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Abstract

Amphiphilic copolymers with poly (alkyl acrylate) as hydrophobic and poly (acrylic acid) (AA) as hydrophilic block have been
synthesised. The alkyl chain was varied from butyl to dodecyl, thereby varying systematically the polarity of the hydrophobic
block whose length was between 35 and 70, while the PAA block had ~ 100 units. Such relatively short amphiphiles should
equilibrate quickly in aqueous solution, and their corresponding self-assembly properties were characterised by means of critical
micelle concentration (cmc) determination. Detailed information regarding the aggregate structures was obtained by static light
scattering (SLS) and small angle neutron scattering (SANS). This could be correlated with the molecular architecture of the
copolymers and the degree of ionisation of the PAA block. Generally, it is found that the aggregation numbers become smaller
upon fully charging the PAA head group and only for dodecyl acrylate really well-defined micellar aggregates are formed. This
means that the extent of hydrophobicity of the alkyl acrylate block and its length determine in a clear fashion the propensity for

micelle formation and the mass and aggregation number of the formed micelles.
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Introduction

Amphiphilic block copolymers with a hydrophilic and a hy-
drophobic block are able to form micelles in aqueous solution
and such systems have been studied to quite some extent due
to the fact that there is an enormous richness in terms of com-
bining different hydrophilic and hydrophobic copolymer
blocks [1], for instance the hydrophilic block can be a poly-
electrolyte [2, 3] or a nonionic water soluble polymer, like
polyethylene oxide [4—6]. Such block copolymer micelles
are interesting for a number of applications, such as drug de-
livery [7], in nanomedicine [8], or nanolithography [9]. Via
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the length of the individual block, one can control the overall
size of the aggregates, while their architecture (spherical, rod-
like, locally lamellar etc.) depends mostly on the length ratio
of hydrophilic and hydrophobic block [10-12]. Accordingly,
not only micelles can be formed in aqueous solution but also
vesicular structures or nanotubes [13]. The assembly proper-
ties can be rationalised by the packing parameter concept ac-
cording to which the ratio of the volume v, of the hydrophobic
part and the product of interfacial area ay, (at the interface
between hydrophobic and hydrophilic part of the molecule)
and effective length L of the hydrophobic part determines the
shape of the formed aggregates [14]. For p = v,/(a; L) smaller
1/3, one expects for formation of spherical micelles, for 1/3 <
p <" rod-like micelles and for larger p values locally planar
structures, such as vesicles.

Quite frequently, such micelles are stimuli-responsive, for
instance if the hydrophilic head group is a polycarboxylate or
a polyamine which are switchable with respect to their charge
by pH changes in the range of pH 5-9 [15, 16]. Another
requirement is that the hydrophobic blocks should not be too
long and be in a fluid state at the given temperature, as below
the glass transition temperature, typically static micelles are
observed [17]. For instance, for the case of polystyrene as
hydrophobic block, no response to a solvent change was
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observed [18]. Such responsiveness together with the ability
to incorporate payloads of drugs makes block copolymer mi-
celles also attractive as tunable delivery vehicles for
nanomedicine applications, as reviewed recently [8, 19].

When considering block copolymer micelles for
solubilisation and delivery purposes, it is very important to
have a hydrophobic domain, whose polarity can be tuned
often as interesting solubilisates (e.g. drug molecules) of in-
termediate polarity, and then the hydrophobic block has to be
adapted to them in order to yield good solubilisation.
Accordingly, we synthesised well-defined amphiphilic copol-
ymers with poly alkyl acrylate as hydrophobic part, where the
extent of hydrophobicity was varied via the length of the alkyl
chain, and polyacrylic acid (PAA) as hydrophilic head group.
Subsequently, their aggregation behaviour in aqueous solu-
tion was studied by means of scattering methods. The alkyl
chain was changed from butyl (Bu) over hexyl (Hex) to do-
decyl (Do), thereby systematically varying the extent of hy-
drophobicity. It might be noted that a similar system of
poly(n-butyl acrylate)-b-poly (acrylic acid) has been studied
before for longer PnBuA chains. In that study, quite monodis-
perse micelles have been reported that are relatively robust
against changes of external parameters like pH or salinity [20].

In our investigation, the hydrophobic block was varied
from 35 to 70 units in order to elucidate the effect of the block
length (and thereby the degree of hydrophobicity) while keep-
ing the length short in order to avoid the appearance of kinet-
ically frozen micelles, as for instance they have been reported
for longer poly(n-butyl acrylate) (PnBuA) micelles [21]. The
copolymer micelles formed in aqueous solution were studied
in structural detail by means of static light scattering (SLS)
and small-angle neutron scattering (SANS) as a function of
copolymer type and concentration. Besides hydrophobicity,
pH-dependency was also investigated via changing the degree
of'ionisation o« 0f 0.2 to 1.0 (to ensure complete deprotonation
of the polymer we worked here with an excess amount of
NaOH, by adding 20% more than necessary for achieving
the nominal value of & =1.0).

Materials and methods
Materials

Toluene (>99.5%) from Fluka, methyl-2-bromopropionate
(2-MBP, 98%) and hexane from Aldrich, N,N,N’ N" N"-
Pentamethyldiethylenetriamine (PMDETA, 99%), hexyl ac-
rylate (98%) and dodecyl acrylate (technical grade 90%) from
Sigma-Aldrich and diethylether (>99.5%) from Carl Roth
were used as supplied. fert-Butylacrylate, n-butylacrylate
and dichloromethane were gifts from BASF and used as sup-
plied. Milli-Q water was produced by a Millipore filtering
system. D,O was from Eurisotop (99.5% isotopic purity,
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Gif-sur-Yvette, France) and sodium hydroxide (99%) and so-
dium chloride (>99%) were obtained from Sigma-Aldrich.
Silica (0.04—0.063 mm) from Merck was used for columns.
Trifluoroacteic acid (> 99.9%) was from Roth.

Synthesis of polymers

The synthetic procedure was the same for all samples
(depicted in Fig. 1), where one begins with the polymerisation
of'the first monomer to yield a macroinitiator for atom transfer
radical polymerisation (ATRP). In the next step, this
macroinitiator was used for further polymerisation of tert-bu-
tyl acrylate via the functional halide group that the polymer
carries due to the chosen ATRP mechanism. The formed #-
alkyl acrylate—ters-butyl acrylate block copolymer was an in-
termediate product that was transformed to the final product
by selective hydrolysis of the tert-butyl groups, which was
done by reacting with an excess of trifluoroacetic acid (TFA).

In particular, in a 100 ml single-neck flask with stirrer,
Cu(D) Br (1.1 eq) and the n-alkyl monomer (20 or 40 eq) were
weighted in. Subsequently, 40 ml toluene as solvent was
added; the flask was closed with a septum and degassed while
stirring for 20 min under nitrogen gas. After removal of the
oxygen via bubbling with inert gas, first 2-MBP (1 Eq.) and
then PMDETA (1.05 eq) were added into the reaction medi-
um. The temperature of the oil bath was adjusted to 75 °C. The
conversion was checked by means of 'H-NMR. After about
24 h, the macroinitiator of reactive poly (alkyl acrylate) was
ready (Fig. 1a). The intermediate block copolymer, consisting
of poly (alkyl acrylate)-b-poly (fert-butyl acrylate), was syn-
thesised in a one-pot reaction. First, fert-Butyl acrylate
(100 eq.) was added into a 50 mL single-neck flask with stirrer
and closed with a septum before stirring and degassing for
20 min. CuBr and toluene were placed in another 50 mL
one-necked flask and degassed. PMDETA was injected into
the flask with CuBr. After dissolving the CuBr owing to com-
plexation of ligand and metal salt, the degassed tert-butyl
acrylate and ligand-metal complex were transferred via can-
nula to the flask containing macroinitiator. The conversion of
the reaction was checked via 'H-NMR, and when the desired
conversion was reached, the reaction was stopped by cooling
down to ambient temperature and opening the flask. Next, the
copper complex was removed by column chromatography
with silica as a stationary phase and dichloromethane as
eluent.

Finally, the hydrolysis of the tert-butyl group was per-
formed with trifluoroacetic acid (TFA) for 96 h while stirring
at 40 °C in dichloromethane to obtain a final product of poly-
acrylic acid. NMR was used to control the progress of the
hydrolysis through checking to vanish the peak from the tert-
butyl group. After 96 h, the reaction was stopped via cooling
down the reaction medium. Excess amount of TFA was evap-
orated under vacuum, and the residue was washed with
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Fig. 1 Synthetic steps to prepare
the poly (alkyl acrylate)-b-poly
(acrylic acid) block copolymers
by the ATRP procedure. a
Polymerisation of the alkyl
acrylate block (R = C4Ho, Bu;
C6H13, HCX; C12H25, DO) b
Polymerization of the tert-butyl
acrylate block; intermediate
product. ¢ Hydrolysis of the (b)
intermediate product to yield the |

final product fe)

(0]
Br _TrA
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hexane and then diethyl ether to get the final product. The
obtained different types of block copolymers are depicted in
Fig. 2.

The pH dependency of synthesised polymers was investi-
gated via pH titration. A certain amount of block copolymer
was dissolved in water and NaOH was added into the solution
to deprotonate it completely. During the titration with 0.1 M
HCI, the excess of NaOH was neutralised first and then poly-
mer had become protonated. The degree of deprotonation «
was defined as follows:

B n(OH")
~ n(AA)

where n(OH ") are the total moles of added NaOH and n(AA)
are the moles of acrylic acid units. This value for acrylic acid/
the chargeable groups was used for the characterization of the
synthesised polymers in further analysis.

Characterization of the polymers

The above-synthesised copolymers were analysed with re-
spect to their molecular composition. In a first step, this was

Fig. 2 The different types of

polymers synthesised as follows: Br
poly (butyl acrylate)-b-poly IN 40/ 167
(acrylic acid), poly (hexyl 68

Ty poly y COOH

acrylate)-b-poly (acrylic acid) and
poly (dodecyl acrylate)-b-poly
(acrylic acid)
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done by NMR on the intermediate product that still contains
the tert-butyl acrylate (t-Bu) units, as here, the signal of the t-
Bu groups yields just one sharp singlet, which can be well
distinguished from the signals of the alkyl groups. These mea-
surements were done in D,-dichloromethane as solvent with a
Bruker Avance 11 400 MHz instrument at room temperature.
Taking into account the molecular formula of the correspond-
ing building blocks, one can then directly calculate the relative
content of hydrophobic and hydrophilic block (for details see
SI). The obtained values for the six different copolymers are
summarised in Table 1, where the theoretically expected mo-
lar content is compared with that derived from the NMR spec-
tra. In general, we find excellent agreement, which confirms
that the monomers were incorporated in exactly the proportion
added to the reaction mixture.

The number and weight average molecular weight and
weight distribution of non-hydrolysed polymers were deter-
mined via gel permeation chromatography (GPC) using THF
as eluent with a flow rate of 0.5 ml per minute at 25 °C (the
GPC curves are shown in Fig. S6). The GPC was home-made
with an isocratic pump and an autosampler (both from
Thermo/Finnigan), a 3 um particle diameter front and 3 pm

Br Br
IN 37 169 IN 6 127
m
o o COOH COOH
(e] 0
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Table 1 Relative molar content of hydrophobic and hydrophilic block
according to the NMR spectra compared with the theoretically expected
value. Theoretical molecular weight of hydrolysed polymer My, yield,

experimental number average of the molecular weight () of hydrolysed
polymer and polydispersity index (PDI) from GPC experiments, and the
experimentally determined chemical formula of the produced polymers

Theoretical formula }’lBU20-b-AA1 00 nBu40-b-AA1 00

h.phobic(%) 16.7 28.8
h.philic (%) 83.3 71.2
My, (g/mol) 9925 12,485
Experimental formula nBuyg-b-AA 67 nBugg-b-AA 67
h.phobic(%) 19.5 29.0
h.philic([%) 80.5 71.0
Yield (%) 58 73
M, (g/mol) 17,181 20,681
PDI 1.15 1.19

nHexoo-b-AA oo nD0,y-b-AA 00 nD0o4o-b-AA 00
16.8 16.8 28.8

83.2 83.2 71.2

10,485 12,165 16,965
nHexz7-b-AA g9 nDo3g-b-AA 57 nDosg-b-AA7;
18.1 22.0 33.8

83.2 78.0 66.2

71 56 68

17,681 17,681 13,953

1.12 1.20 1.28

particle diameter separation column (from PSS), as well as a
refractive index detector (Wyatt Optilab DSP). The reference
substance was a narrow distribution polystyrene standard.

Further information regarding the polymer composition
was obtained via pH-titration (see Table S2 and Fig. S11)
and the Mn and Mw results from GPC are given in Tables 1
and S1, and Fig. S6 shows monomodal and rather narrow
distributions. In general, one finds that the polymers are larger
by about 70% compared with the theoretical value, which
would indicate that the initiation takes place only to a corre-
spondingly reduced extent, i.e. a certain percentage of the
initiator had become inactivated. In addition, it should be not-
ed that GPC was done with a polystyrene standard (naturally
no reference polymers are available for our copolymers), and
accordingly, the absolute values for M,, and M,, might sub-
stantially deviate from the real values but are well comparable
amongst each other. In this series only for the dodecyl poly-
mer with the highest nDo content, some deviation is seen in a
form of a shorter polymer, which would indicate that polymer
growth is hindered here. The PDI values are between 1.1 and
1.2 as typically observed for ATRP, only being higher for the
polymer with highest nDo content, which apparently from the
polymerisation process was a bit more problematic (as also
indicated by the GPC chromatogram that shows a shoulder at
lower Mw; Fig. S6).

Methods of colloidal characterisation

The determination of the critical micelle concentration (cmc)
was done by the fluorescence method [22]. For that purpose
NaOH, stock solution was used in order to adjust the degree of
deprotonation as 0.2 and 1.0 (20% excess of NaOH was added
for the 1.0 solutions to ensure complete deprotonation). The
weight percentage of polymer stock solutions was 10 g/L for
both degrees of deprotonation. The polymer stock solutions
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were then diluted to 11 different concentrations down to
0.05 mg/L using the pyrene stock solution.

Steady-state fluorescence spectra of pyrene were recorded
with a Hitachi F-4500 Fluorescence Spectrometer at 25 °C
from 350.0 to 420.0 nm after excitation at 334.0 nm. The slit
width was set to 5.0 nm for both the excitation and the emis-
sion. For the experiments, a pyrene stock solution was pre-
pared with a pyrene concentration of 5 x 10 mol/L.

The pH-titrations were performed at room temperature via
a Titrando System with the Software tiamo™ by Metrohm.

Static light scattering (SLS) experiments were carried out
with a CGS-3 (compact goniometer system) with a HeNe laser
at 632.8 nm wavelength from ALV GmbH (Langen,
Germany). Two avalanche photodiodes (APD) were used to
detect the scattered light at various angles between 40 and
140°. The refractive index increment (dn/dc) of the polymers
was measured with the instrument Orange 19" DN/DC.

The SLS intensity for particles should exhibit an angular
dependence according to Guinier’s law as follows:

I(q) = 1(0)+exp (~Ry**q*/3) (1)

where Ry, is the radius of gyration and q the modulus of the
scattering vector (= 47tngsin(0/2)/A; with ng the refractive in-
dex of the solvent, 0 the scattering angle and A the wavelength
of'the light). From the intensity at zero angle, I(0), one can, via
the optical constant K, directly calculate the mass-averaged
molecular weight M,, as follows:

My =1(0)/cK (2)
K=4 Wz;\';f (E’:) (3)

where dn/dc is the refractive index increment and N,, the
Avogadro constant.
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SANS measurements were performed at PA20 of the
Laboratoire Léon Brillouin (LLB, Saclay, France). Three con-
figurations were used with 1.9, 8.3 and 18.8 m sample-to-
detector distances (SD) with a wavelength of 6 A. In order
to reach higher q, we used an off-centred detector position at
the shortest detector distance, 1.9 m. Transmission values
were measured in this configuration, in agreement with the
existing measurement procedures (scripts) available at the
instrument.

Some additional SANS measurements were performed on
the V4 instrument at the Helmholtz Zentrum Berlin (HZB).
The following three configurations were used: with SD and
collimation (C) of SD=1.35 m and C=8 m, SD=8 m and
C=8mand SD =15.60 m and C = 16 m. Two wavelengths of
4.5 and 12 A (for SD = 15.60 m) were employed.

The coherent scattering intensity was obtained after nor-
malisation of the detector cell efficiency using an incoherent
scatterer (H,O), subtraction of the empty cell scattering and of
the electronic noise (Cd). The scattering curve was obtained
by isotropic regroupment with respect to the scattering centre,
and taking into account the transmissions, the differential
cross-sections were calculated [23]. All data evaluation was
done by using the BerSANS software [24]. Subsequently, the
data sets obtained for the three different configurations were
merged. Finally, a constant background from the incoherent
scattering was subtracted by extrapolating the intensity at
large q by Porod’s law [25] as the intensity here follows a
q * behaviour.

Results and discussion
Critical micellar concentration (cmc)

A very important parameter describing the self-assembly
properties of amphiphilic block copolymers in aqueous so-
lution is their cmc. The cmc was determined by means of
the fluorescence method where 0.05 um pyrene was
employed as a probe molecule, and fluorescence spectra
were measured in the block copolymer concentration range
of 50 ug/L to 5 g/L and are given in Fig. S12. Below the
cmc, pyrene has to be located within an aqueous environ-
ment, while above it with large preference be contained in
the hydrophobic core of the block copolymer micelles.
This leads to a change of the fluorescence spectra, as for
instance seen in the changing ratio of the first and third
emission maximum (I;/I3) [26]. From the ratio I,/I5 (=
I,,3) as a function of concentration one can determine the
cme. An example of such a plot is given in Fig. 3. The
remaining such data sets are plotted in Fig. S13. The sig-
moidal shape of the data sets was described by a
Boltzmann-function as follows:
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Fig. 3 Ratio of the first and third maximum of the emission spectrum of
pyrene as a function of concentration for the nBu40-b-AA167, nHex37-
b-AA169 and nD036-b-AA127 block copolymer and a=0.2 (T =25 °C)

Lyy3i—1 37
1 + exp((c—cmc)/Acme)

Lz =T+ (4)
with 1;3; and ;3¢ being the initial (in pure water) and final
ratio (presumably all in the micelles), ¢ is the block copol-
ymer concentration and Acmc a measure for the width of
the micellar transition regime. The cmc then is the inflex-
ion point of these curves. The obtained cmc values are
summarised in Table 2 and show only about a factor 20
difference between the most strongly hydrophobic block
copolymer at lowest charging (nDoz¢-b-AA7;, x=0.2)
and the least hydrophobic block copolymer at highest
charging (nBuyo-b-AA 67, x=1.0). It is interesting to note
that the cmc becomes systematically lower with increasing
length of the alkyl modification but depends less on the

Table 2 CMC in M, as well as the corresponding free energy of
micellisation AGmic for the different block copolymers at different
degrees of ionisation « at 25 °C

Polymer o4 CMC [M] AGyic (kJ/mol)
nBugy-h-AA s 02 4.76E-06 ~4033
nBUgy-b-AA 7 1.0 6.51E-06 ~39.55
nBugg-b-AA 47 0.2 1.24E-06 —43.66
nBugg-b-AA 67 1.0 4.04E-06 —40.73
nHexs7-b-AA 10 02 9.24E-07 —44.39
nHexss-h-AA g0 1.0 1.38E-06 ~43.39
nDo3g-b-AA |27 0.2 4.06E-07 —46.43
nDo3g-b-AA |7 1.0 7.00E-07 —45.08
nDo3g-b-AA7; 0.2 3.41E-07 —46.86
nDo3¢-b-AA7 1.0 4.20E-07 —46.35
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block length (a reduction by a factor 2—-3 seen for nBu
when going from 40 to 68 units). It might also be noted
that a similar small decrease of cmc with increasing hydro-
phobic chain length has been observed for micelles of
polybutadiene-block-poly (methacrylic acid) copolymers
[11].

The change in Gibbs free energy (AGy,;.) was calculated
from the CMC data from the following equation:

AGmic = RTIHXCMC (5)

where xcyc 1s the critical micelle concentration expressed
as mole fraction, 7 is the absolute temperature and R is the gas
constant [27]. As the cmc changes, only little for the different
block copolymers, correspondingly also, the Gibbs free ener-
gy of micellisation AG,y;. is changing only little, meaning that
by going from butyl to dodecyl acrylate for about the same
block length, the driving force for micelle formation increases
by about 6 kJ/mol, i.e. much less than observed for increasing
the chain length of a single chain surfactant by 8 methylene
units! [28] Reducing the charge of the micelles by going from
a=1.0to & =0.2 in general leads to a change of AG ;. by ~
1.5 kJ/mol, depending on the individual copolymer. For all
dodecyl acrylate (Do) copolymers, cmc and AG,y,;. are very
close to each other, indicating that here the presence of the
most hydrophobic alkyl chain dominates the properties.

Interestingly, the fluorescence measurements also yield
further information regarding the polarity of the cores of the
formed micelles. The observed final value of 11/13 (see
Fig. S13) becomes systematically lower in the series:
nBu40-b6-AA167—>nBu68-b-AA167—>nHex37-b-
AA169—> nDo036-b-AA127—>nDo36-b-AA71, exactly in
line with the expected changes of polarity. The changes be-
tween the butyl block copolymers and the dodecyl block co-
polymers are marked, as expected since butyl and hexyl block
copolymers apparently have a rather high polarity in their
hydrophobic core.

Static light scattering (SLS)

Static light scattering measurements were performed to gain a
first insight into the aggregation behaviour of these block co-
polymers in aqueous solution. They were carried out for four
different concentrations of 0.1, 0.2, 0.5 and 1.0 wt% with fully
deprotonated samples (cx = 1.0) in order to investigate concen-
tration effect on these systems. Moreover, the samples with a
concentration of 0.5 wt% were also measured for lower degree
of deprotonation (cc = 0.2). All SLS measurements were done
in DQO

SLS data was evaluated via Guinier plots for all block
copolymers. 1(0) values for all samples were obtained from
these Guinier plots and Mw were calculated from these 1(0)
values, using the refractive index increment of the

@ Springer

corresponding polymer (see Table S3 for the dn/dc values).
In particular, as hydrophobicity increases the calculated mo-
lecular weight of the aggregates increases as well. The obtain-
ed values are summarised in Fig. 4 and Table S4.

In general, it is observed that the obtained molecular
weights are increasing with increasing concentration, but for
the samples of nBugg-b-AA 47 and the ones with dodecyl
acrylate, this effect is small. Moreover, samples with dodecyl
alkyl chain modification, which are the most hydrophobic
ones, have much higher molecular weight values compared
with other samples. Furthermore, when the pH-dependency of
the systems is compared, it can be noticed that the Mw values
do not differ largely between slightly and fully deprotonated
samples, but the fully deprotonated samples form somewhat
smaller aggregates, which can be explained via the packing
parameter concept [9] according to which for a more highly
charged head group one expects a larger head group area and
correspondingly smaller spherical micelles are formed.

Small-angle neutron scattering (SANS)

More detailed information regarding the structure of the mi-
celles formed in aqueous solutions can be obtained from
SANS experiments, systematically carried out for all block
copolymers studied and for concentrations from 0.2, 0.5, up
to 1.0 wt%. All SANS measurements were done in D,O for
having good contrast conditions. The degree of ionisation was
o= 1.0 for all concentrations and in addition « values of 0.2
and 0.5 for the 0.5 wt% sample were studied.

The SANS patterns for almost all samples point to the
formation of self-assembled aggregates. Only for Buyg-
AA;67 and Hexs7-AA 49, the scattering is so low, especially

108 5
— 107 - ; v
[} o
§ A a
3 v
= 1004 9
> o 2glL a=1.0
B A o 5g/L a=1.0
A 10g/lla=1.0
; v 59l 0=02
10 g g o 7 N
A® A® AD AL
A P O@»»‘*
®° & oo o° o

Fig. 4 Molecular weight as a function of the concentration for the
different polymers studied (7'=25 °C, oc=1.0; one measurement at oc=
0.2, 5 g/L) from SLS measurements at 25 °C
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at lower concentration, which the pattern must arise from
small and relatively open aggregates. The scattering intensity
increases with increasing concentration for all samples (see
Fig. S14) When comparing the scattering curves for the block
copolymers of different length of the hydrophobic chain
(Fig. 5), it is clearly seen that an increase in alkyl chain length
is resulting in an increase of the scattering intensity, and the
patterns at the same time become increasingly typical for glob-
ular aggregates. In other words, block copolymers with longer
alkyl chain modification form bigger aggregates consistently.
Even more obvious is the effect of the length of the hydropho-
bic block, where for the longer blocks much higher scattering
intensities are seen, thereby indicating the formation of larger
micelles.

Interestingly for the block copolymers having shorter alkyl
side chains, ie. BU40-AA167, Bu6g-AA167 and HCX37-AA169,
one also sees marked correlation peaks, presumably from
electrostatic repulsion between the aggregates. The position
of the correlation peak around 0.1 nm ™' indicates a mean
spacing between the aggregates of 5060 nm, thereby corrob-
orating the presence of aggregates with radii in the range of ~
20 nm and aggregation numbers in the range of 30—-100. For
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Buyo-AA 47 which scatters least and shows rather low aggre-
gation numbers at lowest concentration, the peak could also
arise from chain—chain correlations, as they typically are ob-
served in unscreened polyelectrolyte solutions [29, 30].
Interestingly for oc=0.2, this peak is even more prominent,
but here, the intensity is also 2-3 times higher, proving the
presence of higher molecular mass. Such a correlation peak is
not observed for the dodecyl analogues, and this is presum-
ably due to the fact that the relatively higher molecular weight
present has PAA chains extending into the surrounding solu-
tion and overlapping there, thereby reducing the effective
repulsion.

Furthermore, it is interesting to compare in more detail the
fully (a=1.0) and little (o« =0.2) deprotonated samples.
Samples of identical composition at full ionisation (cc=1.0)
show lower scattering intensities than the corresponding sam-
ples at & = 0.2 (as seen before by static light scattering and for
SANS in Fig. 5). Apparently, the aggregation number is get-
ting smaller with increasing degree of ionisation. This effect is
expected as the more charged head group of the polymeric
amphiphile leads to a lower packing parameter and thereby
to the lowering in the aggregation number and similar effects
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Fig.5 SANS intensity (corrected for the incoherent background) as a function of q for all samples with 0.2 to 1.0 wt% at & = 1.0, and for 0.5 wt% also for

o =0.2 with fit curves for Guinier regime

@ Springer



836

Colloid Polym Sci (2020) 298:829-840

have been seen before [31, 32]. The assembly is responding to
such external stimuli, and such dynamic aggregation is often
important for the properties of micellar assembly [33].

The results of a model-free analysis, employing the Guinier
approximation and using the extrapolated intensity at zero
angle 1(0) to calculate the My, (for details see SI), are
summarised in Table S6, and the key parameter molecular
weight M,, is shown in Fig. 6a for the variation of the total
concentration and in Fig. 6b for the variation of the degree of
ionisation (corresponding aggregation numbers are included
in Table 3). In general, the tendencies seen here are very
similar to those seen by light scattering (Fig. 4). Also, absolute
numbers compare well, but on average are somewhat higher
from light scattering, not surprising as there, due to the g-
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Fig. 6 a Molecular weight as a function of the concentration for the
different polymers studied (7'=25 °C, «=1.0). b Molecular weight as
a function of the degree of ionisation « for the different polymers studied
(T'=25°C,c=5¢g/L)
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range probed, the focus is more on larger structures. Mw
and the aggregation number increase somewhat with increas-
ing concentration. The increase is proportional to the hydro-
phobicity (length of the alkyl chain of the alkyl acrylate) but is
mostly determined by the length of the hydrophobic block.
Very marked is the effect of the degree of ionisation
(Fig. 6b) where increased charging of the micelles leads to a
reduction in size—as discussed before an expected trend when
considering the packing parameter concept.

From these data, it becomes evident that nBuyy-b-AA ;47 at
full charging (oc=1.0) forms only aggregates with N4, of 4—
9. Only at lower charging (x=0.2 or 0.5) real micelles with
Nagg 0f 2040 are formed, while at oc = 1.0 apparently, only a
rather loose state of aggregation is present. This is substantial-
ly changed for nBugg-b-AA 47, where micellar aggregates
with N,4, in the range of 30-35 are observed even for full
charging, which shows that the length of the hydrophobic
block plays a crucial role for forming larger particles with
higher molecular mass. The extension of the alkyl chain from
butyl to hexyl for the short block length (Hex3,-AA49) does
lead to micellar aggregates of intermediate size. For the dode-
cyl case, nDo36-b-AA |57 and nDozg-b-AA7;, even for the low-
est concentration and irrespective of the state of ionisation
large globular micelles are observed, apparently due to a much
larger degree of hydrophobicity. They are substantially larger
by about a factor 8—10 in aggregation number for the shorter
hydrophilic block (Table 3), where a smaller head group leads
to aggregates with lower molecular weight. In general, it can
be noted that only for the case of dodecyl acrylate really well-
defined globular aggregates are formed, while apparently for
the other block copolymers a simple core-corona model is not
appropriate, as for instance seen by the further upturn of scat-
tering intensity at low q. Accordingly, for nDo36-b-AA127
and nD036-b-AA71, the aggregation numbers from SLS and
SANS are in good agreement, while for the others the values
from SLS are generally higher. This can be attributed to the
fact that here apparently, the aggregates are less compacted
and therefore one sees by SANS only structural subunits and
lower aggregation numbers (as indicated by the further upturn
of the scattering intensity at low q).

As a next step, the SANS data was fitted for ¢ >
0.1 nm™" with a model of polydisperse spheres which were
assumed to be composed of the hydrophobic block of the
synthesised copolymers. This model is described by Egs. 6
and 7, where ASLD is the difference in scattering length
densities between the hydrocarbon block and the average
of the medium (D,O + PAA), R is the radius of the hydro-
phobic cores of the aggregates and ¢ the magnitude of the
scattering vector. A lognormal distribution (Eq. 8) was
used to describe the polydispersity of the radius of the
cores, with the width parameter o, R, the mean radius
and the number density N (fp), which is expressed as vol-
ume fraction fp, which can defined using the Eq. 9 and
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Table 3  Molecular weight of the aggregates and aggregation numbers as derived from SLS and SANS for samples and for the concentrations of 2.0,
5.0, 10.0 g/L (x=1.0) and for 5.0 g/L and «=0.2

SLS SANS Polymer

Concentration M, PP Nage My app Nage
(g/L) (g/mol) (g/mol)

a=1.0 2 337E+05 19.6 6.75E + 04 39 nBu40-b-AA167
5 8.71E + 05 50.7 1.49E +05 8.7
10 2.17E+06 126.3 2.61E+04 1.5

x=0.2 5 1.36E + 06 79.0 4.07E+05 23.7

x=1.0 2 2.23E+06 108.1 4.19E + 05 20.3 nBu68-h-AA167
5 2.29E +06 110.9 3.50E+05 16.9
10 2.19E+06 105.7 1.41E+06 68.1

x=0.2 5 522E+06 252.2 744E +05 36.0

a=1.0 2 1.07E+06 59.5 1.35E+05 7.5 nHex37-b-AA169
5 4.26E + 05 23.7 1.60E + 05 8.9
10 3.15E+05 17.5 1.48E + 05 8.3

a=0.2 5 9.77E +05 54.4 3.49E +05 19.4

a=1.0 2 1.09E +07 610.6 3.67E+05 20.5 nDo036-b-AA127
5 7.64E + 05 42.8 4.19E +05 234
10 7.01E + 06 392.4 7.85E +05 43.9

x=0.2 5 8.07E + 06 452.0 1.01E+06 56.8

x=1.0 2 1.30E+07 934.8 2.85E+06 204.3 nDo036-b-AAT1
5 7.39E +06 529.6 247E+06 177.3
10 4.49E + 06 321.6 1.96E + 06 140.6

«x=0.2 5 1.07E+07 770.1 6.05E + 06 433.3

Eq. 10. In that formula, < R3>is the third moment of the
lognorm distribution of the radii.

1(q,R,) = N(]%)ILogNorm(R,N(fp)m, R,.)F(q,R)dR

(6)
B 47R3 ASLD (sin(qR)—qRcos(qR)) ?
F(q,R) = ( (@R) ) (7)
_ 2
lognorm(R,N(fp), o, Rm) = @ exp <1n(+./_21{m)> (8)
_ 3
M = 4w ©)
(R =R exp @ ol> (10)

We considered only the hydrophobic block for the calcu-
lation of the contrast (ASLD), which was calculated as 61.5-
10° em™ for nDo containing polymers. The PAA part of the
polymers was counted as being part of the solvent as the
stretched length of the PAA block is about 25 nm and there-
fore should be homogeneously distributed between the hydro-
phobic cores of the aggregates.

This analysis was only done for the nDo polymers as only
here the scattering patterns showed nicely the features of com-
pact spherical structures. From the quantitative analysis of the
scattering data with a model of homogenous sphere, it can be
concluded that the core radius of the aggregates increases with
decreasing length of the hydrophilic block (Table S7, R,
values correspond to the value arising from the hydrophobic
domains). The ratio between fitted and calculated volume
fraction fp/® gives an idea about how large the tendency for
hydrophobic aggregation is. The ratio is getting closer to 1 for
increasing concentrations, thereby confirming complete ag-
gregation of the block copolymer and self-consistency of the
model.

The fits are generally in quite good agreement with the
experimental data (see Figs. 5 and S17) and the derived pa-
rameters agree well with model-free analysis (Table 3). This
then confirms the model of having well-defined, homoge-
neous spherical micelles for the case of nDo as hydrophobic
block, while more open and less compacted structures are
formed for butyl and hexyl acrylate.

Especially for the dodecyl copolymers, the scattering pat-
terns indicate the presence of well-defined spherical aggre-
gates, thereby allowing to deduce the head group areas a,
(as the interface per molecule on the surface of the hydropho-
bic core, ah=47IR02/Nagg) and interpret data within the
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geometric packing parameter concept [14]. If one calculates aj,
for nD036-b-AA127 at 5 g/L and & = 1.0, one obtains a value
of 15.1 nm?, which becomes reduced to 11.2 nm? for = 1.0.
This indicates a substantially larger head group due to the
enhanced electrostatic repulsion for full charging of the car-
boxylate units. For the nD036-b-AA71 the corresponding
values for a;, would be 6.5 and 4.8 nm?, respectively,
confirming this reduction by reduced electrostatic repulsion
but much more marked is here the effect of shortening the
length of the polyelectrolyte (PAA) head group.

Conclusions

In this work, a number of different amphiphilic block copol-
ymers of the type poly (alkyl acrylate)-b-poly (acrylic acid)
(PAIKA-b-PAA) have been synthesised. The hydrophilic
block had always around 100 units of acrylic acid, while the
hydrophobic block had a length of 35-70 units. Its hydropho-
bicity was varied by employing butyl, hexyl and dodecyl ac-
rylate thereby increasing the hydrophobic character of the
formed micellar core. The self-assembly of these amphiphilic
block copolymers was studied in aqueous solution, where the
degree of ionisation of the PAA block was varied from 20 to
100%. The determination of the critical micelle concentration
(cmc) by a fluorescence method showed only a small effect of
the block copolymer architecture, but along the expected
trends, i.e. the cmc increased with higher ionisation of the
PAA, shorter hydrophobic blocks and shortening the alkyl
chain of the alkyl acrylate.

The structure of their micellar aggregates in dilute aqueous
solution was studied by a combination of static light scattering
(SLS) and small-angle neutron scattering (SANS). Here, it
was seen that the mass of the aggregates depends largely on
the length of the alkyl chain and only for dodecyl acrylate
large and well-defined micelles with aggregation numbers of
above 100 are formed. In contrast, for the shortest chain of
butyl acrylate (Buyg) only lower molar mass are seen by
SANS, with which their low aggregation number cannot be
proper micelles, while SLS shows significantly higher Mw
values. Apparently, here, no compacted micellar structures
are present, but rather loose aggregates that interconnect to a
larger superstructure. Upon lengthening the hydrophobic
block, the micelles become much bigger, while the change
from butyl acrylate to hexyl acrylate has only a smaller influ-
ence. In all cases, a marked effect of the degree of ionisation is
observed, where for higher charging, the mass becomes small-
er, in good agreement with the packing parameter concept; as
for high charging, the hydrophilic block should require a larg-
er head group area at the interface.

In summary, it can be stated that by variation of the type
and length of the hydrophobic block in block copolymers of
PAIkA-b-PAA one can control the aggregation state in

@ Springer

solution over a wide range. This is interesting as in addition,
one can expect that the solubilisation properties of the hydro-
phobic block should also depend largely on the length of the
alkyl chain of alkyl acrylate, a topic that is to be explored in
detail in future research.
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