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Triblock Nanospheres with Amphiphilic Coronal Chains
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ABSTRACT: A poly(butyl methacrylate)-block-poly(2-cinnamoyloxyethyl methacrylate)-block-poly(tert-
butyl acrylate) or PBMA-b-PCEMA-b-PtBA triblock copolymer was synthesized and characterized. The
triblock formed spherical aggregates with PBMA and PtBA coronas and PCEMA cores in 2-propanol
containing 1 vol % THF. Triblock nanospheres were obtained after photo-cross-linking the PCEMA cores.
Nanospheres with amphiphilic coronal chains were obtained after hydrolyzing the tert-butyl groups

selectively.

Introduction

In this paper we report on the preparation and
characterization of polymer nanospheres containing
poly(acrylic acid), PAA, and poly(butyl methacrylate),
PBMA, chains in their coronas. Like emulsion particles
formed from dispersion polymerization using “ambidex-
trous” di- or triblock copolymers as stabilizers,2 such
nanospheres are dispersible in organic solvents due to
steric stabilization provided by the PBMA chains and
dispersible in aqueous media by the electrostatic and
probably also steric stabilization provided by the depro-
tonated PAA chains.

The nanospheres were prepared from a triblock
copolymer, PBMA-b-PCEMA-b-PtBA, where PCEMA
and PtBA denote poly(2-cinnamoyloxyethyl methacry-
late) and poly(tert-butyl acrylate), respectively (see
Chart 1). Spherical aggregates were prepared by dis-
solving the triblock in THF/2-propanol and adding then
2-propanol to the volume fraction of 99%. Nanospheres
with PBMA and PtBA coronas were obtained after
PCEMA photo-cross-linking. PAA coronal chains were
produced after selective hydrolysis of the tert-butyl
groups.

Chemical processing of segregated diblocks has been
practiced extensively in the past to yield stable func-
tional polymer nanostructures of various geometry and
shape?® including nanofibers,*8 thin films containing
nanochannels,”® cross-linked polymer brushes,® star
polymers,1° nanospheres,’1-14 hollow nanospheres,1516
nanospheres with cross-linked shells,’’~1° and shaved
nanospheres.?° Block-segregated diblocks have been
used also as hosts for inorganic nanoparticles?*~2¢ and
as masks in nanolithography.2” Reports on the use of
segregated triblocks as precursors for nanostructures
are only emerging.28-32

Experimental Section

Polymer Synthesis. There has been no report of PBMA-
b-P(HEMA-TMS)-b-PtBA preparation by anionic polymeriza-
tion, where HEMA-TMS denotes 2-trimethylsiloxyethyl meth-
acrylate. Anionic polymerization has, however, been used to
prepare P(HEMA-TMS)-b-PtBA by us'! and random copoly-
mers of BMA and methyl methacrylate by Haddleton et al.®
Thus, the preparation and purification procedures for the
monomers will not be repeated here. PBMA-b-P(HEMA-TMS)-
b-PtBA was prepared from sequential living anionic polymer-
ization in THF at —78 °C using the vacuum line technique.3
The initiator used was 1,1-diphenyl-3-methylpentyllithium
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produced from reacting equal moles of sec-butyllithium and
1,1-diphenylethylene. Lithium chloride was used to decrease
the polydispersity of the resultant polymer.3> BMA, HEMA-
TMS, and tBA were each polymerized for 3 h. The polymeri-
zation was terminated by methanol. Stirring the triblock in
THF/methanol (v/iv = 75/25) overnight hydrolyzed the TMS
groups to yield PBMA-b-PHEMA-b-PtBA, where PHEMA
denotes poly(2-hydroxyethyl methacrylate). The polymer solu-
tion 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 procedures 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 spectroscopy. The difference, Any,
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 at 633 nm. The weight-
average molar mass was measured in chloroform using a light
scattering instrument (Brookhaven model 9025) equipped with
a 632 nm He—Ne laser.

Aggregate Preparation and Derivatization. Aggregates
in 2-propanol containing 1% THF were prepared by dissolving
100 mg of PBMA-b-PCEMA-b-PtBA in 5.0 mL of THF/2-
propanol with 20% THF first. More 2-propanol, 95 mL, was
then added slowly to induce aggregate formation. The ag-
gregates were equilibrated for at least 24 h before any physical
analyses were performed. Cylindrical aggregates were ob-
tained after dispersing the triblock in cyclohexane, cyclopen-
tane, or 2-propanol directly. Procedures to cross-link the
PCEMA block® and hydrolyze the tert-butyl groups!' have
been described previously. The amphiphilic nanospheres pre-
pared were dispersible readily in THF. To prepare an aqueous
dispersion, a 0.01 M Na,HPO, buffer at pH = 9 was added
gradually into a nanosphere dispersion in THF until the water
content reached 90%. The mixture was then dialyzed against
distilled water to remove THF and Na;HPO..

Dynamic Light Scattering Studies. Dynamic light scat-
tering (DLS) measurements were performed with a Brookhaven
model 9025 instrument equipped with a 15 mW He—Ne laser
at a scattering angle of 90°. Solutions of triblock aggregates,
at ~0.1 mg/mL, were filtered through 0.45 um filters before
light scattering measurements. DLS data were analyzed
following the method of cumulants.®® The polydispersity of the
micelles or nanospheres was obtained from K,/K;2, where K;
and K were the first and second moments of the correlation
curve. The refractive index and viscosity of 2-propanol at 22
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Table 1. Characteristics of PBMA-b-PCEMA-b-PtBA

dn,/dc (mL/g) LS My (g/mol) GPC My/M,,

feed n/m/I NMR n/m/l n m |

0.069 (16.9 + 0.06) x 10

°C were used to approximate those of 2-propanol containing
1% THF.

Transmission Electron Microscopy. TEM images were
obtained using a Hitachi H-7000 instrument operated at 75
kV. TEM samples were obtained by aspirating a fine mist of
a dilute solution (~0.1 mg/mL) of the polymer aggregates or
nanospheres onto a carbon-coated copper grid using a home-
built device.?” The samples were then placed in a vial contain-
ing osmium tetraoxide (Aldrich) for 4 h to stain the PCEMA
double bonds. To stain the PAA chains after nanosphere
spraying, a drop of a 0.05 M uranium acetate solution in water
containing 10 wt % ethanol was dispensed on the carbon-
coated copper grid. After 15 min, the excess staining liquid
was sucked away with a filter paper placed on the bottom side
of the copper grid. The grid was then rinsed with water
droplets thrice.

NMR Study. The NMR spectra shown in Figure 1 were
acquired at 309 K on a Bruker DRX 500 instrument equipped
with a CRP TXI probe. The spectra were recorded with a 45°
pulse, an acquisition time of 2.73 s, a 4.00 s delay between
scans, and 128 scans.
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Figure 1. *H NMR spectrum of the triblock sample (top). Also
shown for comparison is the spectrum of the cross-linked
triblock nanospheres (bottom).
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Results and Discussion

Triblock Characterization. The successful synthe-
sis of the triblock was confirmed from end-product

2/1/1 100/46/52 510 240 270

analysis by 'H NMR spectroscopy. Figure 1 shows a
NMR spectrum of the triblock together with assign-
ments of the key proton peaks. From the relative
intensities of the peaks of the different blocks we
obtained n/m/l = 1.00/0.46/0.52, which agree reasonably
well with the targeted ratios of 1.00/0.50/0.50.

The differences between the refractive indices, An,
of PSMA-b-PCEMA-b-PAMA solutions and chloroform
were measured and An,/c were plotted as a function of
polymer concentration c.38 Extrapolating the An,/c data
to zero concentration yielded the refractive index incre-
ment dn,/dc of 0.069 mL/g for the triblock (Table 1) in
chloroform. Chloroform was chosen as the solvent for
the light scattering study to ensure positive {dn.}/{dc}
values for all of the blocks. Specifically, the refractive
index, n,, of CHCI3 at 20 °C is 1.446, which is smaller
than 1.483 for PBMA and 1.466 for poly(butyl acrylate),
which is structurally close to PtBA.3° In toluene with a
refractive index of 1.4961, we reported a dn,/dc value
of 0.0935 mL/g for PCEMA.*° Thus, the dn,/dc value of
PCEMA in chloroform should be positive as well. Its
weight-average molar mass was determined by light
scattering using the Zimm method to be (16.9 + 0.6) x
10* g/mol. The molar mass was apparent, because we
could not correct for sample composition fluctuation
from chain to chain and for the difference in the dn,/dc
values of the blocks.®® By combining the light scattering
and NMR results, we obtained the weight-average n,
m, and | values of 510, 240, and 270, respectively, for
the triblock. These values agree well with the targeted
values of 400, 200, and 200, considering that the light
scattering molar mass was apparent, and the n, m, and
| values determined were weight-average and the
targeted ones were number-average. GPC analysis,
without correcting for the limited number of theoretical
plates of the column, gave a polydispersity index of 1.19
for the sample.

Aggregate Formation. Micelles or aggregates form
in solvents that solubilize only one or two blocks of a
triblock copolymer. To identify block selective solvents,
we employed PBMA, PCEMA, and PtBA homopolymers
for solubility tests. The PMMA-equivalent GPC molar
masses and polydispersity for the three homopolymers
used are shown in Table 2. Also shown are the solubility
test results. Since only PCEMA was insoluble in cyclo-
hexane, cyclopentane, or 2-propanol, the triblock should
form micelles or aggregates with PtBA and PBMA
coronas and PCEMA cores in any of the three solvents.

Figure 2a shows a TEM image of aggregates formed
from the triblock sprayed from cyclopentane onto a
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Table 2. GPC Characteristics of the Homopolymers and Their Solubility in Different Solvents

sample GPC M,/(g/mol) GPC M/M, cyclohexane 2-propanol cyclopentane chloroform THF
PtBA 1.25x 104 1.29 +2 + + + +
PBMA 4.6x 104 1.12 + + + + +
PCEMA 12.8x 104 1.20 - - - + +
a4+ and — are used to indicate solubility and insolubility, respectively.
Table 3. Molecular Properties of the Nanospheres at Different Stages
TEM R/nm,

reaction stage LS My/(g/mol) LS Re/nm solvent

LS Rn/nm, solvent

DLS polydispersity spraying solvent

spherical aggregates

cross-linked aggregates 8.9x 106 33, chloroform

cross-linked and cleaved
aggregates

carbon-coated copper grid. The triblock evidently formed
mostly cylindrical aggregates in this case. Since OsO4
was used to stain the sample, the visible part of the
cylinders with a diameter of ~14 nm must consist of
PCEMA. Mostly cylindrical aggregates were formed also
in neat 2-propanol or cyclohexane.

Figure 2b presents a TEM image of a sample sprayed
from 2-propanol containing 1% THF. Spherical ag-
gregates were formed in this case. The aggregates have
a uniform core radius of ~8 nm. Similar images were
obtained at a THF volume fraction of 5%. We were also

150 nm

2  BEE | J :

Figure 2. TEM images of triblock aggregates sprayed from
cyclopentane (a) and 2-propanol containing 1% THF (b).

23, 2-propanol with 0.03 8, 2-propanol with
1% THF 1% THF

31, toluene 0.08 10, THF

31, THF 0.08

30, THF 0.18 8, THF

30, toluene 0.41 8, water

29, water 0.20

able to obtain spherical aggregates in THF/cyclohexane
and THF/cyclopentane mixtures.

Micelles are the equilibrium products, and micelles
of the same shape and size should form under a given
set of conditions independent of their preparation
methods.*! To check whether the spherical aggregates
in 2-propanol containing 1% THF were micelles, we
attempted their preparation from three different ap-
proaches. The first approach involved dissolving the
triblock in THF/2-propanol containing 20% THF and
adding then slowly 2-propanol to a volume fraction of
99%. In the second approach, we prepared the ag-
gregates by dispersing the triblock in 2-propanol con-
taining 1% THF directly. In the third approach, the
triblock was dispersed in neat 2-propanol. THF was
then added. In all approaches, the final mixture was
stirred for at least 24 h before the morphology was
examined by TEM. While exclusively spherical ag-
gregates were obtained from approach 1, a mixture of
mostly spheres and cylinders was produced from ap-
proach 2, and mostly cylinders and spheres were
produced from approach 3. The pathway dependence of
product formation makes the equilibrium morphology
of the triblock micelles uncertain, and we have thus
referred to the particles prepared from approach 1 as
“spherical aggregates” rather than micelles.

A dynamic light scattering study yielded a hydro-
dynamic radius, Ry, of 23 nm and a polydispersity index
of 0.03 for the spherical aggregates (Table 3). The Ry,
value is larger than the TEM radius, as Ry gives a
measure of the overall size of the aggregates including
the coronal chains and only the PCEMA cores were seen
by TEM.

Nanospheres with PtBA and PBMA Coronal
Chains. Nanospheres were prepared from photo-cross-
linking spherical aggregates formed in 2-propanol con-
taining 1% THF. This chemistry has been used exten-
sively by our group to prepare various stable nano
structures, and UV absorbance analysis was used to
follow the cross-linking reaction.’® A typical CEMA
double-bond conversion of ~40% was used in this study.
Figure 3a shows a TEM image of the cross-linked
aggregates sprayed from THF. The average radius is
~10 nm, which is larger than ~8 nm found for the cores
of the aggregates sprayed from 2-propanol containing
1% THF. The size difference could reflect different
degrees of swelling in the spraying solvents and the
partial or full retention of the swollen state of the
nanosphere cores in THF due to fast solvent evapora-
tion. The different degrees of swelling were confirmed
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Figure 3. TEM image of the cross-linked spherical aggregates (a) sprayed from THF. Also shown are the TEM images of the
aggregates after PCEMA cross-linking and tert-butyl group cleavage sprayed from THF (b), water (c), and 2-propanol (d). The

last sample was stained with uranium acetate.

by a Rn value increase from 23 nm for the aggregates
in THF/2-propanol (Table 3) to 31 nm for the nano-
spheres in either THF or toluene. This size increase was
also accompanied by a more surprising DLS polydis-
persity index increase from 0.03 to 0.08, despite the fact
that our TEM results of Figure 3a suggested no signifi-
cant fusion of nanospheres.

Assuming an insignificant change in the dn,/dc value
of the triblock after PCEMA cross-linking, a static light
scattering study yielded a weight-average molar mass
of 8.9 x 108 g/mol for the cross-linked aggregates. From
the ratio of molar masses of the nanospheres to the
triblock we obtained an aggregation number of ~53 for
the nanospheres. Using the molar mass My of 8.9 x
10% g for the nanospheres, a weight fraction wcgma of
0.36, and a density pcema of 1.25 g/cm? for PCEMA, "¢
we calculated from

MwWeema = (4/3)NA”RC3 1)

an average radius R¢ of 10 nm for the PCEMA cores,
which is close to ~8 nm obtained from TEM observa-
tions from Figure 2b. In eq 1, Na is the Avogardro
number. The static light scattering study also yielded
a radius of gyration Rg value of 33 nm for the nano-
spheres in chloroform, which is close to the Ry values
determined in THF or toluene.

Scheme 1
(CH,),Si-l
—[—CHZ—?H—]]—  — CHZ—(IZH-]1— + (CH,),CT
COOC(CH,), COOSi(CH,),
I—— —[—CH—CH-]-,-
H,0 2

COOH

The core—shell structure of the nanospheres was
confirmed by the 1H NMR spectrum of the nanospheres
of Figure 1. The nanospheres have broad and weak
PCEMA peaks, in agreement with the fact that the
PCEMA cores were cross-linked and the segmental
motions were slow there. On the other hand, the relative
intensities of the PtBA and PBMA peaks were not
affected because they were in the more mobile coronas.

Ambidextrous Spheres. Treating the nanospheres
with (CHj3)sSil in dry dichloromethane for 1 h followed
by wet methanol addition led to the selective cleavage
of the tert-butyl groups from PtBA. The reactions
involved are shown in Scheme 1. The selectivity of the
above reaction toward tert-butyl over n-butyl groups has
been demonstrated for small-molecule systems before;*
i.e., n-butyl groups were cleaved at moderate rate only
at 50 °C, and tert-butyl groups were cleaved quantita-
tively within 1 h at 25 °C. This selectivity in our system
has been confirmed by a NMR experiment. It involved
adding (CH3)sSil into a cross-linked nanosphere solution
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Figure 4. Possible PBMA and PtBA chain distribution
patterns.

in CDCl3. Within 1 h, the 'H peak of the tert-butyl ester
groups of PtBA at 1.43 ppm disappeared completely. At
the same time, no change occurred to the peak at 3.95
ppm for the “h” protons of PBMA (Figure 1). The most
visual evidence for the selective hydrolysis of tert-butyl
groups is that the resultant nanospheres were dispers-
ible in both water and toluene. After tert-butyl group
removal, the nanospheres became ambidextrous, show-
ing dispersibility in aqgueous solutions and organic
solvents.

Figure 3b shows a TEM image of the nanospheres
sprayed from THF after tert-butyl group removal and
staining with OsO,4. The integrity of the spheres at this
stage is evident. Table 3 shows the hydrodynamic radii
of the amphiphilic nanospheres dispersed in different
solvents. They are all ~30 nm, close to the values
obtained for the nanospheres before tert-butyl group
removal. This was somewhat unexpected, as the PAA
block would collapse in toluene or THF and the PBMA
block would collapse in water. The collapsing of half of
the coronal chains should lead to a decrease in the
coronal layer thickness. Furthermore, the PCEMA core
would be negligibly swollen in water and would also
cause a decrease in Ry. This invariance in Ry with tert-
butyl group removal was then accompanied by a drastic
increase in the DLS polydispersity indices. Such in-
creases were possible only if there had been nanosphere
aggregation, which would be favored if PAA and PBMA
chains were laterally segregated.

Coronal Chain Distribution. PtBA and PBMA
block-segregated in the solid state.*® The distribution
of the PtBA and PBMA chains on the nanosphere core
surfaces in this case deserves a detailed study by
techniques such as nuclear Overhauser enhancement
spectroscopy (NOESY). The chains, due to their incom-
patibility, may be packed in a two-faced fashion to yield
Janus spheres as those from solid-state synthesis
reported by Saito et al.3! and Erhardt et al.3? In these
cases, the middle block, which was much shorter than
terminal blocks, formed spherical domains decorating
the interface between lamellae formed by the terminal
blocks in bulk. The spherical domains were then cross-
linked. After dispersion in solvents that solubilized the
terminal blocks, Janus or two-faced nanospheres were
obtained. Janus spheres have asymmetric coronal layer
thickness as depicted in Figure 4 and have been shown
by Erhardt et al.32 to aggregate even in solvents good
for both types of coronal chains. Our spheres do not
seem to aggregate as manifested by the low DLS
polydispersity indices observed for the spherical ag-
gregates before and after PCEMA core cross-linking.
This is understandably so, because our spheres were
derived from spherical aggregates formed in block-
selective solvent. Before core cross-linking or even before
triblock aggregation, the corona PBMA and PtBA chains
could have adjusted their packing to minimize coronal
thickness asymmetry.

Macromolecules, Vol. 36, No. 3, 2003

The coronal chains can then be packed either uni-
formly or in a patched fashion as shown in Figure 4.
TEM evidence seems to suggest that the chains, at least
after tert-butyl group removal, are patched on the core
surfaces. This is best appreciated from comparing parts
a and b of Figure 3. Before tert-butyl removal, the
aspirated spheres appear mostly separated from one
another as expected for spheres with repulsive coronal
layers. The nanospheres appeared sticky in Figure 3b.
Our experiment with a PAA homopolymer revealed that
THF did not dissolve but swelled PAA. If the original
PtBA and PBMA chains were distributed uniformly in
the coronas, the PAA chains formed after tert-butyl
group removal would collapse under the PBMA chains
in THF. The PBMA chains, which are substantially
longer than the PAA chains, would prevent the ag-
gregation of the nanospheres. The fact that they got
sticky and each sphere was stuck to more than one
neighbors suggested the presence of probably several
PAA patches on each core surface.

Figure 3c shows a TEM image of the amphiphilic
spheres sprayed from water at a very low concentration,
e.g., <0.01 mg/mL. Even at such a dilution, some
doublets were seen. When sprayed from a more concen-
trated solution, e.g., at 0.1 mg/mL, mostly doublets,
triplets, quadruplets, etc., were seen. The aggregation
of the nanospheres in water again suggests the lateral
segregation of PBMA and PAA chains.

Figure 3d illustrates a TEM image of the amphiphilic
spheres sprayed from 2-propanol and then stained with
uranium acetate, which binds to PAA only. For the
particle marked with a hollow arrow, the PAA chains
are concentrated at the top right corner on the core
surface. The PAA chains are localized on the right side
(the imagined left part not seen) for the particle marked
with a solid arrow. If the PAA chains are distributed
uniformly on the PCEMA surfaces, we should see rings
with approximately uniform darkness around the light
PCEMA circles, as has been seen for PAA-b-PHEMA
fluorescent nanospheres with cross-linked PHEMA core
and PAA corona.*

Conclusion

We have prepared a PBMA-b-PCEMA-b-PtBA sample
with 510 BMA, 240 CEMA, and 270 tBA units. The
triblock formed spherical aggregates in 2-propanol with
1% THF. Nanospheres with PCEMA cores and PtBA
and PBMA coronas were obtained after photo-cross-
linking the PCEMA block. Amphiphilic nanospheres
were obtained after cleaving the tert-butyl groups
selectively from the PtBA block. Such nanospheres
dispersed both in water and in organic solvents and
seemed to have patched PAA and PBMA chain distribu-
tion on the PCEMA core surface.
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