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ABSTRACT: Two triblock copolymers of the poly(butyl methacrylate)-block-poly(2-cinnamoyloxyethyl
methacrylate)-block-poly(tert-butyl acrylate) or PBMA-b-PCEMA-b-PtBA family were synthesized and
characterized. The triblocks had PCEMA to PtBA volume ratios >1.3 and PBMA volume fractions >0.56.
Their bulk morphologies consisted of cylindrical domains with PtBA cores and PCEMA shells dispersed
in the PBMA matrix. Nanofibers of PBMA-b-PCEMA-b-PtBA were obtained after cross-linking PCEMA
photochemically and separating the cross-linked cylinders from dissolved PBMA chains. PBMA-b-PCEMA
nanotubes with PAA-lined channels were obtained after tert-butyl group removal from the PtBA cores

by selective hydrolysis.

I. Introduction

Block copolymers self-assemble in bulk forming vari-
ous intricate nanometer-sized block segregation pat-
terns.12 Block-segregated solids of diblock copolymers
have been processed chemically in the past to yield
nanofibers,3~8 nanospheres,” nanochannels in thin
films 89 inorganic nanoparticles in polymer matrices,0-13
and lithographic masks with nanometer-sized pat-
terns.* Linear triblocks A,BmC are far richer in block
segregation patterns than diblocks, as the patterns are
governed not only by the volume fractions of the
different blocks, as in the diblock case, but also by the
linking sequence of the blocks and the relative strength
of block—block interactions. For example, cylinders
formed by the minority block of a diblock can exist only
as hexagonally packed arrays dispersed in the matrix
of the majority block. Cylinders formed by the minority
block of a linear triblock can, however, be encapsulated
in cylinders or lamellae formed by another block or at
the interface between two lamellae.’>~18 They can also
form equally spaced circular loops around cylinders of
another block or be on the surfaces of cylinders of
another block in a parallel or helical fashion.15-18
Despite the richness of triblock self-assembly, there
have been only a few reports!®=21 of nanostructure
preparation from block-segregated triblock solids. Here
we report on the preparation of poly(acrylic acid)- or
PAA-lined nanotubes from two triblocks of the poly-
(butyl methacrylate)-block-poly(2-cinnamoyloxyethyl
methacrylate)-block-poly(tert-butyl acrylate) or PBMA-
b-PCEMA-b-PtBA family:
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where n, m, and | are 1270, 190, and 270 for sample 1
and 630, 180, 210 for sample 2, respectively.

The preparation involved first the self-assembly of the
blocks in thin films into concentric PCEMA and PtBA
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cylinders dispersed in the PBMA matrix (A — B of
Scheme 1). The cylindrical structures were then locked
in by photo-cross-linking the PCEMA shells (B — C).
Dissolving the films in THF yielded individual nano-
fibers with PBMA coronas, PCEMA middle layers, and
PtBA cores (C — D). Nanotubes with PAA-lined cores
were obtained after cleaving the tert-butyl groups from
PtBA (D — E).

1. Experimental Section

Polymer Synthesis. Although there has been no report
of PBMA-b-P(HEMA-TMS)-b-PtBA preparation by anionic
polymerization, where HEMA-TMS denotes 2-trimethylsilyl-
ethyl methacrylate, anionic polymerization has been used
previously to prepare P(HEMA-TMS)-b-PtBA by us??> and
random copolymers of BMA and methyl methacrylate by
Haddleton et al.?® For this, we will not dwell on monomer
preparation and purification procedures. PBMA-b-P(HEMA-
TMS)-b-PtBA was prepared by sequential living anionic po-
lymerization in 500 mL of THF at —78 °C using the standard
vacuum line technique.?* Lithium chloride, ~0.1 g, was used
to decrease the polydispersity of the resultant polymers.?® To
prepare polymer 1, the initiator, 1,1-diphenyl-3-methylpen-
tyllithium, was produced in THF from reacting sec-butyl-
lithium (0.06 mL of 1.3 M solution in cyclohexane or 80 umol)
and an excess amount of 1,1-diphenylethylene (0.022 mL or
120 umol). BMA (12.7 mL, 11.4 g, or 80 mmol), HEMA-TMS
(3.5 mL, 3.2 g, or 16 mmol), and tBA (2.3 mL, 2.1 g, or 16
mmol) were each polymerized for 3 h. The polymerization was
terminated by methanol. Stirring the triblock in THF/
methanol (v/v = 75/25) overnight hydrolyzed the TMS groups
to yield PBMA-b-PHEMA-b-PtBA, where PHEMA denotes
poly(2-hydroxylethyl methacrylate). The polymer solution was
then concentrated under reduced pressure, and the copolymer
was precipitated on ice. The PHEMA block of the copolymer
was converted to PCEMA from reacting with cinnamoyl
chloride following conditions used previously.?

Polymer Characterization. Gel permeation chromatog-
raphy (GPC) analysis of PBMA-b-PCEMA-b-PtBA was per-
formed using THF as the eluant. The Waters HT-4 column
used was calibrated using poly(methyl methacrylate) stan-
dards. The BMA to CEMA and to tBA ratios, n/m/l, were
determined using *H NMR. The difference, An,, between the
refractive index of a polymer solution and that of chloroform,
the solvent, was determined using a differential refractometer
(Precision Instruments Co.) with light that had passed a band-
pass filter centered around 633 nm. The absolute weight-
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Table 1. Characteristics of the Triblock Copolymers
sample  dn./dc (mL/g) 1074 x LS My (g/mol) GPC Mw/M,, NMR n/m/I n m | Vewa  Vcewma
1 0.057 26.4 1.27 1.00/0.15/0.21 1270 190 270 0.70 0.17
2 0.062 16.4 1.14 1.00/0.29/0.33 630 180 210 0.56 0.26

average molar masses were measured in chloroform using a
light scattering instrument (Brookhaven model 9025) equipped
with a 632 nm He—Ne laser.

Solid Sample Preparation. Bulk films, ~0.2 mm thick,
were obtained from evaporating slowly over several days a
concentrated solution, ~20 wt %, of a triblock in toluene in
closed polyethylene capsules or vials. The films were then
annealed at 45 and 65 °C each for 1 day and then at 105 °C
for 5 days. A small piece of the film was used to check the
morphology. For density measurement, a method described
previously®a was used. The density thus measured of a PBMA
sample with a GPC molar mass of ~60 000 g/mol was 1.08
glcmé.

PCEMA Cross-Linking and tert-Butyl Group Removal.
The PCEMA domains of the annealed triblock films were cross-
linked with a focused UV beam that had passed a 310 nm
cutoff filter from a 500 W mercury lamp. The progress of the
cross-linking was followed by FTIR spectrometry.

Nanofibers were obtained after stirring the irradiated films
in THF overnight. The THF solutions were then filtered
through glass wool and added into methanol to precipitate the
nanofibers. The dried nanofibers were redispersed in dichloro-
methane freshly distilled over CaH,. Trimethylsilyl iodide, at
2 molar equivalents to the tert-butyl groups, was added, and
the mixture was stirred for 1 h before methanol containing
2% water was added to decompose the excess trimethylsilyl
iodide and the trimethylsilyl acrylate groups formed. The
resultant PAA-lined nanotubes were purified from precipita-
tion into methanol containing ice.

Iron Oxide Loading. A literature method was followed to
load the cores of the nanochannels supposedly with y-Fe,03.2”
After dispersing or dissolving the nanotubes in THF, ferrous
chloride, at 10 molar equivalents to the acrylic acid groups,
was added. The mixture was stirred for 24 h or longer before
it was added into methanol/water (50/50 in v/v) to precipitate
out the nanotubes. This procedure of nanotube redissolution
in THF and reprecipitation into methanol/water was repeat-
edly four times to remove Fe?" external to the nanotubes. After
the final precipitation, the tubes were dissolved in THF with
2 vol % water, and the solution pH was increased to 10 with
0.10 M NaOH. All operations before this were executed under
N, atmosphere, and all solvents used were bubbled with N,.
Two hours after NaOH addition, excess hydrogen peroxide was
added to the nanotube dispersion, and the mixture was stirred
for 3 h to oxidize ferrous oxide inside the nanotubes. The
Fe,Os-loaded nanotubes were purified by precipitation into the
methanol/water (50/50) again to remove the excess sodium
hydroxide and hydrogen peroxide. The amount of Fe,O3 loaded
into each gram of nanotubes was determined from thermo-
gravimetric analysis following a literature method.?8

TEM Studies. To check the morphologies of sample 1 and
2 solids, sections, ~50 nm thick, were obtained from ultra-
microtoming. The samples were then placed in a vial contain-
ing osmium tetraoxide (Aldrich) vapor for 4 h to stain the
double bonds. Transmission electron microscopy (TEM) images
were obtained using a Hitachi H-7000 instrument operated
at 75 kV. Nanotube specimens were obtained from aspirating
a THF solution of the tubes on carbon-coated copper grids
using a home-built device.?® The Fe,Os-impregnated nanotubes
were mixed with a polystyrene standard (Pressure Chem. Co.,
MW = 2500, polydispersity = 1.09) at the mass ratio of 1:20
in THF before spraying. Polystyrene was used as a binder to
minimize nanotube loss in the TEM magnets.*°

I1l. Results and Discussion

In this section, we will first show the characterization
results for the triblocks and then demonstrate the
formation of cylindrical domains with PCEMA shells
and PtBA cores dispersed in the PBMA matrix. Micro-
scopic images will be presented in the last part to show
the preparation of PAA-lined nanotubes.

Polymer Synthesis and Characterization. Our
success in preparing the triblocks was confirmed from
IH NMR analyses of the end products. From the relative
intensities of peaks of different blocks we obtained n/m/i
= 1.00/0.15/0.21, which agree reasonably well with 1000/
200/200, where 1000, 200, and 200 are the targeted n,
m, and | numbers. The n/m/l values for sample 2 from
IH NMR are 1.00/0.29/0.33, which agree well with the
targeted ratios of 600/200/200.

The variation in refractive index differences, An,, of
PBMA-b-PCEMA-b-PtBA solutions and chloroform was
plotted in the form of AnJ/c vs ¢ for each sample.3!
Extrapolating the An/c data to zero concentration
yielded the refractive index increments dn./dc of 0.057
and 0.062 for samples 1 and 2, respectively (Table 1).
The refractive index, n;, of chloroform at 20 °C is 1.446,
that of PBMA is 1.483,32 and that of poly(butyl acrylate)
is 1.466,%2 which should be close to that of PtBA. In
toluene with a refractive index of 1.4961,%2 we measured
the dn/dc value of 0.0935 mL/g for PCEMA. Thus,
PCEMA should have the highest n, of the three samples,
and an increase in dn/dc with increasing PCEMA
content from sample 1 to 2 was reasonable.

The weight-average molar masses of the triblocks
were determined by light scattering using the Zimm
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Figure 1. TEM images of 50 nm sections of sample 1 (a, top)
and sample 2 (b, bottom). The samples were stained with OsO4
vapor.

method, and the results are shown in Table 1. The molar
masses were apparent, because the dn,/dc values for the
three blocks were different and each block had a molar
mass distribution.3® While we do not know how to
correct for the sample heterogeneity effect to obtain the
true molar masses, the correction factor should be close
to 1 as the dn/dc values in CHCI3 should be positive
for all the three blocks. Combining the light scattering
and NMR results, we obtained the weight-average n,
m, and | values for the triblocks as listed in Table 1.
The determined apparent n, m, and | values coincided
quite well with the targeted values.

GPC analysis gave a lower polydispersity for the
sample with a lower molar mass. The GPC peak for the
higher molar mass sample exhibited a slight shoulder
on the lower molar mass side. This could have been due
to partial chain termination by impurities present in
the TMS—HEMA and tBA monomers. Partial chain
termination manifests itself more predominantly at a
lower initiator concentration used to make a higher
molar mass sample.

Morphologies of the Triblocks. Shown in Figure
la,b are TEM images of thin sections of samples 1 and
2 annealed at 105 °C for 5 days. Hexagonally packed
ellipses with dark shells and light cores dominate in the
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Table 2. Dimensions of the Core—Shell Cylinder
Morphologies

sample L/nm do/nm ls/nm
1 45 17 8
2 46 20 6

two pictures. At places short stems are seen attached
to the ellipses. Also, strips with light cores are seen in
Figure 1a. Since the thin sections for TEM studies were
stained with OsQy, only the PCEMA domains should
appear dark in the images. The above observations
suggest that PCEMA and PtBA formed hexagonally
packed concentric cylinders dispersed in the PBMA
matrix. The projections of the cylinders are elliptic in
Figure 1a,b, because the cylinders were deformed along
the microtoming direction and could lie also off the
normal direction of the images.

Although both PBMA and PtBA appeared light in the
TEM images, only PBMA could have made up the
matrix due to its large volume fraction. On the basis of
the densities of 1.08, 1.25, and 1.02 g/mL for PBMA,
PCEMA 8 and PtBA,2 the volume fractions of PBMA
are 0.70 and 0.56 for samples 1 and 2, respectively. Also
listed in Table 1 are the volume fractions of PCEMA.
The volume fractions of PtBA can be calculated from
the fact that the volume fractions of the three compo-
nents add to 100%. Because of sample deformation
during microtoming, it was difficult to determine the
cylinder core diameters, d;, and shell thickness, I,
accurately from Figure 1a,b. We have thus followed the
approach of Breiner et al.*>2 to calculate d; and Is from
the volume fractions of different blocks and the inter-
cylinder distances, L, which were estimated more ac-
curately from the TEM images. These values are shown
in Table 2.

A close examination of Figure 1a,b reveals no abnor-
mality in the ring patterns of PCEMA. Also seen in
Figure la are some light PtBA strips surrounded by
uniform PCEMA layers. These suggest that the cylin-
ders formed were of the core—shell type rather than the
cylinder-on-cylinder or cylinder-at-cylinder morpholo-
gies seen by Breiner et al.1%2

Nanostructructures of Samples 1 and 2. Polymer
films with block-segregation patterns shown in Figure
la,b were then irradiated with UV light to cross-link
the PCEMA shells. The cross-linked cylindrical domains
separated from one another in THF yielding nanofiber
dispersions that were stable for days. The nanofiber
dispersions or solutions could then be treated with
trimethylsilyl iodide to hydrolyze the tert-butyl groups
selectively to yield nanotubes with PAA-lined channels
in the centers. The photo-cross-linking?® and tert-butyl
cleavage?? reactions have been used extensively in our
group in the past, and the selectivity of the hydrolysis
conditions to the tert-butyl esters over other esters has
been demonstrated as well.

Illustrated in Figure 2a is a TEM image of the PAA-
lined nanotubes of sample 2 sprayed on a carbon-coated
copper grid from THF. Such tubes can be tens of
micrometers long, and each seems to have a layered
structure with an irregularly sized darker inner part
surrounded by a fuzzy outer layer. The diameter of the
inner part at fatter sections reached ~44 nm but was
only ~26 nm at the site marked with an arrow. The
darker inner part must consist of PCEMA-b-PAA, and
the fuzzy outer layer consists of PBMA. This assignment
is in agreement with the fact that only PCEMA was
stained, and the diameter of the original PCEMA-b-
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Figure 2. TEM images of sample 2 nanotubes (a, top), Fe;Os-
impregnated nanotubes before OsO, staining (b, middle), and
Fe,Os-impregnated nanotubes after OsO, staining (c, bottom).

PtBA cylinders in Figure 2awas ~32nm (20 + 6 + 6 =
32, Table 2). The size of the inner part varied along the
length of a nanotube probably because of nonuniform
shrinking of the tube during solvent evaporation after
sample spraying. A diameter larger than 32 nm could
be accounted for by the retention of a swollen state by
the tube due to fast THF evaporation. Thin sections
could be obtained from slow solvent evaporation, which
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results in more nanotube shrinking. When completely
shrunk, a section may have a diameter less than 32 nm
because tert-butyl groups have been removed from the
original PtBA core.

The fact that PAA made up the cores of the tubes
could be concluded from several observations. First, we
performed 'H NMR analysis of sample 1 and 2 nano-
fibers. Only signals from PBMA were observed, despite
the solubility of PtBA and uncrossed PCEMA chains in
CDCl3. This absence of PtBA signals could be due to
the low mobility of the PtBA chains, which would result
if the chains were in the cores. Second, the nano-
tubes dispersed readily in THF or CH,Cl,, which does
not solubilize PAA. Third, we were able to load Fe,03
into the cores. Shown in Figure 2b is a TEM image of
such fibers sprayed on a carbon-coated copper grid.
Since the sample was not stained, the visible part must
have consisted of Fe;Os. The diameter of the Fe,Os-
impregnated portion is always less than ~20 nm, which
is the diameter of the PtBA cores shown in Figure 1b.
Figure 2c shows a picture taken after OsO,4 staining of
the Fe,Os-impregnated nanotubes. The encapsulating
PCEMA layer is now visible, confirming Fe,O3 impreg-
nation inside the PAA cores unambiguously. This
production of Fe;O3 in the cores would also explain the
stability of the tube dispersion for tens of hours in THF
or other organic solvents that solubilize PBMA.

Similar results were obtained for sample 1. The
results are not presented to avoid redundancy.

Fe,O3 Loading. The ferrous ions Fe?" entered the
PAA-lined nanochannels probably partially due to ion
exchange with the protons of the acrylic acid groups but
mostly due to their affinity for a more hydrophilic
environment. Because of the favorable interaction be-
tween PAA chains and water, the water concentration
in the nanochannels was probably much higher than
its bulk concentration of 2%. Thus, Fe2t would be
concentrated in the nanochannels. As a result, the final
Fe,O3 loading, 0.64 g per gram of nanotubes, was much
higher than the theoretical value of 0.05 g obtained from
assuming the binding of each Fe?™ by two carboxyl
groups. The Fe;Os-impregnated tubes turned red and
gave electron diffraction data that were reasonable for
y-Fe,03. Because of the closeness of the crystal plane
distances for Fe;O3 of other crystalline forms, we could
not conclude unambiguously that the particles were
y-Fe,03 despite the fact that the Fe,Os-impregnated
tubes were attracted weakly by a magnet. We expect
the Fe,O3 particles to be superparamagentic and to
render many interesting properties to their encapsulat-
ing nanotubes such as their alignment in magnetic fields
as demonstrated for PS-b-PCEMA-b-PAA/ Fe,03 hybrid
nanofibers.33

1V. Conclusion

We have synthesized and characterized two triblock
copolymers of the PBMA-b-PCEMA-b-PtBA family. Both
of the triblocks formed hexagonally packed cylindrical
domains with PCEMA shells and PtBA cores dispersed
in the PBMA matrix. Triblock nanofibers were prepared
after cross-linking the PCEMA shells with UV light and
separating the cross-linked cylindrical domains from the
dissolved PBMA chains. The nanofibers must have
consisted of PBMA coronas, PCEMA shells, and PtBA
cores, because only the PBMA proton peaks were seen
by NMR in CDCl;. PAA-lined PBMA-b-PCEMA nano-
tubes were produced after the selective hydrolysis of
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tert-butyl of PtBA. The location of PAA inside the cores
was demonstrated by the production of Fe,O3 there.
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