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ABSTRACT: Herein, we provide a direct proof for differences in the micellar
structure of amphiphilic diblock and gradient copolymers, thereby unambiguously
demonstrating the influence of monomer distribution along the polymer chains on
the micellization behavior. The internal structure of amphiphilic block and gradient
co poly(2-oxazolines) based on the hydrophilic poly(2-methyl-2-oxazoline)
(PMeOx) and the hydrophobic poly(2-phenyl-2-oxazoline) (PPhOx) was studied
in water and water−ethanol mixtures by small-angle X-ray scattering (SAXS), small-
angle neutron scattering (SANS), static and dynamic light scattering (SLS/DLS),
and 1H NMR spectroscopy. Contrast matching SANS experiments revealed that
block copolymers form micelles with a uniform density profile of the core. In
contrast to popular assumption, the outer part of the core of the gradient copolymer
micelles has a distinctly higher density than the middle of the core. We attribute the
latter finding to back-folding of chains resulting from hydrophilic−hydrophobic
interactions, leading to a new type of micelles that we refer to as micelles with a “bitterball-core” structure.

With the advent of living and controlled polymerization
methods, the preparation of more and more complex

polymer structures and architectures has become possible.1

Nowadays, star, graft, and even cyclic copolymers are very well-
known and well-investigated (co)polymer architectures.2−4

Variation of monomer structures is mostly limited to block
copolymers and statistical copolymers with close to random
monomer distribution or minor composition drift along the
chain. However, gradient copolymers that have a more gradual
change in monomer composition are still largely unex-
plored.5−15 In the present paper, we wish to shed light on
the internal structure of nanoparticles composed of gradient

and block copolymers of the same molecular weight. To the
best of our knowledge, the internal structure of gradient
copolymer micelles is still a mystery. The most detailed study
was reported by Shibayama based on small-angle neutron
scattering (SANS) of ethoxyethyl vinyl ether and 2-methox-
yethyl vinyl ether gradient copolymer micelles (fully hydro-
genated).16−18 A core−shell form factor was applied to describe
the self-assembled nanoparticles revealing that the core−shell
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sphere model adequately fits to the experimental data, but only
up to q = 0.4 nm−1 (q is the momentum transfer); there is no
satisfactory fitting model describing the scattering at higher q
values (ref 18) that correspond in real space to the sizes of a
few nanometers and smaller (q ∼ π/r). Thus, the description of
gradient micelle structure on subnanometer scale is still
missing.
The primary goal of the present work is, therefore, to

investigate the internal structure of poly(2-methyl-2-oxazoline)
(PMeOx) and hydrophobic poly(2-phenyl-2-oxazoline)
(PPhOx) gradient and block copolymer micelles (Scheme 1)
with an unprecedented level of detail by SANS, including
contrast variation using partially deuterated copolymers, and
small-angle X-ray scattering (SAXS).

Block and gradient copolymers were synthesized according
to previously reported methods (full experimental details are
included in the Supporting Information).19,20 The chemical
structure and composition of the synthesized copolymers are
shown in Scheme 1 and are summarized in Table 1.
The self-assembly of the block and gradient copolymers was

performed by direct dissolution in the solvents, and all studied
block and gradient copolymers form nanoparticles in water and
in water−ethanol mixtures, as manifested by the average Rh

values which range from 10 to 50 nm (Supporting Information,
Figure S1, S2, Table S1). In general, the nanoparticles formed
by gradient copolymers are smaller than nanoparticles from
block copolymers in the same solvent and at the same
concentration and have higher critical micelle concentration
(cmc) values (Supporting Information, Figures S3, S4).
To gain detailed insights into the micellar structures, SAXS

and SANS experiments were conducted. The combined usage
of SAXS and SANS is strongly advantageous for the study of
the internal micellar structure since X-rays and neutrons probe
different scattering length densities (SLDs) (Supporting
Information, Table S2, S3, Figure S5). The SAXS scattering
data for both the block and gradient copolymers could be
successfully fitted by a model of ellipsoidal block copolymer
micelles (Figure 1, model B) as well as with a model of micelles
with a rod-like homogeneous core with radially decaying
density in the shell (Figure 1D, Figure S6, S7, Table S4).21,22

The fitting of SAXS data is further supported by SANS
measurements of the nanoparticles in solvents where both
P(d3-MeOx) and PPhOx have contrast. Figure 1, left shows the
q dependence of the SANS intensity of neutron scattering for
the copolymers I-GD and I-BD in D2O (solvent 1, Table S3)
and II-GD and II-BD in 40% d6-EtOH+60% D2O (solvent 10,
Table S3).
In agreement with SAXS results, fitting of the scattering data

by the models of core−shell ellipsoid (Figure 1, Model A) and
spherical block copolymer micelle (Figure 1, Model C) gives a
worse fit with the experimental data even when polydispersity is
included in comparison with the rod-like model.
The size of the entire micelles and the micellar core as well as

the aggregation number Nagg, eccentricity, radial density
exponent, and the solvent amount in the core were obtained
by fitting of different form-factors mentioned above in various
mixed solvents (Supporting Information, Figure S9, Table S5).
The relatively large corona and radial density exponent (Figure
S9f) is the most likely reflection of the long PMeOx chains in
these copolymers. The micelles resulting from the block
copolymers were found to be larger and have larger cores than
the micelles from the gradient copolymers. SANS results
demonstrated that the gradient copolymer micelles are smaller
due to a lower aggregation number.
By using SANS and selective deuteration, scattering from the

PMeOx was masked to reveal the presence of a micellar core.
The Rg values found for these masked samples were lower than
for solvents with unmasked PMeOx (Supporting Information,
Figure S10a,b). In water, I-GD and I-BD form micelles with a
core radius of 2.4 and 5.3 nm (Figure S11a). From the fitting of
SANS data by a the form-factor of polydisperse ellipsoids, we
can conclude that the micellar cores consisting of PPhOx have
an anisotropic shape. The structural change for the core of the
micelles consisting of II-BD and II-GD with increasing ethanol
content is more evident from the corresponding pair-distance
distribution function (PDDF) curves shown in Figure S11c,d,
Supporting Information. The PDDF patterns from solutions
with 20 to 50 vol % of ethanol exhibit a skewed bellshape, a
typical feature of ellipsoidal particles.23 Increasing the ethanol
content decreases the length of the core of ellipsoidal
nanoparticles whereas asymmetry of the whole core increases.
The most striking difference between the inner structure of

gradient and block micelles could be seen from the radial
density profiles (Figure 2). This distribution is obtained from
deconvolution of the PDDF functions (Supporting Informa-
tion, Figure S9) assuming an ellipsoidal shape of the micelles.23

Scheme 1. Chemical Structure and Schematic Presentation
of the Structures of the PMeOx−PPhOx Block and Gradient
Copolymers Investigated in This Work

Table 1. Molecular Characteristics of the Copolymers

samplea
N1

(MeOx)
N2

(PhOx)
solubility in

water
Mn,

g/mol Mw/Mn

0-BH 100 0 soluble 11 400 1.33
0-BD 100 0 soluble 13 200 1.35
I-BH 75 25 soluble 15 900 1.09
I-GH 75 25 soluble 13 500 1.17
I-BD 75 25 soluble 14 300 1.30
I-GD 75 25 soluble 12 000 1.22
II-BH 50 50 non soluble 14 000 1.17
II-GH 50 50 non soluble 15 300 1.18
II-BD 50 50 non soluble 15 700 1.09
II-GD 50 50 non soluble 13 200 1.12

aB stands for block and G for gradient copolymer, whereas H stands
for protonated MeOx and D for a fully deuterated methyl group of
MeOx; N1 and N2 are mole fractions of MeOx and PheOx,
respectively.
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First the micelles of I-BD and I-GD copolymers in water will be
discussed. When the scattering of PMeOx is not masked, the
profile of radial density for both systems shows a typical core−
shell structure with two-step behavior (Figure 2a). The
dimension of the hydrophobic core can be assessed from the

position of the plateau, yielding a value of 9 nm for micelles of
I-BD and 6 nm for micelles of I-GD. These values are
consistent with density profiles when P(d3-MeOx) is masked.
Micelles of I-BD show almost constant behavior at low r
followed by a smooth decay. By contrast, nonmonotonous

Figure 1. SANS data for (a) I-GD and I-BD in D2O (solvent 2, Table S3); (b) II-GD and II-BD in D2O (solvent 2, Table S3). (c) II-GD in 40% d6-
EtOH+60% D2O (solvent 10) with different fits; (d) II-BD in 40% d6-EtOH+60% D2O (solvent 10) with different fits. Scattering curves were
extrapolated to infinite dilution. The models for SAXS and SANS data fitting; (A) core−shell ellipsoid, (B) elliptical block copolymer micelle with
random walk chains, (C) spherical micelle with homogeneous core and radial decaying density shell with self-avoiding chains, and (D) rod-like
micelle with rod-like homogeneous core and radial decaying density shell.

Figure 2. Contrast density profiles obtained by deconvolution of the PDDF shown in Figure S11c,d. (a) 0% of EtOH; (b) 20% of EtOH; (c) 40% of
EtOH; (d) 50% of EtOH.
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behavior with some oscillations is visible for micelles of the I-
GD copolymer. This effect is a direct proof of the non-
homogeneous core of the gradient copolymer micelles due to
the presence of PMeOx repeating units inside the core and/or
the formation of PMeOx loops from the PPhOx core.
Importantly, such a structure of gradient copolymer micelles
with loops of the hydrophilic parts was very recently predicted
in a theoretical paper, albeit never experimentally observed.24 It
is reasonable to assume that some PMeOx units will be present
in the PPhOx core since they are jammed in-between PPhOx
repeat units. The radial density profiles for micelles consisting
of II-BD and II-GD in water with 40 vol % of ethanol revealed a
similar structure for the gradient and block micelles (Figure
2c). Again, micelles composed of the block copolymer manifest
the typical core−shell features, whereas gradient copolymer
micelles possess a completely different behavior with some
density oscillation inside the core. This gradient copolymer
micellar core-structure with higher density outside and more
liquid-like structure inside resembles the structure of a
“bitterball” (Figure 3). Therefore, we suggest a new term for

such types of gradient copolymer micelles that have denser
outer layer of the core compared to the inside − “bitterball-
core-micelles”. For 20% ethanol, the core of the gradient
copolymer micelles also indicates inhomogeneity and formation
of “bitterball-core-micelles” (Figure 2). Surprisingly, we
observed for the unmasked II-BG copolymer micelles that the
radial profile also increases with increasing distance r;
meanwhile, the core of masked block copolymer shows classic
behavior. We are inclined to explain this by preferential
absorption of ethanol inside the micellar core. The presence of
a larger amount of ethanol results in swelling and distortion of
the interior of the micelles.
The differences in the core density of the block and gradient

copolymer micelles suggest stronger phase segregation in the
block copolymer micelles leading to enhanced dehydration of
the core. This conclusion is additionally supported by 1H NMR
spectroscopic data where the spin−spin relaxation time T2 was
measured for I-GD and I-BD gradient and block copolymers in
D2O and d4-methanol. The obvious conclusion we can make is
that PPhOx is completely shielded and hidden inside the core
for block copolymer micelles in D2O since no PPhOx signal can
be observed (Supporting Information, Figure S24, Table S6).
For gradient copolymer micelles in D2O, however, some PhOx
groups are still mobile and can be observed, proposedly because
they are present in a PMeOx rich part of the chain in the shell.
In addition, the mobility of PMeOx in the micellar structures is
retarded in comparison to PMeOx homopolymer in D2O.
In conclusion, the monomer distribution (gradient vs block)

is of primary importance on the structure of micelles formed by
PMeOx−PPhOx. The micelles resulting from the block

copolymers are bigger than the ones from the gradient
copolymers based amphiphilic block and gradient copolymers.
The micelles resulting from the gradient copolymers have
different eccentricity, aggregation number, core sizes, solvent
volume fraction, and radial density profile than the micelles
resulting from the block copolymers. Contrast-matching SANS
experiments prove that gradient copolymer micelles have a
unmonotonous profile of the core, whereby the outer part of
the core of the gradient copolymer micelles has a distinctly
higher density than the core itself.
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