background of Figure 11a had obviously disintegrated and got
incorporated or converted into other types of MAs during this
time interval. These suggest chain mobility at fyieon = 95%.
The chain mobility is supported also by an increase in the
vesicular population in Figure 11b than in Figure 11a. Surpris-

ingly, tubular MAs were still seen in Figure 11b or in samples
that were annealed for 20 d after the decrease of fy.on from
100 to 95%.

We do not have a definitive answer as to why only vesicles
were prepared when the copolymer was dispersed directly at fvecon
= 95% or when fyieon = 95% was reached from the lower fyveon
side but a mixture of vesicles and other structures were obtained
when fyeon = 95% was reached from the higher fyveon side. Our
suspicion is that the tubular MAs were slow to disintegrate for
their large size. Once they failed to disintegrate within a given time
frame, for example, <10 d, the thermal cross-linking of the
PCEMA block, although very slow as has been demonstrated but
should occur gradually, would further slow down their disintegra-
tion. We thus believe that the vesicular MAs were also micelles.
This conclusion was supported by the observation that the vesicle
population increased with sample annealing after fyr.on decrease
from 100 to 95%. It was supported also by the observation that
vesicles were the only morphology from the other two approaches.
Furthermore, the final size of the vesicles from the other two
approaches was essentially the same.

We also attempted tubular MA mixture preparation starting from
vesicular MAs at fireonr = 95%. Such a solution was then dialyzed
against MeOH to remove Py. The resultant vesicular MA sample
in MeOH was heated at 50 °C for 15 d. We failed to see any tubular
MA:ss in the resultant sample. Our failure to produce tubular MAs
from the second approach, the observation of a multitude of
morphologies, and the tube backbone undulation suggest the play
of kinetic factors in inducing the formation of these structures in
MeOH.

IV. Conclusions

A PtBA-b-PCEMA-b-PGMA sample was synthesized and
characterized. In Py/MeOH at 50 °C and at fyreon = 80% and fyvieon
= 90%, spherical and cylindrical micelles with PtBA and PGMA
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coronal chains were formed. At fyron = 95%, vesicles were
formed. Grafted on the outer surface of the vesicles were mostly
the PGMA chains and some PtBA chains. The PtBA chains were
found by atomic force microscopy and transmission electron
microscopy to segregate from the PGMA chains to form circular
patches. At fmeon = 100%, tubular MAs were formed together
with vesicular MAs. Again, the PGMA chains were found to
segregate mostly on the outer surfaces and the PtBA chains mostly
on the inner surfaces of the vesicles. Our preparation of a particular
type of MAs from different paths at a given fveon suggests that
the spherical, cylindrical, and vesicular MAs were micelles. We
suspect that the tubular MAs were formed for kinetic reasons. While
there have been many reports on morphologies of block copolymer
MA:s, reports on self-assembled tubular MAs and MAs of ABC
triblock copolymers in selective solvents for A and C are rare. Also,
MAs with segregated surface chains have been rarely reported.
These combinations make results of this study unique and interest-
ing.
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