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ABSTRACT: Mixed polymeric micelles have been prepared from aqueous solutions of poly(2-(dimethylamino)-
ethyl methacrylateplock-poly(glyceryl methacrylate), PDMAEMA-b-PGMAg,, and poly(acrylic acidplock
poly(acrylamide), PAA-b-PAAmM,17, through complex coacervation of the oppositely charged blocks. Rather
monodisperse, spherical aggregates are formed wih=215.2+ 0.4 nm. The extent of chain mixing between
poly(acrylic acid) and poly(2-(dimethylamino)ethyl methacrylate) in the micellar core and poly(acrylamide) and
poly(glyceryl methacrylate) in the micellar corona has been investigated BH2IMR NOESY experiments.

The presence of cross-peaks for protons in different core and corona blocks indicates that the two blocks are in
close proximity 0.5 nm) and micelles are formed in which both core and corona are mixed.

Introduction

Structure and morphology of polymeric micelles is an active
branch of colloid scienck? In recent years, a combination of
several types of associative and/or segregative microphase
separation has been used to form a variety of complex and
hierarchical morphologies consisting of more than two domains,
by segregation inside the core or the shell. Several approaches
have been used to form micelles with multidomain cores, such
as onion-type micellés® and multicompartment micelles
involving di- and triblock copolymer$as well as mikto arm g6 1. Schematic representation of polymer chain mixing in the
stars® Multidomain shell structure%;*2including vesicle¥16 core and corona of complex coacervate core micelles consisting of
with phase-separated solvent-soluble blocks, one residing insidePDMAEMA 45-b-PGMAg and PAA-b-PAAM4;7.
and one outside the vesicle wall, have also been reported by
several groups. corona (PAAm;7+ PGMAgg). Other terms used to denote this

It is well-known that two polymers in a common (good) type of micelle are polyion complex micell&block ionomer
solvent usually segregate. Despite the current interest incomplex micelles, or interpolyelectrolyte complexes (IPEC).
multidomain micelles, there have been very limited studies on Dynamic light scattering has been used to investigate the overall
the extent of chain mixing in a micellar corona on a molecular Micellar characteristics, such as hydrodynamic radiis @nd
level2 In this work, we present 23H NMR NOESY experi- the extent of core and corona chain mixing (Figure 1) has been
ments that measure polymer chain mixing in situ in both micellar studied by 2D'H NMR NOESY experiments.
core and corona. In principle, this technique can be applied to
any kind of self-assembled structure, for any geometry (i.e.,
globules, vesicles, rods, etc.) or type of constituent (i.e., low-  Materials. Poly(acrylic acid)blockpoly(acrylamide), PAAc-
molecular-weight surfactants, high-molecular-weight amphiphiles b-PAAM417, synthesized according to the MADIX proce8as
forming conventional block copolymer micelles with a hydro- been kindly provided by Rhodia. Poly(2-(dimethylamino)ethyl
phobic core). However, the 2D NOESY technique probes Methacrylateplockpoly(glyceryl methacrylate), PDMAEM#b-
internuclear distances (typically0.5 nm) only if the protons PGMAe, was synthesized as described previodS{fhe subscripts

L - : - e correspond to the degree of polymerization.) Figure 2 depicts the
maintain sufficient rotational mobility within the aggregate, as chemical structure of the diblock copolymers used in this study.

the o_Iegree of p_eak broadening is inversely proportional to the Aqueous solutions of micelles were prepared by mixing of

rotational mobility. polymer stock solutions at a molar fractidn, of 0.5. The molar
We prepared so-called complex coacervate core micellesfraction denotes the ratio of positively chargeable monomers to total

(C3Ms)17:18 of poly(2-(dimethylamino)ethyl methacrylate)- amount of chargeable monomers in solutibn= [PDMAEMA]/

block-poly(glyceryl methacrylate), PDMAEMA-b-PGMAgo, [PDMAEMA + PAA]). Typical concentrations of the polymer

and poly(acrylic acidplockpoly(acrylamide), PAAe-b-PAAM17 solutllo'ns are on the order of several (LS) to several thhdMR)

(1 mM NaNO;, pH = 6.7, 25°C), consisting of a complex of millimoles per liter, expressed in terms of monomer concentra-

g tion. Aqueous solutions of the polymers were prepared by dissolu-
coacervate core (PAR+ PDMAEMA.) and a water-swollen tion of known amounts of polymer into deionized water or

commercial heavy water for théd NMR experiments, followed
* Corresponding author. E-mail: ilja.voets@wur.nl. by a pH adjustment using NaOH and HlQJnless otherwise
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Figure 2. Chemical structures of the diblock copolymers used in this
study: PDMAEMAs-b-PGMAg (left) and PAAi-b-PAAM417 (right).

The numbers beside the brackets denote the degree of polymerization.

The numbers 14 correspond to the chemical shifts listed in Table 1.

specified, all experiments were performed at 1 mM NaN@d
25.0°C.

Dynamic Light Scattering. Light scattering measurements were
performed with an ALV light scattering apparatus, equipped with
a 400 mW argon ion laser operated at a wavelength of 514.5 nm.
A refractive index matching bath of filterazs-decalin surrounded
the cylindrical scattering cell, and the temperature was controlled
at 25.0+ 1.0°C using a Haake C35 thermostat. Total static light
scattering intensityl] and the second-order correlation function
G,(t) were recorded as a function of scattering anglé{AR0).

The second-order correlation functi@(t) can be expressed in
the first-order correlation functiof®,(t) according to the Siegert
relation:

G,(t) = B(L + BG,(1)°) @
whereB is the baseline constant ayidis an optical constant. In
the case of a perfect setup, both equal unity.

In the case of single-exponential dec&i(t) can be expressed
in terms of a typical decay raté and timet.

G)=e" @)

The apparent translational diffusion coefficiddy is given by eq

=D ®3)
whereq is the absolute value of the scattering vector
g = (4zn sin(@/2))/A 4

wheren is the refractive index of the solvert, is the scattering
angle, andl is the wavelength of the incident light.

For spherical particles, the translational diffusion coefficient can
be related to the hydrodynamic radigsaccording to the Stokes
Einstein equation:

D, = kgT/(677R;)

wherekg is the Boltzmann constarif,is the absolute temperature,
andy is the viscosity of the solvent.
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Figure 3. *H NMR spectra for solutions of PDMAEMA-b-PGMAg,
(upper panel), PA&-b-PAAM417 (Middle panel), and their mixture
(lower panel) in RO.

Table 1. Chemical Shifts ¢ in ppm) for Solutions of
PAA42-b-PAAm417, PDMAEMA 45-b-PGMA90, and Their Mixture
(Complex Coacervate Core Micelle)

chemical shift § in ppm)

proton  PDMAEMAis-b-PGMAg,  PAA4»rb-PAAM417  micelle
1 1.95 1.96
2 1.08 1.08
3 4.38 4.37
4 3.53 3.54
5 2.96 2.96
6 1.98 1.96
7 0.90 0.90
8 4.00 4.00
9 4.10 4.10
10 3.64 3.67
11 1.73 1.76
12 2.29 2.32
13 1.61 1.64
14 2.16 2.18

a8 Chemical shift assignment is somewhat arbitrary due to peak overlap
(see Figure 3, upper panel).

typically presented in a so-called contour plot, where the 1-dimen-
sional’H NMR spectra are plotted on the vertical and horizontal
axis. Nuclear Overhauser effects (NOE’s) between protons A and
B will appear as a so-called cross-peak on the intersection of two
straight lines at the chemical shift§)(of protons A and B. Cross-
peaks between two unlike protons, i.e., two protons that differ in
chemical shift, are necessarily off-diagonal, but symmetrical with

DLS measurements have been analyzed according to standargespect to the diagonal. In other words, a cross-peak between

methods (method of cumulaftsising standard ALV software and
CONTINZ223,

IH NMR. Nuclear Overhauser effect spectroscopy (NOESY) is
a two-dimensional NMR technique probing internuclear distances
by means of the nuclear Overhauser effect. This effect describes
the change in resonance intensity of a proton A due to saturation
of a nearby proton B and depends on the fraction of -sfttice
relaxation T,) of proton A caused by its dipolar interaction with
proton B. The NOE scales with 8, wherer is the internuclear
distance between proton A and B, as the relaxation effect is
proportional to the square of the dipolar field, which is proportional
to r=8. The results of a 2D'H NMR NOESY experiment are

protons A and B appears at the intersectiodgf anddyg and of
Oxg anddya. A more extensive introduction to 2Ibf NMR NOESY
can be found elsewhefé2>

IH NMR spectra of the individual polymers were recorded at
298 K on a Bruker AMX-400 spectrometer, operating at 400 MHz.
IH NMR spectra of the micellar solutions were recorded at 298 K
on a Bruker AMX-500 spectrometer, operating at 500 MHz, located
at the Wageningen NMR Centre. For the 2D NOESY spectrum
976 experiments of 2048 data points were recorded, using standard
Bruker software. The mixing time was varied in the range-200
1000 ms. CDV
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Figure 4. 2D *H NMR NOESY contour plot of complex coacervate core micelles of PDMAEBMAPGMAg and PAA-b-PAAM,;7 (1 mM
NaNG;, pH = 6.7, 25°C, f. = 0.5, C, = 10 g/L) in D;O. Circles indicate intramolecular cross-peaks within RABPAAM,17 (purple) and
PDMAEMA 45-b-PGMAg, (blue) as well as intermolecular cross-peaks between core blocksR&dl PDMAEMAys (red) and corona blocks
PAAmM4;7 and PGMAy (green).

Results and Discussion polymer chains in the micellar corona, enhancing segment
Micellar Characteristics. Upon mixing of PDMAEMA;s- mobility further, and more importantly, the spontaneously
b-PGMAgg and PAA-b-PAAM417 (1 mM NaNQ, pH = 6.7 formed micelles are reversible stimuli-responsive micelles

25°C, f, = 0.5) complex coacervate core micelles are formed, €Xisting in full thermodynamic equilibrium. They respond
consisting of a complex coacervate core (RAA- PD- reversibly to external stl_muh _such as mixing f_ra_lctlon, ionic
MAEMA 45) and a water-swollen corona (PAAR-+ PGMAg). st(eng.th, .anql pH and dlssopl_ate when the driving force for
From dynamic light scattering measurements, we obtain a valueMicellization is no longer sufficient, for example due to charge
of Ry = 15.24 0.4 nm. TheR, shows a negligible angular and ~ SCreening (ap_ove a certain critical ionic s_t_rength) or due to low
concentration dependence (04C, < 1.5 g/L, 70 < 6 < charge densities (above and below a critical pH in the case of
120°), indicative of a solution of relatively monodisperse, Weak polyelectrolytes).
spherical micelles. The reversibility of this type of micelle with ~ Core and Corona Structure. The upper and middle panels
respect to mixing fraction, ionic strength, and pH has been in Figure 3 depict the'H NMR spectra obtained for the
discussed previously’ and will be discussed in detail for this ~ individual polymers. Peaks have been assigned (Table 1) on
particular system in a forthcoming papérFor the present  the basis of these spectra.
contribution, we will briefly summarize the main characteristics A comparison has been made between the proton chemical
of this relatively novel type of micelle, as they are important shifts and peak widths for the individual polymer solutions and
for the interpretation of the NMR results. their mixture. Rather strikingly, the influence of micellization
Contrary to the more traditional hydrophobic core micelles, on both the proton chemical shifts and the relative peak widths
complex coacervate core micelles are highly penetrated byseems to be negligible, indicating the high polymer flexibility
solvent, in both the core and the corona. The polymer volume in the complex coacervate core micelle, as described above.
fraction will therefore be relatively low, enhancing the mobility No apparent shifts in peak position, indicative of interaction
of the polymer segments within the whole micelle. The driving Wwith neighboring protons in the micel#& have been observed.
force for micellization, electrostatic interaction, is typically To study the interactions and 3D spatial correlations between
weaker than its hydrophobic counterpart, resulting in two protons in the mixed micelle more directly, we performed 2D
important characteristics: a relatively low chain density of IH NMR NOESY experiments with several mixing timeéDV
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Protons that are in close proximity (typically0.5 nm) will discussions on the light scattering and D NMR measure-
give a symmetric off-diagonal cross-peak in the NOESY contour ments.
plot (Figure 4) due to cross-relaxation.

Clearly, several cross-peaks can be distinguished (see also Supporting Information Available: *H NMR NOESY contour
Supporting Information), both intramolecular (blue and purple Plot of complex coacervate core micelles of PDMAENA-
encircled) and intermolecular (red and green encircled). Natu- PGMAg and PAA-b-PAAM,,7 and tables of intra- and intermo-
rally, the intramolecular cross-peaks are substantially more !€cular NOE interactions in complex coacervate core micelles of

ronounced than the intermolecular cross-peaks Intermolecular, DMAEMA4sb-PGMAgo and PAAb-PAAMay7. This material is
P . - available free of charge via the Internet at http://pubs.acs.org.
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