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ABSTRACT: Polyelectrolytes show diverse ion-specific effects with a wide variety of ions. In
the present work, we study the solution behavior of diblock copolymers with polyacrylate
(PA) and polystyrenesulfonate (PSS) blocks in the presence of the earth alkaline cations
Ca®", Sr**, and Ba*". Micellization can be triggered by a variation in temperature. For Ca*,
this micelle formation occurs at high temperatures, while for Sr** and Ba™, it occurs at high
and low temperatures with an intermediate temperature regime of single chains. Small-angle - Temperature
neutron scattering on a partly deuterated block copolymer unambiguously revealed that at

low temperatures, PSS/ M?* forms the core of the micelles, whereas at high temperatures, PA/M?* forms the core, effectively
allowing to reverse the micelle structure by changing the temperature. This inversion of the micellar morphology, induced by a
dual-responsive behavior, can be understood by using isothermal titration calorimetry and elucidating the thermodynamics of
cation binding.

B INTRODUCTION are undesirable as they might provide cavities which keep back
the cargo and prevent the complete release of it.

In the present work, we pursue a slightly different strategy to
realize such an invertible system. Block copolymers of two
negatively charged polyelectrolytes, sodium polyacrylate (PA)
and sodium polystyrene sulphonate (PSS), are synthesized.””!
Polyelectrolytes are commonly used as building blocks for
block copolymers because of their water solubility, pH
responsivity, and the ability to form charge-stabilized self-
assembled structures.””>**> The selection of PA and PSS is
based on previous works,”*~*® which demonstrated unambig-
uously that the two polyanions interact specifically and in a
different manner with alkaline earth cations. This interaction is
temperature-dependent, whereby the temzperature dependence
also differs when going from PA to PSS. 20

In more detail, earth alkaline metal cations M** complex the

Amphiphilic block copolymers self-assemble into structures
ranging from spherical' to worm-like micelles® or vesicles.”
Extensive research has been conducted to develop block
copolymers where one of the blocks responds to external
stimuli such as temperature,” pH,” pressure,” or light” in order
to affect the hydrophobicity of the respective block and hence
to switch between the monomeric and self-assembled state. So
far, such stimuli or combinations thereof have been used to
generate switchable emulsifiers,® to control rheology9 or to
release active agents.10 In order to create even more versatile
systems, research efforts were aiming at block copolymers
where each of the two blocks responds to a different stimulus.
Such systems were expected to accomplish an inversion of the
micellar structure by reversibly addressing the stimulus of the

two blocks one by one. Accordingly, the term schizophrenic anionic moieties of PA and neutralize the negative charges.

. . 11,12,12-19
micelles has been coined for these systems. This results in phase separation of the polymer at a critical

The underlying concept of many of such systems makes use concentration of [M*], which depends on the PA
of one block with an upper critical solution temperature concentration [PA]>>?

(UCST) and a second block with a lower critical solution

temperature (LCST). Furthermore, it is ensured that a [M2+]C = 1, + m[PA] (1)
significant temperature gap exists between the UCST and

LCST."" Only such a gap makes accessible the state of single with [PA] being the concentration of PA monomer units, r,
block copolymer chains in between the state of micelles and of being the minimum concentration of M** required for
inverted micelles.'" However, a problem observed during those precipitation and m being the stoichiometry of binding.
efforts was that in the regime, where both blocks should be

soluble the chains tend to aggregate.'"'”'® In the light of Received: September 13, 2019
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Strikingly, the binding of M** to PA is endothermic with all
three cations,””***? and phase separation is thus promoted by
an increase of temperature,”® discernible in a decrease in r,
with an increase of temperature.

In contrast, PSS shows a completely different phase behavior
with earth alkaline cations. No macroscopic phase separation is
observed in the presence of Ca®* and Sr**.***’ For Ba’, a
horizontal phase boundary according to

[Ba“]C =r, (2)
is observed.*****! Above all, the binding of Ba** to the anionic
moieties of PSS is dominated by an exothermic complexation®”
and r, decreases in this case with decreasing temperature.”

We deliberately used the term phase separation instead of
precipitation for all these cases as we are most likely dealing
with a liquid—liquid phase separation (LLPS) of the dissolved
polyelectrolytes neutralized via specific interactions with
alkaline earth cations.” In fact Kanai and Muthukumar®
could demonstrate that the LLPS observed with Ba®* and PSS
obeys an UCST behavior. As the impact of temperature on the
binding of Ba>* to PA is inverse to the binding of Ba>* to PSS,
we have a good reason to assume that the interaction with Ba**
exhibits a LCST. Given that the interaction of PA with M**
obeys a LCST behavior, whereas the interaction of PSS with
Ba®* is of an UCST type, a combination of these two features
in a block copolyelectrolyte may pave the road to invertible
micelles with Ba®* and PA-b-PSS diblock copolymers, in
analogy to the concept pursued by Papadakis et al." """ Tt is
this idea, which is at the center of the present work. A first step
along this line has already been accomplished in a preceding
work, in which we showed that these differing modes of
interaction with Ca®" can be used to self-assemble PA-b-PSS
block copolymers into well-defined micelles.”

Herein, we report on the effect of temperature on the self-
assembly of PA-b-PSS in the presence of Ca**, Sr**, and Ba**.
Small-angle neutron scattering (SANS) in combination with
isothermal titration calorimetry (ITC) is employed to
unambiguously prove that it is possible to create an invertible
system with this type of block copolymer and that the
inversion of the micelle structure passes a regime of single
chains. At the same time, the present results introduce
multivalent cations in combination with block copolyelec-
trolytes as a new toolbox for temperature-responsive polymers
and dual-responsive systems.

B EXPERIMENTS AND DATA ANALYSIS

Materials. Light water was purified using a Milli-Q-system; heavy
water (D,O, Euriso-top, France, 99.90 at. % deuterium) was filtered
with a 100 nm PVDF filter (Merck Millex MPSLVVO033RS) prior to
use. CaCl,-2H,O (Sigma-Aldrich, France, >99.9%), SrCl,-6H,0
(Fluka, Germany, >99%), BaCl,-2H,O (Sigma-Aldrich, Germany,
>99.999%), NaCl (Sigma-Aldrich, France, >99.9%), and NaOH
(Sigma-Aldrich, France) were used as received.

Polymer Synthesis. The synthesis of the (block) copolymers was
done using reversible addition—fragmentation chain-transfer polymer-
ization and is described in detail in the Supporting Information. The
investigated PA-b-PSS block copolymers have a block ratio of PA to
PSS of 94:6.

Sample Preparation. In general, the samples were prepared
according to a previously suggested approach. The concentration of
positive charges is kept constant at 100 mmol L™". In order to achieve
this, the solvent contains 100 mmol L™' NaCl and M?* cations are
added by replacing a certain amount of 100 mmol L™ NaCl by the
corresponding amount of solution of MCl,.

8760

For the scattering experiments, first, an aqueous stock solution of
the freeze-dried polymer in 100 mmol L™ NaCl was prepared at a
polymer concentration of 8 ¢ L™" and adjusted to pH of 9 using a 100
mmol L™ NaOH solution. The solution is filled up with 100 mmol
L™ NaCl solution and the desired amount of 100 mmol L™ CaCl,
(SrCl,/BaCl,) by dropwise addition under vigorous stirring. The final
polymer concentration was 1 or 4 g L™".

The samples for small-angle X-ray scattering (SAXS) and ITC were
prepared in H,O; otherwise, the samples were prepared in D,0O or a
mixture of H,O and D,0.

Density Measurements. The density of the sodium salt of PA
and PSS was measured using a DSA 5000 M densitometer (Anton-
Paar) in a temperature range from S to 65 °C. Details can be found in
the Supporting Information.

Small-Angle Neutron Scattering. Small-angle neutron scatter-
ing (SANS) measurements were performed at the D11 SANS
instrument of the Institut Laue-Langevin (Grenoble, France). Three
sample-to-detector distances (39.0 m collimation 40.5, 8.0 m
collimation 8.0, and 1.4 m collimation 5.5 m) and a neutron
wavelength of 0.5 nm (full width at half-maximum 9%) were used to
cover a g-range of 2 X 107> to S nm™'. We used a circular neutron
beam with a diameter of 15 mm. Scattered neutrons were detected
with a *He MWPC detector (CERCA) with 256 X 256 pixels of 3.75
mm X 3.75 mm pixel size. The detector images were azimuthally
averaged, corrected to transmission of the direct beam, and scaled to
absolute intensity using the LAMP software. A 1 mm H,O cell (dX/
dQ = 0929 cm™') served as secondary calibration standard. The
incoherent background and the scattering from the solvent were
subtracted from the scattering curves. Details for the data reduction
can be found in Chapter 2 of ref 34. The sample temperature was
adjusted to values between 6 to 65 °C using a circulating water bath.

Additional SANS measurements were performed at the KWS2
small-angle scattering instrument of the Heinz Maier-Leibnitz
Zentrum (Garching, Germany).>® Three sample-to-detector distances
(19.6 m collimation 20.0 m A = 10 A, 7.7 m collimation 8.0 m A = 5 A,
1.7 m collimation 2.0 m A = § A) were used to cover a g-range of 3 X
107 to 1.0 nm™. Scattered neutrons were detected with a >He
multitube detector (GE Reuter Stokes Inc).>® The detector images
were azimuthally averaged, corrected to transmission of the direct
beam, and scaled to absolute intensity of plexiglass as the secondary
calibration standard using the QtiKWS software. The incoherent
background and the scattering from the solvent were subtracted from
the scattering curves.

Small-Angle X-ray Scattering. SAXS experiments were
performed at the ID02 beamline of the European Synchrotron
Radiation Facility (ESRF). Two sample-to-detector distances (10 and
1 m) were measured at an X-ray energy of 12.46 keV (0.0995 nm)
using a Rayonix MX-170HS CCD detector to cover a g-range of 8 X
1073 to 6 nm™.

Additional SAXS data were obtained from the D2AM beamline of
the ESRF. Two sample-to-detector distances (2.2 and 0.6 m) were
measured at an X-ray energy of 16.00 keV (0.0775 nm) using a
XPAD-DS5 hybrid pixel detector to cover a g-range of 5 X 107* to 7
nm™.
Samples were filled in a 2 mm flow-through quartz glass capillary
(WJM Glas Miiller, Berlin, Germany) to facilitate accurate back-
ground subtraction. The detector images were corrected for dark and
flat-field, azimuthally averaged, and corrected to transmission of the
direct beam. The data were scaled to absolute intensity using water as
a secondary standard.*”*® Error bars were estimated assuming
Poisson statistics.

Static and Dynamic Light Scattering. Static and dynamic light
scattering (SLS, DLS) available in the ILL PSCM lab were performed
using an ALV CGS-3 (ALV, Langen, Germany) equipped with a
HeNe laser operating at Ay = 632.8 nm. The samples were filtered in
cylindrical quartz glass cells using Millex PDVF filters with a pore size
of 0.45 pm. SLS and DLS were measured simultaneously in an angular
range from 30 to 150° in steps of 10 °C at temperatures ranging from
6 to 65 °C.
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The intensity—time correlation function g,(r) — 1 measured with
DLS was analyzed using the method of cumulants®

gz(‘r) —-1=p exp(—ZF‘C)(l + %12) 3)

B is a factor, which depends on the experimental setup, I is the
relaxation rate, and p, is the second cumulant. The apparent diffusion
coefficient D,,,(¢,q) for a given q is calculated according to

q )
The diffusion coefficient is extr?olated toward g = 0 and where

applicable, to ¢ = 0 according to*”*!

Dapp(c, q) = Dy(1 + CRgzq2 + kpc) ()

where C and kp are constants describing q and the concentration
dependence of D, respectively. The diffusion coefficient Dj is used
to calculate the hydrodynamic radius Ry, using the Stokes—Einstein
equation
kT
671D,

h
(6)
where T is the temperature, kg is the Boltzmann constant, and # the
viscosity of the solvent. The temperature-dependent viscosity of D,0,
which differs from that of H,O, was obtained from ref 42.

Static light scattering was evaluated with the Zimm equation™

2
Kc 1

=— +2A,c+ _ng
AR, 3M

M

w w

(7)

where ¢ is the mass concentration of the polymer, M, is the weight-
averaged molar mass of the polymer, A, is the second osmotic virial
coefficient, and R, is the radius of gyration. ARy is the Rayleigh ratio
and corresponds to the macroscopic scattering cross-section; dX/dQ
is used to express the scattering intensity in SANS and SAXS. K is the
contrast factor given by

K= 4r* (n dn )2
NA/104 standard de (8)

It contains the Avogadro constant N,, the wavelength of the laser
in vacuo A, the refractive index of the standard (in this case toluene)
Ngandary aDd the refractive index increment of the polymer in the
solvent dn/dc.

SLS data were corrected for the scattering from the solvent and
normalized to absolute intensities by comparison to a toluene
standard.

Small-Angle Scattering Analysis. The form factor fits of the
small-angle scattering data were done using the SASET program.**
Instrumental resolution for SANS has been taken into account
according to ref 45. The form factor is convoluted with a resolution
function R(g,6,), which depends on wavelength spread, finite
collimation of the beam, and detector resolution

P(Dapers = R(, 0)P(g)dg 0)

We took into account the instrumental resolution for all points
from each detector configuration and merged the data only for final
representation. This approach does not involve truncation of the data
in the region of overlapping g, which leads to a larger number of
available data points in the analysis.

Scattering for Gaussian and Generalized Gaussian Chains.
The scattering of a Gaussian chain with a radius of gyration R; and a
Flory exponent v of 0.5 can be described by the Debye equation*

2(exp(—q°R,") — 1+ q’R.%)
(qZRgZ)Z

P(q) =
(10)
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In order to be able to describe the scattering from polymer chains
where the Flory e)g})onent is deviating from v = 0.5, the equation can
be generalized to*

1 1 1 1
Pg) = —7|— U| - - U
(@) l/Ul/z”y(ZI/ ) le/"y(V ]

with U being defined as

(11)

2p 2
RS
6 (12)

and y(a,x) being the incomplete Gamma function

y(a, x) = ‘/ox " exp(—t)dt

U=Qu+1)Q2v+2)

(13)

Scattering from Block Copolymer Micelles with Self-
Avoiding Chains in the Corona. The form factor of self-assembled
block copolymers with excluded volume interaction of the polymer
chains was first treated by Pedersen.”*™*" The macroscopic scattering
cross-section d%/d€Q(q) of a solution of block copolymer micelles can
be written as*°

= ,
E(q) = N[Naggz/}corezAcorez(q) + Nagg/}coronazpcorona(q)
+ ZI\Iaggzﬂcore/}comnaAcore(q)Acorona(q) + lvagg(Nagg - Pclorona(o))

ﬁcorona ZAcorona g (q) ]
(14)

where N is the number density of micelles, N,g, is the aggregation
number of micelles, B.,. and S, are the total excess scattering
length of the block forming the spherical core and the corona,
respectively. They are defined as

ﬂcorona = m,coronaDPcorona pcorona (15)
and
ﬂcore = Vm,coreDPcoreApcm—e (16)

with V,, being the molecular volume of the respective monomer unit,
DP.,;on, and DP_,. are the degree of polymerization of the corona and
core block, respectively, and Ap is the corresponding excess scattering
length density.

Equation 14 consists of four different contributions: scattering from
the spherical and homogeneous core A.,’(q), scattering from the
polymer chains in the corona P,,,.(¢), the cross-term between core
and corona Aye(q) X Acorona(q), and the cross-term between different
chains Acorona”(q)- Acore(q) is the scattering amplitude of a
homogeneous sphere”™ with radius R

core

core

core)

Sin(qRCOl’E) - qRCOl'E COS(qR

(4R o)’ (17)

Plorona(q) is the form factor of a chain in the corona. It contains the
self-correlation of the chain P,,,(q) as well as the interaction between

Acore (q) = 3

the chains, which is expressed by the interaction parameter 03
, Po(q)
Pcorona(q) = T <
1+ vP,(q) (18)

where P, (q) is the form factor of a semi flexible self-avoiding chain,
which is characterized by a radius of gyration of the polymer chains in
the corona Ry ¢ o This form factor was first derived by Pedersen and
Schurtenberger™® and later corrected.” In experiments, v typically
adopts values betw_eoegnﬂ) g and 8 and is related to the osmotic
50,53,5

compressibility x by
Kk=14+v ( 1 9)
Acorona(q) is given by
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./pcomna (r)rz Sinq(rqr) dr
</~pcomna(r)r2 dr

with porona(r) as the scattering length density profile in the corona. In
this work, we use a Gaussian profile, which is defined as

corona\q) =

(20)

0 forr < R .,
1 forr =R,
pcorona(r) = 2
_(r - Rcore)
expl ——— — forr > R ..
2s (21)

with s controlling the thickness of the corona.
In order to take into account the size distribution of micelles, we
assumed a log-normal distribution of the aggregation number N,

[ —log(Nagg - M)* ]
exp

2H?
where H and M define the distribution and are connected to the mean
aggregation number N, and standard deviation ox— by
agg

88

1
N =
p(Nygy) N

agg (22)

S H?
I\’agg = exp[M + 7]

(23)
oy = \/exp(Hz + 2M)(exp(H*) — 1) (24)
The macroscopic scattering cross-section is therefore
dz dz
T @= [ @i,
dQ polydisperse dQ 5 % (25)

Isothermal Titration Calorimetry. ITC measurements were
performed using a VP-ITC from Malvern Instruments. Typically, the
cell contained 1.4 mL of polymer solution, and the injection volumes
were increased continuously during the titration ranging from 3 to 16
puL with a time span of 300 s in between the injections. In order to
avoid the “first injection anomaly”, a short down motion of the
plunger was performed prior to insertion of the syringe into the active
chamber.”” The range of values of the M>*/polymer ratios was
extended by performing several titrations with changing concentration
of earth alkaline metal cations.”® The baseline correction and
integration were performed using NITPITC.*” We did not correct
the signals for the heat of dilution of the polyelectrolyte and the metal
cations because those contributions were considerably smaller than
the heat of binding. The data were, if possible, fitted using the model
of a single set of identical sites or two sets of independent sites. The
details of the models are described in the Supporting Information.

B RESULTS AND DISCUSSION

Solution Behavior. We showed previously that aqueous
solutions of PA-b-PSS block copolymers form spherical block
copolymer micelles in the presence of Ca®". Because Ca®**
shows a specific interaction with PA but not with PSS, Ca®*
complexes the PA block and forms the core of the micelles,
while PSS forms the corona. Furthermore, we demonstrated
that micelle formation can be triggered for a sample in the
single chain state by an increase of temperature because of the
entropic nature of Ca** binding to PA.*

The main focus of this work is to clarify if similar micelles
can be found for the two other earth alkaline cations Sr** and
Ba’" and in particular, how temperature changes affect the
binding of the multivalent cations to the block copolyelec-
trolyte. For the present work, we choose a polymer with a long
PA block and a relatively short PSS block. In order to exploit
the full potential of SANS, we use a block copolymer which
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contains a deuterated PA block. Deuteration allows us to
match different parts of the polymer in neutron scattering by
using mixtures of light and heavy water as a solvent.”” The
corresponding polymer is denoted as d;-PA;;9PSS;. In
addition, we use an identical block copolymer with fully
hydrogenated blocks, denoted as h;-PA;;5gPSS;,. Figure 1A

A B _ ciaaal 1 L 1 1
1190 70 n 20 H --‘g?;; o
o 2207 e T
€ 15- micelles __.-=" 7o
S Pt
DDD SO3Na 5 10 = = P
~ -
= 5-L L
1190 70 ~ -1 . .
NaO [CR.= single chains
T T T T
0.0 1.0 2.0 3.0 4.0
SO,Na c(Polymer)/gL=1

Figure 1. (A) Chemical structure of the block copolymers. (B)
Simplified diagram of micelle formation with d;-PA;;9oPSS;0/hs-
PA;;5oPSS;, in the presence of Ca®', Sr**, and Ba?*. The points
indicate the compositions, where temperature-dependent SANS and
light scattering experiments were performed. An extended version of
the phase diagram can be found in the Supporting Information.

shows the chemical structure of the block copolymers, and
Table 1 summarizes the molecular weights and hydrodynamic

Table 1. Overview of Polymer Composition, Weight-
Averaged Molecular Weight M,,, and Hydrodynamic Radius
R}, Determined from NMR and SLS and DLS in 100 mmol
L™! NaCl and in the Absence of M>*

sample PA/PSS/mol %° M, /kg mol™** R,/nm°
hy-PA,10gPSS-o 94/6 160 + 2 13.8 + 0.6
dy-PA150PSS 94/6 181 + 3 13.6 + 0.5

“Obtained by NMR. “Obtained by SLS. “Obtained by DLS.

radii from DLS/SLS as well as the ratio between PA and PSS
of the block copolymers determined by NMR. Details of the
characterization can be found in ref 20 and in the Supporting
Information.

Figure 1B illustrates the solution behavior of h;-
PA;190PSS70/d;-PA;19oPSS;o in the presence of Ca*, Sr*',
and Ba** at room temperature. The boundaries for micelle
formation with h3-PA;,9,PSS; and d;-PA;,4,PSS,, are identical
within the experimental accuracy. The block copolymer shows
a solution behavior, which is similar to the one observed for PA
homopolymers described by eq 1. This means that with
increasing polymer concentration, the amount of M** required
to induce a phase transition increases. However, instead of
precipitation as found for PA homopolymers,>>°"** the
formation of stable micelles takes place in the case of block
copolyelectrolytes.

In order to facilitate meaningful scattering experiments and
suppress potential interparticular interferences by electrostatic
screening, all experiments were performed in the presence of
additional NaCl as an inert salt. Addition of NaCl was limited
to accomplish an overall level of cationic charges of 0.1 M =
2[M**] + [Na*]. Variation of this level would have $enerated
one further parameter to control the interactions™*°" but was
not applied in the present work to keep the complexity as low
as possible.

DOI: 10.1021/acs.macromol.9b01924
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Figure 2. SAXS profiles of h;-PA;;40PSS;o (¢ = 1 g L") in the presence of different concentrations of Ca** (A), Sr** (B), and Ba®* (C). The solid

lines represent fits to the model of the generalized Gaussian chain*” or a spherical polydisperse block copolymer micelle.

the results of the fits.

48,50 )
»>" Table 2 summarizes

In order to investigate the structure of the micelles in the
presence of Ca?*, Sr**, and Ba®, we performed SAXS
experiments of h;-PA;4oPSS;, in the micelle regime in the
presence of the three cations. Figure 2 shows the
corresponding SAXS profiles of a sample in the single-chain
region and in the micelle region for all three cations,
respectively.

The curve with the lowest concentration of M** shows a
slope close to —2 at high g. Upon increase of the M*'
concentration, a dramatic increase of the forward scattering
is observed together with the formation of well-defined minima
in the scattering curves. This shows that block copolymer
micelles are formed in the presence of all three cations.

The curves in the single-chain region can be well described
by the model of a generalized Gaussian chain®’ with Table 2

Table 2. Structural Parameters from the Form Factor Fits of
the SAXS Data Shown in Figure 2

C az+ Sr2+ B a2+
«(M*)/mM 6 8 5.5 7.5 s 10
Drmicelles 0.0 0.79 0.0 0.73 0.0 1.0
Ry free/nM1 8.2 52 6.3 6.2 6.7
v 0.49 0.36 0.44 0.53 0.38
R,e/nm 22.8 25.6 21.6
0. /Reore 0.109 0.104 0.113
Ry corona/ M 0.7 2.3 1.0
SFeolvent 0.83 0.60 0.90

“An extended version including errors of the fitting parameters can be
found in the Supporting Information. Fits at the lower c(M>*) were
carried out with the model of generalized Gaussian chains*” and fits at
the higher ¢(M**) with the model of a spherical block copolymer
micelle*>**%° or a mixture of block copolymers and free generalized
Gaussian chains.

summarizing the fit parameters. The resulting radii of gyration
R free Tange between 6.3 and 8.2 nm. Moreover, we find Flory
exponents v between 0.4 and 0.5, which is close to the value of
polymers in a € solvent. We do not observe a structure factor,
which implies that the charges of the polyelectrolytes are
highly screened because of the large amount of salt present in
solution.

We used the previously suggested model of spherical block
copolymer micelles,””***" consisting of a PA core complexed
by the multivalent cation M** and PSS chains in the corona to
describe the data of the samples in the micelle region. This
model has been shown to describe the situation for Ca** and is
expected to be similar for all three cations as the binding to PA
is similar and the PA block is considerably longer than the PSS
block. The fit parameters are summarized in Table 2. The
scattering curves for the micelles formed in the presence of all
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three cations can be well described by the suggested model.
The micelles have similar dimensions, consisting of a relatively
large core formed of PA/M** with a radius R, between 21.6
and 25.6 nm. The corona is formed by PSS and is rather thin
with a radius of gyration of the polymers in the corona R corona
between 0.7 and 2.3 nm. The overall micelles are rather
monodisperse with polydispersities oy _ /R, close to 10%. By

fitting the scattering data in absolute intensities, knowing the
polymer concentration, scattering length densities, and block
lengths, it turned out that the micelle cores contain a large
volume fraction fj,en: Of Water. f, e is defined as

core

(Vm,monomer unit + O’SVm,M“)DPcoreNagg

fsolvent -

4 3
gﬂRcore

(26)

where V., onomer unit i the molecular volume of one monomer
unit of the core forming block, in this case PA, and V¢ is the
molecular volume of the corresponding divalent cation, DP,
is the degree of polymerization of the core block, and N, is
the aggregation number. The high volume fractions of water
found for the core of the micelles are in agreement with our
previous contrast-variation study of PA-b-PSS in the presence
of Ca***’

For the micelles in the presence of Ca® and Sr**, we had to
take into account a small fraction of nonmicellized polymer
chains (¢micelles < 10)

Because Ba®* also interacts with the PSS block, we also tried
a model with Ba®*/PSS in the core of the micelles and PA in
the corona. The polymer concentration, knowledge of block
length, and the corresponding molar volumes of the blocks
allowed us to heavily constrain the fit. This model was not able
to describe the data sufficiently well and furthermore gave
unreasonable values for the parameter s controlling the corona
thickness and the radius of gyration of the polymers in the
corona R, oo, The best fit is shown in Figure S8 of the
Supporting Information.

In short, we find spherical micelles with similar dimensions
for Ca?*, Sr**, and Ba®*. The core of the micelles is formed by
PA/M?* together with a high volume fraction of water. The
corona of the micelles is formed by PSS. PA is complexed by
the bivalent alkaline earth cations, and therefore, a microphase
separation of the M**/PA blocks is taking place. The complex
forms the core of the micelle and is highly swollen with water,
typical for liquid—liquid phase transitions.””*> PSS forms the
corona of the micelles and stabilizes the aggregates by charge
repulsion.

Temperature Effect on the Solution Behavior. In order
to study the effect of temperature on the self-assembly of the
block copolymer in the presence of earth alkaline cations, we
choose points in the phase diagram which are close to the

core
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function of temperature. The lines are guide to the eyes. The polymer concentration is 4g L™". The concentration of M** is 19.5 mmol L™" (Ca®*),
16.75 mmol L™! (Sr**), and 15.5 mmol L™! (Ba**). The solvent is composed of 25.2% D,0.
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Figure 4. Isothermal titration curve of PA in the presence of Ca** (A), St (B), and Ba>* (C). The curves show the heat of binding per injection as
a function of the M**/PA ratio. We performed several titrations with varying concentrations of M?* to cover a large range of M?*/PA. The solid
lines are global fits with the model of a single set of identical binding sites. Details can be found in the Supporting Information. Table 3 summarizes

the results.

single chain to micelle transition indicated as dots in Figure 1B.
Because we also performed SANS measurements on those
samples, we used the block copolymer d;-PA,;;oPSS;,. At
room temperature, all of these samples are considered to be in
the single-chain state. We performed temperature-dependent
DLS and SLS on these samples. Figure 3 shows the
hydrodynamic radii R, and the apparent molecular weight
M, .o, obtained from the temperature-dependent light
scattering measurements.

Figure 3A shows the results for the block copolyelectrolyte
in the presence of Ca®". The hydrodynamic radius at low
temperatures (6—25 °C) is close to 8 nm, which we attribute
to the presence of single chains of block copolymers in
solution. Above 25 °C, R, increases to around 30 nm.
Similarly, the apparent molecular weight M,, ., increases from
4 X 10° to 6 X 107 g mol™". We attribute this strong increase to
the formation of block copolymer micelles. It has been shown
previously for PA homopolymers that an increase in temper-
ature can be used to promote binding of Ca®" to the
polyelectrolyte chain.”® This results in a chain collapse and
eventually in aggregation and precipitation of the polymer. As
demonstrated in our previous work,*" stronger binding of Ca*t
to the PA block leads to microphase separation because of the
same temperature-promoted binding of Ca®" to PA. A detailed
analysis of the structure using small-angle neutron scattering
confirming this feature is presented later. We performed
temperature cycles with the same sample several times and
found that the temperature-induced single-chain to micelle
transition was reversible and highly reproducible.”

Figure 3B shows Ry and M, pp as @ function of temperature
for the PA-b-PSS block copolymer in the presence of Sr*'.
Again, a hydrodynamic radius of around 8 nm and an apparent
molecular weight of 4 X 10° g mol ™' indicate the presence of
single chains in solution at room temperature. Upon increase
of the temperature above 40 °C, a strong increase of Ry, as well
as M,,,, occurs similar to the increase observed with Ca**

cations. However, at temperatures below 20 °C, R, and M,

also increase. From this, we conclude that block copolymer
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micelles are formed at high as well as low temperatures with an
intermediate region, where the polymers are present as single
chains. A previous work already showed that an increase of
temperature promotes the binding of Ca** and Sr** to PA
because of the entropic nature of the complexation.*®
However, lowering the temperatures did not show a chain
collapse or aggregation of PA homopolymers. Even though
PSS does not show a precipitation threshold with Sr** at room
temperature, we hypothesize that the PSS block plays an
important role in the formation of the micelles at low
temperatures. In order to shed light onto the binding situation
we will use SANS and ITC experiments.

Figure 3C shows the results for the block copolymer in the
presence of Ba>". In contrast to the samples with Ca?", there is
an increase in Ry and M, ,,,, at low temperatures comparable to
the sample with Sr**. Both quantities show a value close to the
typical value of single chains at 25 °C. From this, we conclude
that micelles are formed at low temperatures, while at
temperatures in the regime of 20 °C < T < 40 °C, the sample
contains single chains.

Figure S13 of the Supporting Information shows the
hydrodynamic radius Ry, of d;-PA;;oPSS,, in the presence of
Sr** during several heating and cooling cycles between 10, 25,
and 65 °C. Micelles are formed at low temperatures, return to
single chains at room temperature, and reform at high
temperatures. This demonstrates that the samples are in
thermodynamic equilibrium and the temperature effect on the
solution behavior is fully reversible.

Thermodynamics of Cation Binding and Micelle
Formation. In order to gain further insights into the origin
of the described temperature behavior, we used ITC to link the
information we obtained from temperature-dependent light
scattering with thermodynamic quantities. ITC allows us to
measure the consumed or released heat upon addition of M**
to a solution of the polyelectrolyte for a given temperature.
The measured heat can be attributed to the binding of the
metal cation to the anionic moiety.
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Table 3. Thermodynamic Data for the M** Binding to PA and PSS from ITC at 25 °C

polymer M* K/L mol™* AH/KJ mol™* TAS/KJ mol™ AG/KJ mol™ n
PA Ca?* 5.60 X 10° + 0.16 x 10° 16.3 + 0.2 37.7 £ 0.3 -21.4 + 0.1 0.264 + 0.002
PA Sr** 3.68 X 10° + 0.21 X 10° 134 = 0.4 33.8 £ 0.5 —20.4 + 0.1 0.266 + 0.005
PA Ba®* 4.99 X 10° + 0.16 X 10° 7.6 + 0.1 262 + 0.2 —21.1 + 0.1 0.321 + 0.002
PSS Ca** 2.82 X 10* + 0.19 x 10* 43 + 0.4 183 + 0.6 —14.0 + 0.2 0.228 + 0.016
PSS S (1) 5.13 X 10% + 291 x 10° 22 +02 19.0 + 1.8 —212 + 14 0.187 + 0.008
Sr**(11) 427 X 10> + 2.83 X 10* —0.23 + 0.61 14.8 + 1.7 —15.0 + 1.6 2.156 + 0.160
A 5 B c
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Figure 5. Isothermal titration curve of PSS in the presence of Ca®>" (A), St** (B), and Ba®* (C). The curves show the heat of binding per injection
as a function of the M**/PA ratio. We performed several titrations for Ca®* with varying concentrations of the polymer to cover a large range of
Ca®*/PSS. The solid lines are global fits with the model of a single set of identical binding sites (A) and two sets of independent sites (B). Details
can be found in the Supporting Information. Table 3 summarizes the results of the data analysis.

There are several driving forces for the binding of
multivalent cations and micelle formation which have to be
taken into account. The binding of multivalent cations to the
anionic moiety results in a gain in entropy because two Na* are
replaced by one M”'. A release of water molecules from
hydration shells also results in a gain of entropy. Equally
important, the enthalpy of binding has to be taken into
account.

In order to compare the contributions from the PA and PSS
blocks, we performed ITC experiments on PA and PSS
homopolymers in the presence of the three earth alkaline metal
cations. Figure 4 shows the titration curves of PA with the
three investigated earth alkaline metal cations at 25.0 °C. The
heat of binding AQ is positive for all cations and follows a
sigmoidal curve. This indicates that the binding of M** to PA is
an endothermic process. We performed several titrations with
varying concentrations of M*" in the syringe to access a larger
range of M**/PA. The data can be described by the model of a
single set of identical binding sites, which is described in detail
in the Supporting Information. All titrations for a given
combination of M>" were analyzed globally using the same
fitting parameters. Table 3 summarizes the results of the data
analysis.

From the fits, we obtain the enthalpy of binding AH,
entropy of binding AS, binding constant K, and the binding
stoichiometry n. We find a positive binding enthalpy for all
three cations demonstrating that the binding of M** to PA is
driven by entropy for all three metal cations. In a previous
work’ on PA and Ca*, this gain of entropy has been
attributed to the release of two sodium cations as well as
several water molecules upon binding. Compared to the
previous work, we find slightly smaller binding enthalpies
which we attribute to the presence of NaCl in our experiments
compared to pure water. In fact, an increase in ionic strength in
the solution leads to a decrease in AH for the binding of
multivalent cations to DNA.®® The binding enthalpy AH and
along with it, the entropy of binding AS decreases according to
Ca** > Sr** > Ba®*. We attribute the decrease of AS when
going from Ca®*, Sr**, and Ba’* to a decreased amount of water
released from hydration shells upon binding.
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Next, we performed titration experiments for a PSS
homopolymer in the presence of the three metal cations.
Figure S shows the corresponding titration curves. For Ca®,
the curves can be well described by the model of a single set of
identical binding sites with a positive binding enthalpy.
Compared to Ca’*/PA, the binding enthalpy AH, entropy
AS, and the binding constant K are considerably smaller for
Ca?*/PSS. Table 3 summarizes the results from the data
analysis. The smaller binding constant K is in agreement with
the macroscopic observation that there is no phase separation
for PSS in the presence of Ca’*.

Figure 5B shows the titration curve of Sr**/PSS. The curve
differs considerably from the one found for Ca**/PSS. Clearly,
there are two processes occurring upon addition of Sr** to
PSS: first, a binding process with a positive AH is taking place
at low Sr**/PSS ratios. This is followed by a second process
which has a negative AH contribution. Similarly, we find a two-
step binding process for the titration of Ba®" to PSS, where
again the first binding process has a positive AH contribution
and the second process has a negative one.

A previous work™ already revealed this two-step process for
the Ba®"/PSS system. In a first step, two Na' cations are
replaced per Ba®* entering the polyelectrolyte domains, which
results in a gain of entropy AS and a positive AH contribution.
At higher M*>*/PSS ratios, the actual binding of the metal
cation to the polyelectrolyte chain takes place as a second step
with a negative AH term. From a qualitative comparison of the
two curves in Figure SB,C, it is obvious that this second
contribution is weaker for Sr** than for Ba**. This is in
agreement with the macroscopic phase behavior. Whereas the
system Sr**/PSS shows no precipitation threshold at 25 °C,
Ba?*/PSS does show one. We tried to fit the data with the
model of two independent binding sites, which was successful
for Sr**. However, for Ba®, using this model was not
successful, which we mostly attribute to the smaller accessible
M?**/PSS range compared to Sr** due to the precipitation of
Ba®"/PSS from solution at the end of the titration. This makes
the data at high Ba2*/PSS ratios unusable. The result of the fit
for Sr**/PSS is summarized in Table 3. The obtained values

confirm that two successive binding processes (I and II), one
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Figure 7. SANS profiles of d;-PA,;4,PSS,, in the presence of Ca’*, Sr**, and Ba** at 8 °C (blue), 25 °C (black), and 65 °C (red). The solvent is
composed of 25.2% D,O. The samples are identical to the ones in Figure 3. The solid lines represent fits to the model of a generalized Gaussian
chain*” or block copolymer micelles.*>*° Table 4 summarizes the resulting fit parameters.

with positive AH (I) and one with negative AH (II), occur.
The same two successive binding processes occur with alkaline
earth cations and PA. They are however more difficult to be
discerned as both processes are endothermic.

After elucidating the effect of earth alkaline metal cations on
the PA and PSS homopolymers, we performed ITC measure-
ments on the hy-PA;,4,PSS,, block copolymer system. As the
length of the PA block is much longer than the length of the
PSS block, we expect the ITC experiments to be dominated by
the binding of M*" to the PA block. Figure 6A shows the
titration curves with Ca®" at 6, 25, and 65 °C. The titration
curves are composed of two parts: the first part, which shows
that heat is consumed upon addition of M**, resembles the
binding curves observed for M*" to PA. The second part
consists of a peak at higher M**/polymer ratios. The peak at 25
°C corresponds to the sample composition, where micelliza-
tion was observed (Figure 1B), which is also an endothermic
process and hence driven by entropy. We marked the
micellization peaks for all curves with a vertical arrow.

When decreasing the temperature, the heat consumed upon
addition of Ca’" decreases, in agreement with the entropy-
driven binding of Ca** to PA. A decrease in temperature
reduces the term TAS and consequently, AH becomes smaller
in order to get similar values for the free energy AG.
Furthermore, when the temperature is lowered, the height of
the micellization peak decreases. At 6 °C, the peak nearly
disappears.

Figure 6B shows titration curves with Sr** at 6, 25, and 65
°C. Similar to Ca®", the first part of the titration curve shows
positive values for AQ and resembles the binding of Sr** to PA.
At higher Sr** /polymer ratios, we again observe a micellization
peak. The same positive peak appears at 65 °C and disappears
at 25 °C as observed in the case of Ca®'. However, the
titrations at 6 °C with Sr** revealed a noticeable difference
from the respective results observed in the presence of Ca®" as
a small negative peak occurs at high Sr**/polymer ratios. The
ITC experiments carried out with the PSS homopolymer and
Sr** suggest that the negative peak at 6 °C might arise from the
second binding process of Sr** to PSS which has a negative
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sign. Because the PSS block is considerably shorter than the
PA block, the signal arising from binding of Sr*" is expected to
be weak resulting in a very small contribution, which becomes
more pronounced at low temperatures.

Figure 6C shows titration curves with Ba®* at 6, 25, and 65
°C. Again, we find a decrease of the initial values of AQ with
decreasing temperature. Similar to Sr**, we find a positive peak
at high temperatures and a negative peak at low temperatures.
Applying the same argument used already for Sr**, we could
expect the negative contribution arising from the second
binding step of Ba®" to PSS.

A quantitative comparison of the titration curves of the
block copolyelectrolytes with those of the respective
homopolymers shown in Figure 5B,C also explains why the
negative peak of the second process in the case of Ba**/PSS
binding has a more negative AH term than the negative peak
of the Sr**/PSS binding. Moreover, the binding enthalpy of
Ba®*/PA during the initial period of titration is smaller than the
one for Sr**/PA.

We believe that a subtle balance of all these individual
contributions results in the observed temperature behavior. We
conclude that binding of Sr** and Ba** to the PSS block
promotes the formation of micelles at low temperatures with
PSS in the core because it makes the PSS block more
hydrophobic, while the PA block becomes more hydrophilic.

Invertible Micelles as Seen by SANS. In order to get a
more detailed insight into the structures of the micelles, we
performed temperature-dependent SANS for the three samples
discussed in Figure 3. The use of a deuterated PA block
allowed us to match out the scattering from the PSS block.
Accordingly, use of a mixture of 74.8% light and 25.2% heavy
water as solvent results in a scattering contrast, where the
scattering from d;-PA is dominating, while the scattering from
PSS is very weak. This facilitates the investigation of the
micellar structure because the scattering patterns make it easy
to distinguish between a model of PA forming the core or the
corona. Figure 7 shows the SANS profiles for d;-PA,,9,PSS,, in
the presence of Ca?* (A), Sr** (B), and Ba** (C) at distinct
temperatures. For all samples, we choose 8 and 65 °C as
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Table 4. Structural Parameters from the Form Factor Fits of the SANS Data Shown in Figure 7 for d;-PAA; ;PSS in a

Solvent Containing 25.2% D,0“

Ca** Sr2t B2
temperature 8°C 65 °C 8°C 25 °C 65 °C 8 °C 65 °C
R 8.0 30.7 30.5 72 318 29.8 6.6
RS 6.3 16.7 21.6 6.5 19.8 20.7 4.7
Ryfiee 6.9 6.7 5.0
v 0.40 0.37 0.26
micelle core PA/Ca** PSS/Sr** PA/Sr** PSS/Ba*

N 145 38 81 36
Reoe 17.6 7.0 18.3 5.6
Op../Reore 0.19 0.10 0.17 0.02
Ry corona 1.0 9.8 12 8.0
Jeolvent 0.650 0.669 0.705 0.707

“An extended version including error estimates can be found in the Supporting Information. ®Obtained from DLS. “Obtained from Guinier analysis

of the SANS data.

temperatures. For the sample with Sr**, we additionally
performed a SANS measurement at 25 °C.

The blue curve in Figure 7A shows the SANS profile of d;-
PA,;190PSS5, in the presence of Ca** at 8 °C. The curve shows a
slope close to —2 at high g and has no distinct oscillations. The
curve can be well described by the form factor of a generalized
Gaussian chain®” with a radius of gyration Ry free 0f 6.9 nm and
a Flory exponent v of 0.4. Table 4 summarizes the
hydrodynamic radius from DLS and the Rgg.. and v obtained
from the form factor analysis of the SANS data. Hence, the
block copolymers exist as single chains in solution at low
temperatures in the presence of Ca*".

The red curve in Figure 7A shows the SANS profile at 65
°C. Compared to the curve at low temperatures, the forward
scattering is higher and there is a characteristic oscillation at
around g = 0.22 nm™". At high g, we find a slope considerably
steeper, indicating a compact morphology of the PA chains at
high temperatures. From the Guinier analysis at low
momentum transfer g, we obtain a radius of gyration of 16.7
nm. Based on this and the previous results,” we used the
model of a polydisperse block copolymer micelle to describe
the data.**” This model assumes that PA complexed by Ca*
forms the core of the micelle, while the corona is formed by
PSS. In order to get reliable results for the aggregation number
and the structure, we heavily constrained the fit using the
known block ratio, molar volumes, polymer concentration, and
scattering length densities.”” Details can be found in the
Supporting Information. The red solid line in Figure 7A shows
the best fit with this model. Table 4 summarizes the fit
parameters. We obtain an aggregation number of 145 together
with a core radius of 17.6 nm. Moreover, we find a radius of
gyration for the PSS blocks in the corona of 1.0 + 1.0 nm,
which is close to the value we found in a previous study using
the same polymer.”’ Recovery of this finite size for the value of
Rycorona €an be attributed to the fact that there is a slight
mismatch of the scattering length density of the solvent. One
also should keep in mind the large error bar of this parameter,
which indeed shows that the scattering from the corona is very
weak. In a previous work,™ we investigated the micelle
structure deep in the micelle regime in the presence of Ca* at
25 °C. Compared to this previous work, the micelles formed
with Ca®* at 65 °C (Figure 7A) contain a slightly lower
amount of water. We attribute this lower water content to a
larger amount of released water molecules from PA/Ca*". This
is in agreement with the ITC measurements, which showed
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that the binding is driven by entropy which mainly arises from
the release of water molecules, getting more pronounced at
high temperatures.

Figure 7B shows SANS profiles of d;-PAA;,5PSS;, in the
presence of Sr** at a temperature of 8, 25, and 65 °C. The
black curve shows the sample at 25 °C. The profile looks
similar to the blue curve in Figure 7A recorded at 8 °C. From
the Guinier analysis, we obtain a R; of 6.5 nm. The scattering
curve can be well described by the model of a generalized
Gaussian chain with a radius of gyration of 6.7 nm and a v of
0.40. This nicely agrees with the results from temperature-
dependent light scattering, where the sample at 25 °C was
found to be in the single-chain region. Upon increase of the
temperature to 65 °C, the scattering curve shows an increase of
forward scattering. Moreover, a characteristic form factor
oscillation becomes visible. We find a similar value of R, as for
the Ca®* sample at 65 °C. From this, we conclude that micelles
are formed. We employ the same model as used for the Ca®*
sample to describe the scattering curve. The resulting
aggregation number of 81 is close to the value estimated
from static light scattering. In addition, a core radius of 18.3
nm and a value of Ry qron, of 1.2 nm is obtained from the
analysis. Similarly as for Ca®', the core is highly swollen by
water. A micelle containing a PA/Sr** core is in agreement
with the results from ITC because high temperatures promote
the entropy-driven binding of Sr** to COO™ of the acrylate
groups.

The blue curve in Figure 7B shows the sample at a
temperature of 8 °C. Again, the forward scattering increases
quite dramatically with respect to the single-chain state at 25
°C. However, the high g part of the scattering curves is nearly
identical with the one of the single chains. This indicates that
the conformation of the PA chains barely changes. Based on
this observation and the results obtained from ITC, we tried to
fit the data with two hypothetical models: one, which assumes
that PA complexed by Sr** forms the core of the micelle and
PSS the corona and a second one with PSS/Sr?** in the core
and PA in the corona. The fit was heavily constrained by
knowing the molar volumes of the corresponding blocks,
scattering length densities and the used polymer concentration.
The model assuming a core of PSS/Sr** yielded considerably
lower values of y* than the one assuming PA/Sr** to be in the
core. The solid blue line in Figure 7B therefore shows the
model based on PSS/Sr** cores, whereas Figure S12 of the
Supporting Information shows the best fit obtained with PA/
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Sr** in the core. Table 4 summarizes the fitting parameters.
The micelles are formed by a rather small core of 7.0 nm
formed by PSS/Sr** and a considerable amount of water. The
PA corona is rather large with R, yon, of 9.8 nm, which agrees
with the fact that the PA block is rather long. The resulting
overall dimension of the micelles is in good agreement with the
hydrodynamic radius measured by DLS.

Figure 7C shows SANS profiles of the polymer sample in the
presence of Ba®* at 8 and 65 °C. The sample at the high
temperature can be well described by a generalized Gaussian”’
chain with a radius of gyration of 5.0 nm and v of 0.26. This is
in agreement with the result from DLS and SLS, from which
we already expected the polymer to be present as a single
chain. In contrast, the curve at 8 °C has a considerably larger
forward scattering and shows a well-defined oscillation at q =
0.19 nm™'. Similarly as for the micelles formed at low
temperatures in the presence of Sr’', there are two hypo-
thetical models: PSS/Ba** or PA/Ba** forming the core of the
micelle. Again, the model with a core formed by PSS/Ba%*
describes the data considerably better and is shown as a solid
blue line in Figure 7C. The alternative model of a PA/Ba*"
core poorly describes the data and is shown in Figure S12 of
the Supporting Information. The obtained micelle dimensions
are similar to those of the sample in the presence of Sr** at low
temperatures. The PSS/ Ba?* core is rather small with a radius
of 5.6 nm, whereas the PA corona is rather thick with Ry orona
of 8.0 nm.

We were surprised to not observe micelle formation in the
presence of Ba®* at high temperatures as the binding of Ba*" to
PA is also entropically driven. Therefore, another sample was
prepared, this time even closer to the phase boundary. Figure
S12 of the Supporting Information shows the temperature-
dependent light scattering results of this sample. Similarly as
before, micelle formation can be observed at low temperatures
but this time also at high temperatures with an intermediate
regime of single chains. However, the aggregation numbers and
hydrodynamic radius for the micelles at high temperatures are
considerably smaller as for Sr*" and Ca’*. We attribute this to
the considerably smaller entropy of binding AS for the
combination PA/Ba*, making it harder to trigger the
micellization by an increase of the temperature.

We performed similar SANS experiments with the
completely hydrogenated polymer h;-PA;4oPSS,, in D,O,
which yielded identical temperature behaviors. However, the
SANS data on this fully hydrogenated polymer, in particular of
the samples with Sr** and Ba** at low temperatures, yield
similar y* for the model with the PSS/M>* and the PA/M?**
core. Thus, deuteration of one block is required to be able to
differentiate between PA/M** and PSS/M*" in the core of the
micelles.

To sum up, we found two different temperature-dependent
trends of PA;,4oPSS-, in the presence of earth alkaline cations.
For all three cations, micelle formation can be triggered by
increasing the temperature, arising from the strong endother-
mic binding to the PA block. Consequently, the micelles
contain a core formed by PA/M>* and a corona formed by
PSS. In contrast, micelle formation at low temperatures can
only be observed for Sr** and Ba®*. This micelle formation at
low temperatures arises from the exothermic binding of M** to
PSS and consequently leads to a micelle core formed by PSS/
M?* and a corona formed by PA. As a result it is possible to
generate an invertible micellar system with Sr** and Ba®,
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which allows to change the core-forming block by a change in
temperature.

Bl CONCLUSIONS

Polyelectrolytes exhibit ion-specific interactions with a large
variety of metal cations. This ion specificity depends on the
nature of the polyelectrolytes. Ca**, Sr**, and Ba®* as a
representative set of bivalent alkaline earth cations interact
specifically with the negative residues of sodium PAs.”>~*’ The
interaction is endothermic in nature due to the liberation of
water molecules from solvation shells of the ionic residues.”>*’
Accordingly, addition of those cations to solutions of PA
triggers separation of a polymer phase once a threshold of
cation concentration is surpassed. An increase of temperature
further promotes this phase separation. Unlike to PA, sodium
PSS only interacts specifically with Sr** and Ba®*, and the
interaction is exothermic in nature.”* ' Now, the addition of
Sr** and Ba®' triggers phase separation with PSS which is
further promoted by a decrease in temperature.

The present work makes use of these characteristic and
differing interaction patterns in order to present a new route to
micelle formation and its inversion by changing the temper-
ature. The new route has been accomplished by combining the
different patterns in a PA-b-PSS block copolyelectrolyte. As it
turned out, the phase separation characteristic to the homo-
polyelectrolyte is confined to the respective micellar cores. The
starting point is always a solution of the block copolyelec-
trolytes in their single coil state at a distinct concentration of
alkaline earth cations low enough to not yet reach the
threshold concentration but large enough to enable induction
of micelle formation by a suitable change in temperature.

In the presence of Ca®*, micelles are only formed via a
temperature increase as this induces neutralization of the PA
blocks by the specific bonding of Ca** to the COO™ residues.”
The PA blocks form the core of the micelles, surrounded by
stabilizing PSS blocks. With Sr** and Ba*', the same types of
micelles are generated by an increase of temperature. These
micelles are also redissolved by decreasing the temperature,
whereby the state of single coils is reached again. However, a
further decrease in temperature generates a new type of
micelle, now with PSS blocks in the core being neutralized by
either Sr** or Ba’' cations, respectively, and solubilized by
dangling PA blocks. This establishes a complete inversion of
micelles by a variation of temperature (Scheme 1). The

Scheme 1. Illustration of the Temperature-Induced
Micellization of PA-b-PSS in the Presence of Ca®*, Sr**, and
B a2+

AH <0 _AH>O

— (5 <
a2 L+ Ca?
r - g2+
Ba® s o7 s
& Ba?*
PA-b-PSS 65°C

process of micellar inversion could be unambiguously resolved
by a combination of SANS with ITC. The morphological
changes could be made visible by SANS on a polymer sample
with one block of the copolyelectrolyte being fully deuterated.
ITC reflected the heat changes accompanying the process of
micellar inversion with micelle formation with PA/M?** cores at
high temperatures unambiguously related to an endothermic
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metal cation binding process and micelle formation with PSS/
M?** cores at low temperatures to an exothermic metal binding
process.
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