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ABSTRACT: The structural characteristics of aqueous micelles composed of amphiphilic cyclic poly(n-butyl acrylate-b-ethylene
oxide) (cyclic PBA-b-PEO) or a linear analogue (ie., linear poly(n-butyl acrylate-b-ethylene oxide-b-n-butyl acrylate) (linear
PBA-b-PEO-b-PBA)) were examined for the first time using synchrotron X-ray scattering techniques and quantitative data
analysis. The scattering data were analyzed using a variety of methodologies in a comprehensive complementary manner. These
analyses provided details of the structural information about the micelles. Both micelles were found to consist of a core and a
fuzzy shell; however, the cyclic block copolymer had a strong tendency to form micelles with core and shell parts that were more
compact and dense than the corresponding parts of the linear block copolymer micelles. The PBA block of the cyclic copolymer
was found to form a hydrophobic core with a density that exceeded the density of the homopolymer in the bulk state. The
structural differences originated primarily from the topological difference between the cyclic and linear block copolymers. The
elimination of the chain end groups (which introduced entropy and increased the excess excluded volume) from the amphiphilic
block copolymer yielded more stable dense micelles in solution.

he chain architectures of block copolymers can influence Certain amphiphilic cyclic block copolymer systems formed

their self-assembly characteristics in both aqueous and micelles with significantly higher salt and thermal stabilities
organic solvents.'~® Amphiphilic block copolymers commonly compared to the corresponding linear block copolymers.” The
form micelles in solvents that are selective for one of the blocks, structural properties of these cyclic block copolymer micelles
thereby promoting the formation of core—shell micelle have not yet been explored in detail.
structures composed of a relatively compact micellar core In this study, we investigated the structural properties of
surrounded by a soluble corona or shell layer.' ™ Linear diblock micelles formed in water by a cyclic poly(n-butyl acrylate-b-
copolymers tend to form star-like micellar structures,* whereas ethylene oxide) (PBA-b-PEO) and its linear poly(n-butyl
linear triblock copolymers tend to form flower-like micelles in acrylate-b-ethylene  oxide-b-n-butyl acrylate) (PBA-b-PEO-b-
which the two end blocks fold back into the core and form PBA) analogue using synchrotron X-ray scattering techniques.

loops above a critical micelle concentration (CMC) via an A cyclic PBA-b-PEO polymer and its linear PBA-b-PEO-b-PBA

entropy-driven closed association mechanism.””~” Recently, analogue (Figure 1) were prepared according to the synthetic

several new synthetic methodologies were introduced for the

preparation of cyclic homopolymers and block copoly- Received: January 13, 2014
mers."**™® Some of the cyclic block copolymers were Accepted: February 17, 2014
investigated in aspects of micelle formation characteristics."*~"> Published: February 18, 2014
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Figure 1. Chemical structures of cyclic and linear block copolymers.

schemes reported previously.®” The syntheses are described in
detail in the Supporting Information. The linear triblock
copolymer was characterized to have a composition of [H,C=
CHCH, (BA) ,C(CH,),]~[COO(E0),CO]-[C-
(CH;),(BA);,CH,CH=CH,] and a molecular weight M, xyx
of [740]—[3110]—[740] by proton nuclear magnetic resonance
("H NMR) spectroscopy (Figure Sl in the Supporting
Information); here, the nonpolar or less polar (ie., hydro-
phobic) parts of the linkers were included into the M, yyg of
the hydrophobic PBA blocks, whereas the polar (i.e.
hydrophilic) parts of the linkers were included into the
M, xumr of the hydrophilic PEO block. From the M, xyr values
of the blocks and the mass densities of PBA and PEO
homopoylmers (dpgy = 1.08 g/cm® and dpg = 1.12 g/cm?), the
volume ratio of the PBA and PEO blocks in the linear block
copolymer was estimated to be 0.331/0.669. The linear block
copolymer was further determined to have an overall number-
average molecular weight M, of 5850 and a polydispersity
index (PDI) of 1.11 by the gel permeation chromatography
(GPC) analysis calibrated with polystyrene standards (Figure
S2, Supporting Information). The cyclic block copolymer was
determined to have a composition of [C-
(CHj3),(BA)s ;H,CCH=CHCH,(BA); ;C(CHj,),]-[COO-
(EO)s,7CO] and a molecular weight M, xyz of [1500]—
[3050] (Figure S3, Supporting Information). From the M, xyr,
dpga, and dppo values, the volume ratio of the PBA and PEO
blocks in the cyclic block copolymer was obtained to be 0.334/
0.666. The cyclic block copolymer was measured to have M, =
4700 and PDI = 1.18 by GPC analysis (Figure S4, Supporting
Information).

Aqueous micellar solutions were prepared from the linear
and cyclic block copolymers as described previously.” Each
block copolymer was dissolved in tetrahydrofuran (THF) to
prepare 2 mL of a 10 mg/mL solution. Deionized distilled
water was added in a dropwise manner at a rate of one drop per
S s to the polymer solution with vigorous stirring. THF was
removed from the resulting solution using a rotary evaporator.
The resulting micellar solution was filtered using a disposable
syringe equipped with a cellulose acetate filter with a pore size
of 0.2 ym. In this manner, a series of aqueous micellar solutions
were prepared with concentrations that ranged from 1.0 to 5.0
mg/mL. These micellar solutions were checked using dynamic
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light scattering (DLS) before X-ray scattering analysis. The
DLS analysis confirmed that the micelles formed in the
individual solutions revealed a unimodal size distribution
(Figure SS, Supporting Information). The micellar solutions
were submitted to synchrotron X-ray scattering measurements
carried out at the 4C beamline'? of the Pohang Light Source in
POSTECH (Supporting Information). These measurements
revealed that both the linear and cyclic block copolymer 5.0
mg/mL solutions gave high-quality scattering data with
negligible contributions from the structure factors of the
micelles.

Representative X-ray scattering data are presented in Figure
2. The scattering data were analyzed by considering several

O cyelic
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Figure 2. X-ray scattering profiles of the micelles formed in water,
which were measured at room temperature: (O) cyclic PBA-b-PEO
micelle; (OJ) linear PBA-b-PEO-b-PBA micelle. The black symbols are
the measured data; the blue solid and red dashed lines were obtained
by fitting the data using the IFT method and SCM models,
respectively.

possible structural models using a variety of methodologies.
Several analytical schemes, including Guinier analysis,'*'> the
indirect Fourier transform (IFT) method,">"¢ Kratky anal sis, !’
spherical copolymer micelle (SCM) model analysis,"® and
core—fuzzy shell (CFS) model analysis,">"**° were found to be
the most suitable. Derivations of these analytical schemes are
provided in the Supporting Information.

The measured scattering data were first analyzed using the
Guinier approach, which provided information about the
micelle sizes formed in the block copolymer solutions. This
analysis revealed that the radius of gyration R, was 5.62 nm
for the linear block copolymer micelles and 5.16 nm for the
cyclic block copolymer micelles (Table 1 and Figure S6,
Supporting Information).

The X-ray scattering data were further analyzed in detail
using the IFT method, which extracted structural information
directly from the scattering data using numerical methods
without building a specific parametrized model. This approach
minimized the impact of the missing data, providing the pair
distance distribution function p(r) and the relative radial
electron density distribution function Ap(r), where r is the
distance between the paired scattering elements in the micelle.
The scattering data were satisfactorily analyzed using the IFT
method. The analysis results are presented in Figure 3 and
Table 1. The p(r) profiles revealed a bell-like shape, indicating
that the micelles that had formed in the linear and cyclic block
copolymer solutions were in globular (i.e., spherical) shapes
(Figure 3a). The globular micelles formed in the linear
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Table 1. Structural Parameters of Micelles of the Linear and
Cyclic Block Copolymers Obtained from Analysis of the
Measured X-ray Scattering Data

structural parameter  linear block copolymer  cyclic block copolymer

Guinier analysis

Ry (nm) 5.62 (0.02)" 5.16 (0.01)"
IFT analysis

Rypr” (nm) 5.10 4.85

Dy’ (nm) 13.0 12.5

Fmax (NM) 6.72 6.44

rorr” (nm) 1.94 1.78

SCM analysis

reen® (nm) 6.47 (0.03) 5.83 (0.02)
resem” (nm) 1.85 (0.01) 1.70 (0.01)
tisond (nm) 4.62 (0.03) 4.13 (0.02)
Ryproysen® (nm) 2.18 (0.01) 1.93 (0.01)
4" 1.12 (0.01) 1.14 (0.01)
N, 11.61 (0.01) 10.02 (0.01)
Tetheory (M) 1.92 (0.01) 1.86 (0.01)
CFS analysis

rops® (nm) 6.50 (0.02) 5.96 (0.01)
focrs” (nm) 1.85 (0.17) 1.69 (0.15)
t,ced (nm) 4.65 (0.17) 4.27 (0.15)
Gicps (nm) 0.89 (0.05) 0.64 (0.03)
Ocrs/tyces (%) 19.1 (1.3) 15.0 (0.8)
E™ (nm) 1.71 (0.09) 1.23 (0.07)

“Radius of gyration of micelle. ®Maximum dimension (i.e., diameter)
of micelle determined from the p(r) profile. “Radius of micelle
determined from the peak maximum of the p(r) profile. “Radius of
core. “Radius of micelle."Thickness of shell; in the case of corona type
shell, the shell thickness was calculated from a formula, £, ey = (1 + d)
Ry(pp0) scm- “Radius of gyration of the PEO block chains in the shell
part. “Degree of penetration of corona chain to core; d = 1 for
mimicking nonpenetration of the corona chains. ‘Aggregation number
of copolymer chains in the micelle. “Theoretical radius of core
calculated from the determined N,,, value and the mass density of
PBA. “Thickness of the fuzzy part in shell. ‘Fuzziness. " Average
correlation length of density fluctuation. "Error bar extracted over the
sweep range +1.0% of the y* term obtained by best-fitting the X-ray
scattering data with a most proper structural model; here the »” term is
the sum of the squared deviations between the experimental X-ray
scattering data and the fitted profile.

copolymer solution had a radius of gyration Rypr of 5.10 nm,
with a peak maximum occurring at r = 6.72 nm (=
corresponding to the micelle radius). These values yielded a
maximum diameter D, of 13.00 nm. By contrast, the globular
micelles formed in the cyclic copolymer solution were
characterized by an R jpr = 4.85 nm, r,,,, = 6.44 nm, and
D, = 12.50 nm. It should be noted that the R, gy values were
slightly smaller than the R, values reported above. These
Rypr and R, results confirmed that the cyclic block
copolymer formed micelles that were slightly smaller than
those formed by the corresponding linear block copolymer.
The p(r) profiles revealed an inflection point in the low r
region (Figure 3a), indicating that the internal electron density
displayed a distinct change at a specific r value. This type of
feature is consistent with the formation of an interface between
two different phases, suggesting that the micelles were
composed of a core and a shell. The inflection point of the r
value was, therefore, assigned as the radius of the core part of
the micelle, r.jpr. The 7,1y values were determined to be 1.94
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Figure 3. (a) Pair distance distribution functions p(r) and (b) density
distribution functions p(r) obtained by the IFT analysis of the X-ray
scattering data in Figure 2: (blue line) cyclic PBA-b-PEO micelle; (red
line) linear PBA-b-PEO-b-PBA micelle.

nm for the micelles formed by the linear block copolymer and
1.78 nm for the micelles formed by the cyclic block copolymer.

An ideally homogeneous micelle (ie., a sphere) would be
expected to display a p(r) profile with a maximum peak at r =
L.36Ry ey (i€, /Rypr = 1.36). Here, the p(r) profile displayed
a maximum at r/Rypr = 1.28 for the micelles formed by the
linear copolymer and a maximum at r/Rypr = 1.26 for the
micelles formed by the cyclic copolymer. The observation of a
core—shell micelle structure suggested that the core and shell
phases were inhomogeneous, rather than homogeneous, in
their density distribution. The p(r) profiles were slightly
asymmetric and displayed a weak small tail in the high-r region.
The asymmetric characteristics, with a relatively low .,/ Ry 1pr
value, suggested that the surfaces of the micelles were fuzzy due
to fluctuations in the density distribution.'” The inhomogene-
ities in the density distribution were observed in the relative
radial density distribution function Ap(r) profiles, as shown
Figure 3b. The cyclic block copolymer micelle yielded a Ap(r)
profile with a maximum at r = 1.78 nm (blue arrow, Figure 3b),
which corresponded to the core radius 7 py determined from
the inflection point of the p(r) profile. The linear block
copolymer micelle yielded a Ap(r) profile with a maximum at r
= 1.94 nm (red arrow, Figure 3b), which corresponded to the
r.rr value. The electron density p, of each polymer is known:
355 nm™® for PBA polymers (p.pps), 367 nm~> for PEO
polymers (p.pgo), and 334 nm ™ for water (P, yq:)- These p,
values were combined with the maxima obtained from the
Ap(r) profiles and the inflection points in the p(r) profiles to
model the micelles as consisting of two phases with different
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electron densities. PEO polymers are hydrophilic, whereas PBA
polymers are hydrophobic. Therefore, the shell part in contact
with water was assigned as the PEO block chains, whereas the
core was assigned as the hydrophobic PBA block chains, which
were more stable when separated from the water interface.

The above results were considered in a further analysis of the
measured X-ray scattering data using SCM models comprising
a dense core and a swollen corona. As shown in Figure 2, the X-
ray scattering data could be satisfactorily fit using an SCM
model. The fit results are summarized in Table 1. The core
radius r.gcp was 1.85 nm for the micelles composed of the
linear block copolymer and 1.70 nm for those composed of the
cyclic block copolymer. These 7, gcy values were slightly shorter
than those (r.jzr = 1.94 and 1.78 nm) estimated using the IFT
analysis of the scattering data. The aggregation number N,g, of
the block copolymer chains in the micelle was determined to be
11.61 for the micelle composed of the linear block copolymer
having two end PBA blocks (M, xur = 740) or 10.02 for the
micelle composed of the cyclic block copolymer having only
one PBA block (M, xy = 1500).

The structural characteristics of the corona (i.e., shell) parts
were also obtained from the SCM analysis (Table 1). The
corona thickness values, t,scp, were 4.62 nm for the linear
block copolymer micelle and 4.13 nm for the cyclic block
copolymer micelle. The hydrophilic PEO block in the corona
part was determined to have a radius of gyration Ry(pgo)scm of
2.18 nm for the linear block copolymer micelle and 1.93 nm for
the cyclic block copolymer micelle. The t,5cy; values for both
block copolymer micelles were slightly larger than twice the
Ryppoyscm Vvalues. These results determined two important
structural characteristics as follows. The PEO blocks in the
corona region assumed fairly extended chain conformations,
possibly due to the swelling of the block chains, which
maximized the number of block chain—solvent contacts. The
PEO block chains in the corona region did not penetrate the
core part of the micelle.

The fuzzy surface characteristics of the micelles (as observed
in the IFT analysis above) were evident from the Kratky
analysis of the scattering data. As shown in Figure 4a, the X-ray
scattering profiles of both the linear copolymer and the cyclic
copolymer revealed a q~> dependency in the intermediate g
region, indicating that the PEO block chains of the shell part in
contact with water (a good solvent for the PEO blocks) were
flexible, similar to a Gaussian coil. Furthermore, the scattering
profiles exhibited a g~ dependency in the high-q region (g >
1.8 nm™"), further indicating the absence of a sharp interface
between the shell part and the water solvent medium. The
interface between the micelle shell and the water medium was
fuzzy.

The X-ray scattering data were further analyzed using CFS
models. As shown in Figure 4b and ¢, the scattering data could
be satisfactorily fitted using CFS models comprising blob
contributions. The obtained structural parameters are summar-
ized in Table 1. The core radius r,cgs was 1.85 nm for the linear
block copolymer micelle and 1.69 nm for the cyclic block
copolymer micelle, and these values were reasonably consistent
with those obtained from the SCM analysis. The fuzzy shell
thickness values, t,cps, were 4.65 nm for the linear block
copolymer micelle and 4.27 nm for the cyclic block copolymer
micelle and were slightly larger than the corona shell
thicknesses f,gcy obtained from the SCM analysis. The
thickness values of the fuzzy parts, o;cps, were 0.89 nm for
the linear block copolymer micelle and 0.64 nm for the cyclic
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Figure 4. X-ray scattering profiles of the cyclic PBA-b-PEO and linear
PBA-b-PEO-b-PBA micelles formed in water, which were measured at
room temperature: (a) Kratky representations where the black
symbols are the measured data and the solid lines represent the
profiles obtained by fitting the data using SCM models; (b,c) X-ray
scattering profiles in which the black symbols are the measured data
and the black solid lines represent the sum of the profiles obtained by
fitting the data using CFS models (red lines) and blob contributions
(blue lines).

block copolymer micelle. The ¢ scy and ogcpg values yielded
fuzziness values (= o¢cps/t,scm) for the fuzzy shells of 19.1%
for the linear block copolymer micelle and 15.0% for the cyclic
block copolymer micelle. On the other hand, the average
correlation length of the density fluctuation & in the fuzzy shell
part was found to be 1.71 nm for the linear block copolymer
micelle and 1.23 nm for the cyclic block copolymer micelle.
The above determined N,, and r. values permitted
estimation of the core density in a micelle. As listed in Table
1, the r, value of the micelle was determined to vary a little bit
depending on the scattering data analysis methods: the r, value
was 1.85—1.94 nm for the linear copolymer micelle and 1.69—
1.78 nm for the cyclic copolymer micelle. These r, values were
directly reflected into the core density estimation. The core
density d. was 0.93—1.08 g/cm® for the linear copolymer
micelle and 1.06—1.23 g/cm? for the cyclic copolymer micelle.
The d, value of the cyclic copolymer micelle is always larger
than that of the linear copolymer micelle (which is slightly less
than or the same as the density (d = 1.08 g/cm®) of linear PBA
homopolymer in the bulk solid state). Surprisingly, the cyclic

dx.doi.org/10.1021/mz5000224 | ACS Macro Lett. 2014, 3, 233-239
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(a) Cyclic PBA-h-PEO Micelle in water
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(b) Linear PBA-b-PEO-bh-PBA Micelle in water
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Figure S. Schematic representations of the phase-separated nanostructures for (a) cyclic PBA-b-PEO-b-PBA and (b) linear PBA-b-PEO micelles
formed in water; the structural parameters were obtained by the analyses of the X-ray scattering data using the Guinier method, IFT method, SCM

models, and CFS models.

copolymer micelle d.. is further very close to or larger than
that of the linear PBA homopolymer in the bulk solid state.
However, cyclic polymers are generally known to reveal
relatively higher densities than those of the corresponding
linear polymers in the literature.>* Taking this fact into account,
the d.. of the cyclic copolymer micelle is expected to be
comparable to that of the cyclic PBA homopolymer in the bulk
solid state (which can be larger than that of the corresponding
linear polymer).

The N, values together with the hydrophobic PBA block
molecular weights further permitted estimation of the
theoretical radii of the core 7 o, using the mass density of
the PBA homopolymer under the assumption that the micellar
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core was close-packed (see the derivation described in the
Supporting Information). The estimated 7o, Was 1.92 nm
for the linear block copolymer micelle core and 1.86 nm for the
cyclic block copolymer micelle core. The e, value of the
linear copolymer micelle was slightly larger than the r_ gy and
r.crs values but very slightly smaller than the r_jpr value (Table
1). In contrast, the 7y, Value of the cyclic copolymer micelle
was always smaller than the r_gcyp 7o crs and 7,y values (Table
1).

These d e and 7 geor, results collectively confirmed that
during micelle formation the cyclic block copolymer formed a
denser core than the corresponding linear block copolymer.
Moreover, the PBA block chains in the core of the cyclic
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copolymer micelle were packed more densely than the PBA
homopolymer packing density in the bulk state at room
temperature. The observation of such the dense PBA core in
the cyclic copolymer micelle indicated that the PBA block
chains were well packed in a relatively extended chain
conformation rather than in a random coil conformation. The
formation of a dense core by the cyclic block copolymer may
have been attributed to the favorable intra- and interchain
interactions of the PBA blocks, which were free from
disruptions in the polymer chain packing because the open-
chain terminal groups had a relatively high entropy and an
excess excluded volume.

In addition, the ¢, and N,g, values permitted the PEO block
chain densities in the corona regions to be estimated, yielding
values of 0.05 g/cm® for the linear block copolymer micelle and
0.06 g/cm® for the cyclic block copolymer micelle. These
results collectively indicated that the shell of the cyclic block
copolymer micelle was thinner but denser than that of the
linear block copolymer micelle. These qualities were mainly
attributed to the formation of a smaller denser core, which
provided a surface to which the PEO block chains could
anchor.

The results discussed above were used to construct phase-
separated structural models of the aqueous micelles composed
of linear or cyclic block copolymers, as shown in Figure S.

In summary, the synchrotron X-ray scattering measurements
and data analysis revealed that both the linear PBA-b-PEO-b-
PBA and the cyclic PBA-b-PEO polymers formed stable
micelles in an aqueous solution. The structural parameters of
the micelles were determined for the first time through a
quantitative analysis of the X-ray scattering data involving
several appropriate and complementary methods. Both micelles
were found to be composed of a core part and a fuzzy shell part.
The cores and shells formed a relatively sharp interface. The
cyclic block copolymer micelle formed a more compact and
denser hydrophobic PBA block chain core, compared to the
density of the core formed by linear block copolymer micelle.
The cyclic block copolymer micelle formed a thinner and
denser hydrophilic PEO block chain shell with a shallower fuzzy
surface layer. Interestingly, the PBA core and PEO shell parts of
the cyclic block copolymer micelle were more extended than
the corresponding chains in the linear block copolymer micelle.
The structural differences originated primarily from the
topological differences resulting from the properties of the
chemical structures. The presence of two free terminal groups
in the linear block copolymer penalized the micelle formation
in solution by increasing the size and decreasing the packing
density of the core and shell parts by increasing the entropy and
the excluded volume. Eliminating the end groups from the
amphiphilic block copolymer appeared to promote the creation
of more stable dense micelles in solution.
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