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ABSTRACT: A new amphiphilic block terpolymer poly((sulfamate-carboxylate)isoprene)-block-polystyr-
ene-block-poly(ethylene oxide), PISC,30-PSs,-PEO 51, with a narrow molecular weight distribution (PDI =
1.05), was synthesized via the post polymerization reaction of the anionically prepared precursor block
terpolymer polyisoprene-block-polystyrene-block-poly(ethylene oxide) with chlorosulfonyl isocyanate. The
formation and structure of self-assemblies of the polyelectrolyte block terpolymer in dilute aqueous solutions
were studied by static and dynamic light scattering, atomic force and cryogenic transmission electron
microscopy, fluorometry, and 'H NMR spectroscopy. In acidic solutions, the terpolymers self-assemble into
kinetically trapped multicompartment micelles, with the core consisting of discrete PS and PISC domains and
PEO in the shell. If the solution pH is adjusted to the alkaline region, the multicompartment micelles undergo
an irreversible transition to regular micelles, with a PS core and a mixed shell formed by PEO and PISC

blocks.

Introduction

Amphiphilic block copolymer micelles consisting of two
distinct, microphase-separated domains, an inner hydrophobic
core, and an outer water-soluble shell, have been widely investi-
gated.'™* In most cases, such micelles are formed by linear AB
diblock or, less frequently, by ABA and BAB triblock copoly-
mers, where A is a hydrophilic, shell-forming block and B a
hydrophobic, core-forming block.

In recent years, self-assemblies formed by various multiblock
copolymers have gained considerable research interest. The
presence of more than two mutually incompatible blocks in the
copolymer architecture leads to the formation of multicompart-
ment micelles consisting of more then two domains.>°

Different strategies can be applied for the preparation of
multicompartment micelles. The simplest and most straightfor-
ward is the self-assembly of linear’'? or starlike'* "> ABC block
terpolymer, or multiblock copolymers such as ABCA'® and
ABCBA,"” where A is a hydrophilic block and B and C are
incompatible hydrophobic blocks. Another approach is based on

*To whom correspondence should be addressed.
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blending two diblocks such as AB and BC'®™ or terpolymers
such as ABC and ABD*' or starlike ABC triblocks with AB*
copolymers. Dissimilar A and B or A, B, and C blocks arranged
into a comb-like architecture usually do not associate and are
frequently called unimolecular micelles.*>** Further possibilities
to form multicompartment nanoparticles rise from noncovalent
attractive interactions such as hydrogen bonding'*>*~® or elec-
trostatic attraction®” between two different blocks. If the above-
mentioned interactions act as the driving force for the micelliza-
tion, the self-assembly can be tuned by changing solvent compo-
sition, pH, ionic strength, and so on. It is interesting that one can
also comicellize two block copolymers having a common block,
such as AB and BC diblocks and prepare micelles resembling
those formed by the corresponding ABC terpolymer.®* 3 Re-
gioselective cross-linking of the outer regions of the amphiphilic
block copolymer micelles provides great opportunity to create a
wide spectrum of multicompartment nanoparticles.”"**~

Morphologies of micelles prepared by the above-mentioned
procedures range from various spherical particles such as
“onion”,**73? » 2937 and “raspberry-like””'>*® micelles
to cylinders,'*'*2*?! helices,** and “donut-shaped”™® particles.
These complex micellar morphologies can find applications in
drug delivery, biotechnology, lithography, and catalysis.>
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Scheme 1. Ionic Forms of Poly((sulfamate-carboxylate)isoprene) in
Aqueous Solution
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In this paper we describe the synthesis and self-assembly of a
novel ABC linear block terpolymer consisting of a hydrophilic
poly(ethylene oxide) (PEO) block, a short hydrophobic polystyr-
ene (PS) middle block, and a poly((sulfamate-carboxylate)iso-
prene) (PISC) polyelectrolyte block. The latter is a biocompatible
hydrophﬂlc polymer that mimics the chemical structure of
heparin.* It contains both strong (SO;~) and weak (NH,",
COQ") electrolyte groups (Scheme 1). In aqueous solutions,
PISC exists in different ionic forms depending on pH. It is
noteworthy that heparin is widely used as an injectable antic-
oagulant and has the hlghest negative charge density of any
known biological molecule.** Due to the presence of the PS
block, the aqueous dispersions of PISC,30-PSs,-PEO;5; nano-
particles were prepared indirectly using tetrahydrofuran (a good
solvent for PS) as a cosolvent.

The structure of PISCy30-PS5,-PEO;5; nanoparticles in aqu-
eous solutions is studied at different pH by static and dynamic
light scattering, atomic force microscopy, cryogenic transmission
electron microscopy, and steady-state fluorometry with pyrene as
a polarity-sensitive fluorescent probe.

Experimental Section

Materials. Synthesis of the Terpolymer. The synthesis of the
terpolymer polyisoprene-block-polystyrene-block-poly(ethylene
oxide) (Pl,39-PSs,-PEO; 51) precursor block terpolymer was car-
ried out by living anionic polymerization employing high vacuum
techniques.*! First, isoprene was polymerized in benzene at room
temperature, using s-butyl lithium as initiator. Subsequently, the
second monomer styrene was added, together with a small
amount of THF and the polymerization of the middle PS block
occurred at room temperature. Finally, ethylene oxide and
phosphazine base were added and the temperature of the reaction
mixture was raised to 40 °C to affect preparation of the PEO
block. The polymerization was terminated by addition of de-
gassed methanol with two drops of concentrated HCI. At the end
of each polymerization step, aliquots were isolated to control the
success of the polymerization. The polyisoprene block of the
precursor ;)olymers was functionalized, as has been previously
reported.’ In particular, a predetermined amount of polymer
was placed in a two-necked 100 mL round-bottom flask equipped
with a septum. Carefully dried diethyl ether was distilled into the
flask under vacuum, and the terpolymer was left to dissolve
overnight (final terpolymer concentration was ¢=50 g L™1).
Then, chlorosulfonyl isocyanate (CSI, from Acros) was added
under N, dropwise, while the temperature was kept at 0 °C. The
reaction of the polymer with CSI was continued for 6 h at 0 °C in
the dark and under a stream of N,. It has to be noted that
precipitation was observed after 1 h of reaction. An amount of
NaOH solution in water/methanol (1/3) was added dropwise.
The diethyl ether was evaporated in vacuum and the remaining
solution was refluxed overnight under N,. After the end of the
reaction the solvents were evaporated under vacuum and the
solid was dialyzed against water.

Preparation of the Nanoparticles. Tetrahydrofuran (2 mL;
THF, from Fluka, UV spectroscopy grade) was added to 20 mg
of the sample, and the mixture was heated at 60 °C for about
1.5 h. Subsequently, 8 mL of aqueous 0.1 M HCI, was added
dropwise under vigorous stirring, and the solution was heated
at 60 °C for an additional 1.5 h. THF was then removed by
dialysis of the solution against aqueous 0.1 M HCI. The final
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concentrations of PISC,30-PS5,-PEO;5; nanoparticles in result-
ing aqueous solutions were about 2 g L™".

Techniques. Size Exclusion Chromatography (SEC). The
used SEC system consisted of a Waters 1515 pump, three
u- styragel separation columns with a continuous porosity of
10°~10> A, and a Waters 2414 differential refractive index
detector. The solvent was tetrahydrofuran and the flow rate
was I mL/min. The calibration of the instrument was performed
using narrow polystyrene standards (M, varying from 2500 to
900000).

NMR Spectroscopy. '"H NMR spectra were recorded on a
Varian 300 spectrometer at 25 °C. Solid state '>*C NMR spectra
were recorded on a Bruker Avance 500 spectrometer at 25 °C.

Light Scattering Measurements. The light scattering setup
(ALV, Langen, Germany) consisted of a 22 mW He—Ne laser,
operating at the wavelength A = 632.8 nm, an ALV CGS/8F
goniometer, an ALV High QE APD detector, and an ALV
5000/EPP multibit, multitau autocorrelator. The solutions for
measurements were filtered through 0.45 um Acrodisc filters.
The measurements were carried out for different concentrations
(0.25—2.0 g L™ 1) and different angles, 6, at 20 °C.

Static light scattering (SLS) measurements were treated by the
Zimm method using the equation

Kc 1
AR9 (q’ C) <M>W

where (M), (S?'?, and A, respectively, are the weight-aver-
aged molar mass, z-averaged radius of gyration, and the “light-
scattering-averaged” osmotic second virial coefficient of the
polymer in the solution, ARy(g,c) is the corrected excess Ray-
leigh ratio that depends on the polymer concentration ¢ and on
the magnitude of the scattering vector ¢ = (4dmng/A) sin(0/2).
Here 6 is the scattering angle, n is the refractive index of the
solvent, and A is the wavelength of the incident light in vacuum.
For light polarized perpendicularly to the plain of measurement,
the contrast factor K is given by the relationship

2
X — 411 n (dn) 2
A*N, \de

where (dn/dc) is the refractive index increment of the polymer
with respect to the solvent and N, is the Avogadro constant.

The refractive index increment of the PISC,3(-PSs,-PEO5;
terpolymer was calculated on the basis of terpolymer composi-
tions as the weighted average of the literature values for PS and
PEO ((dn/dc)ps = 0.257, (dn/dc)ppo = 0.130)*? and the value
for PISC obtained by the measurement with the Brice—Phoenix
differential refractometer. The latter was measured as a function
of pH under the conditions of osmotic equilibrium between the
homopolymer solution and the solvent. The values of the
terpolymer refractive index increments in studied aqueous
solutions are as follows: 0.165 mL g~ ' in 0.1 M HCI, 0.171
mL g ! in H>0, and 0.176 mL g~ ' in 0.05 M Na,B,05.

Dynamic light scattering measurements were evaluated
by fitting of the measured normalized tlme autocorrelation
function of the scattered light intensity, g‘ (t) related to the
electric field time autocorrelation function, g(z), by the Siegert
equation

(1 += <S2>Z ) +24s¢ (1)

g0 =1 +plgV () 3)

where ¢ is the lag time and f3 is the coherence factor accounting
for the deviation from the ideal correlation. The g"(r) function
was fitted to the second order cumulant expansion

1
IngW(r) = =Tz +§Fzzz (4)
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where 'y and T',, respectively, are the first and the second
moment of the distribution function of relaxation rates. The
I'\/4? values obtained from the fits of autocorrelation functions
obtained at different scattering angles and terpolymer concen-
trations were further extrapolated to zero ¢ and ¢ to yield the
z-averaged diffusion coefficient of the particles, (D)., using the
relationship

U o)1+ ke + C(SaP) ®)

where kp is the hydrodynamic virial coefficient and C is a
coefficient determined by the slowest internal motion and poly-
dispersity of the scattering particles. The hydrodynamic radius
was calculated from (D)., by means of the Stokes—Einstein
formula

“I-1 kg T
B = Gan 0y, ©

where kg is the Boltzmann constant, 7'is the temperature, and 7,
is the viscosity of the solvent.

Atomic Force Microscopy (AFM ). Atomic force microscopy
measurements were performed in the tapping mode under
ambient conditions using a commercial scanning probe micro-
scope, Digital Instruments NanoScope dimensions 3, equipped
with a Nanosensors silicon cantilever, typical spring constant
40 Nm~!. Polymeric micelles were deposited on a freshly
peeled out mica surface by a fast dip coating in a dilute
(cca.5x 1072 g L") PISC130-PSs,-PEO;5; aqueous solution
and dried in a vacuum oven.

Cryogenic Transmission Electron Microscopy (Cryo-TEM ).
Cryo-TEM measurements were performed using a Zeiss EM 922
EF-TEM instrument equipped with a CT3500 cryo-transfer
holder (Gatan, Miinchen, Germany). Examinations were car-
ried out at temperatures around 90 K. The transmission electron
microscope was operated at an acceleration voltage of 200 kV.
Zero-loss filtered images (AE = 0eV) were taken under reduced
dose conditions (100—1000, Gatan), combined, and processed
with a digital imaging processing system (Gatan Digital Micro-
graph 3.9 for GMS 1.4).

A drop of the terpolymer solution (¢ ~0.1 gL~ ") was put on a
lacy TEM grid, where most of the liquid was removed with
blotting paper, leaving a thin film stretched over the lace. The
specimens were instantly vitrified by rapid immersion into liquid
ethane and cooled to approximately 90 K by using liquid
nitrogen in a temperature controlled freezing unit (Zeiss Cryo-
box, Zeiss NTS, Oberkochen, Germany). The temperature was
monitored and kept constant in the chamber during all of the
sample preparation steps. After freezing the specimen, was
inserted into the cryo-transfer holder and transferred to the
instrument.

Fluorometry. Steady-state fluorescence spectra were mea-
sured in 1 cm quartz cuvettes using a SPEX Fluorolog 3-11
fluorometer. Loading of the block terpolymer with pyrene for
fluorescence measurements was done by adding 1 uL of the
5 mM stock solution of pyrene (from Aldrich, optical grade) in
acetone (from Fluka, luminiscence spectroscopy grade) to 2 mL
of the aqueous solution of terpolymer of various concentration.
After addition of the probe, the solutions were left 24 h to
equilibrate. For emission spectra, A., was 336 nm, and for
excitation spectra, 4., was 382 nm.

Light Scattering Titration (LS-T) and Potentiometric Titra-
tion. Light scattering measurements during titration were per-
formed on an ALV light scattering instrument equipped with an
ALV-5000 digital correlator and 400 mW argon ion laser
operated at a wavelength of 514.5 nm. A refractive index
matching bath of filtered cis-decalin surrounded the cylindrical
scattering cell, and the temperature was controlled at 25 °C
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using a Haake C35 termostat. LS-Ts were carried out using a
Schott-Gerate computer-controlled titration setup to control
sequential addition of titrant and cell stirring. The pH was
measured simultaneously with a combined Ag/AgCl glass elec-
trode calibrated with pH standards.

Results and Discussion

Characterization of PISC,3(-PSs,-PEQO;5; Block Terpoly-
mers. The molecular characteristics of the sample, that is, the
overall molecular weight and composition, were determined
by the size exclusion chromatography and by NMR spectro-
scopy. The results of the characterization are summarized in
Table 1 and the solid state '*C NMR spectra with the
assigned signals are shown in Figure 1. The results clearly
indicate that about 36% of isoprene units in the PISC block
have not been modified. Hence, the PISC block should be
regarded as a statistical copolymer of PISC and Pl and has an
amphiphilic rather than hydrophilic character due to the
presence of hydrophobic nonfunctionalized isoprene units.

Characterization of PISC,3)-PSs;-PEQ;5; Micelles by
Light Scattering. Unlike the diblock copolymer PISCs,-
PS,13.% the terpolymer PISC,30-PSs5,-PEO;5; is directly
soluble in water because (i) the PS block is relatively short
and (ii) the hydrophilic PEO block further increases water
solubility of the terpolymer. However, the solutions pre-
pared by direct dissolution of the terpolymer in pure water
contain irregular aggregates and undergo the transition to
gel at higher polymer concentrations in a few days after
preparation. The formation of gels is under investigation and
will be subject of a forthcoming paper.

To prepare stable, well-defined nanoparticles, we used a
procedure involving THF as a cosolvent that was finally
removed by dialysis completely. Static and dynamic light
scattering measurements confirmed that both mass and size
of micelles prepared by this procedure (described in the
Experimental Section) are well reproducible. Moreover, the
nanoparticles can be transferred from acidic solutions to
neutral and alkaline ones by dialysis without precipitation of
the terpolymer.

The Zimm plot of static light scattering data obtained
from PISC,30-PS5,-PEO;5; nanoparticles in acidic media
and the dynamic Zimm plot of the apparent diffusion
coefficients obtained by DLS of the micelles at pH 9.2 are
shown in Figure 2a and b, respectively. The concentration
dependences of the scattering intensity and diffusion coeffi-
cients do not indicate any dissociation of nanoparticles
within the concentration range investigated in this study.
The scattering data for micelles at different solution pHs are
qualitatively similar and are not shown. The typical DLS
CONTIN plots (intensity weighted; the scattering angle 6 =
90°; c=2g Lfl) for PISC»3¢-PSs,-PEO,5; micelles at differ-
ent solution pH (Figure 2¢) show unimodal distributions of
the nanoparticle size. The cumulant analysis of the DLS data
yields polydispersity values ranging from 0.06 (for micelles at
pH9.2)t0 0.11 (for micelles at pH 1.2). The characteristics of
PISC,39-PS5,-PEO,5; nanoparticles obtained by light scat-
tering are summarized in Table 2.

The aggregation number of micelles in alkaline solution is
about three times smaller than that in acidic and pure water
solutions due to the increased solubility of the PISC block
and decrease in amount of H-bonds between PEO and PISC
in alkaline media. The measured r = (S?)."? (Ry ™ !). are
useful for the characterization of the particle compactness.
The theoretical r value for the homogeneous hard sphere is
0.775* and 1.56 for the self-avoiding coil.*’ The values
obtained in this study suggest that the micelles are slightly
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Table 1. Characteristics of the PISC,30-PS5,-PEQ;5; Terpolymer Sample

composition” (Mprsc)” (kg/mol)

(Mps)y” (kg/mol)

<MPEO>W/7 (kg/mol) PDI¢ wd

PISC130-PSs,-PEO, 5> 43.0

5.4

6.6 1.05 0.64

“Subscripts denote degrees of polymerization and the superscript is the overall molar mass of the terpolymer in kg/mol. * Molar masses of the PISC,
PS and PEO blocks determined by SEC. ¢ Polydispersity index determined by SEC for the precursor Pl,3o-PSs,-PEO, 5, terpolymer. ¢ Weight fraction of
modified isoprene units in PISC block, determined by solid state '>*C NMR spectroscopy.

HN a 0.64)

\ COONa
SO;Na
d
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f
d g
a e
b C
200 150 100 50 0
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Figure 1. Solid state '>*C NMR spectrum of the PISC,3)-PSs»-PEO; 5
block terpolymer.

less dense structures than hard spheres. An increase in the r
value with increasing pH can be attributed to the formation
of a more solvent-swollen shell structure.

Assuming that the particles have a core/shell structure and
the cores are formed by polystyrene, the core radius, R., can
be estimated using the formula

13
R. — 3Z<MPS>W
¢ 47N A pps

()
where Mpg and pps, respectively, are the molar mass of the
polystyrene block and the density of polystyrene. Later on
we will show that apart from micelles under alkaline condi-
tions the PISC block also resides in the core. The calculated
R, values are given in Table 2.

AFM and Cryo-TEM Imaging. To get more information
on the structure of the formed nanoparticles, they were
imaged (i) by AFM in the dry state, after deposition on the
fresh mica surface, and (ii) by Cryo-TEM as in solution.

AFM Measurements. Despite the fact that thermodynamic
conditions and forces acting on the particles at the surface
differ considerably from those in the solution and that the
structure can change, we have shown in our earlier studies
that AFM yields valuable information on the size and size
distributions of the deposited particles.’**¥*%¢ Figure 3
shows a gallery of AFM height and phase scans of
PISC230-PSSZ-PEO]51 micelles in acidic (Figure 33.] and az)
and alkaline (Figure 3b; and b,) solutions. The phase scans
(Figure 3a, and b,) show that the nanoparticles consist of
two distinct domains (a micellar core/shell structure), which
differ in viscoelastic properties.*” The micelles are pancake-
deformed, having a maximum height of about 15% of the

9r(a) o023gL 117 gL 234 g/L
>0 0.58 g/l
Teon sl |
=
g
S 7t 1
~
%Q}
T 6 O q-0 E
[
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q° +2000c /pm”
75 [(b) 0 103gL 1451

2,07 glL ]

L q-0 i
6'6 1 1 1 1
0 1000 2000 3000 4000 5000
¢ +2000c /pm”

4 (7)

10° 10'

RH/nm

Figure 2. Results of the light scattering measurements of PISC53-PSs,-
PEO, 5, terpolymer solutions: (a) The Zimm plot for the acidic aqueous
solutions, (b) the dynamic Zimm plot for the alkaline aqueous solutions
(solid circles, experimental data; open circles, extrapolated values), and
(c) DLS CONTIN plots (intensity weighted) for different solution pH
measured at the scattering angle = 90°and ¢ = 2g L™,

maximum horizontal size, as shown in the height profile plots
in Figure 4. A decrease in both horizontal and vertical size for
particles in alkaline solution as compared to the particles in
the acidic solution is clearly evident. Taking into account
that the deposited particle volume in the dry state is roughly
proportional to x“z, where x is the diameter and z is the
height,32 we can estimate that the volume of dry PISCs30-
PSs,-PEO,5; micelles deposited from the acidic solution is
about 60 times larger than that of the alkaline solution
micelles. With respect to the molar mass ratio, which is only
about 3, such a big difference cannot be explained only as a
result of different particle densities. Instead, it suggests that,
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Table 2. Characteristics of PISC,3y-PS5,-PEQO,5; Micelles
sample 0.1 M HCI, pH 1.2 H,0, pH 5.0 0.05 M Na,B,O7, pH 9.2
dn/de, mL/g" 0.165 0.171 0.176
(M), x 107, g/mol® 16.8 17.9 6.2
($7-', nm” 4 43 3l
(RH_1>z_la nm‘ 46 47 32
z4 305 325 113
r i 0.91 0.91 0.97
Re,nm/ 92 (16" 10% (18") 6% (4"
Px1077 2.4 1.9 1.8
cmc, mg/L/ 20

@PISCs30-PSso-PEO, 5, refractive index increments calculated as mass averages of the homopolymer values. ® Molar mass and gyration radius, by
SLS. “Hydrodynamic radius, by DLS. 4 Aggregation number, Z = (M)w/{Mop)w- ¢ Gyration radius to hydrodynamic radius ratio, r = (.2 (Ry™hy..
7 Coreradius. ¢ Core radius calculated from Zbyeq 7. " Core radius calculated from Z by eq 7 and measured by Cryo-TEM. ’ Core radius calculated from
Z by eq 7 and measured by AFM.’ Partition coefficient of pyrene between micelles and bulk solution, and critical micelle concentration, by pyrene

emission spectra measurement.

40.00 nm

0.00 A

30.26 Deg

Figure 3. AFM scans (top view) of the PISC,30-PSs>-PEO,5; micelles deposited from (a) acidic (3 x 3 um) and (b) alkaline (1 x 1 um) solution: (1)
height, (2) phase. Lines indicate horizontal tip motions corresponding to section analysis shown in Figure 4.
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[353
(=]
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Vertical axis / nm
>

W

0 =
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Figure 4. Section analysis of the AFM scans shown in Figure 3a,
and b,.

in the case of the alkaline solution micelles, only the small PS
core is detected by the AFM tip, while the imaged core of the
acidic solution micelles consists of both PS and PISC do-
mains. That is why the apparent PS core radii of the acidic

solution micelles calculated by eq 7 are lower than those
estimated as z/2, while for the alkaline solution micelles,
R. > z/2. Here we must point out that, although the particle
heights measured by AFM are widely used for the estimation
of the core radius, only sufficiently large cores (several tens of
nm) do not deform after deposition so that the maximum
vertical distance obtained from the AFM scan compares well
with the actual core diameter.*® Small cores are more mobile
and one cannot preclude their deformation after deposition
on the mica surface. Hence, the core radius obtained by
measuring the maximum vertical distances, z/2 = 4 nm, is
slightly smaller than that estimated from the aggregation
number (R, = 6 nm).

Cryo-TEM Measurements. Cryo-TEM of the acidic solu-
tion micelles (Figure 5a) revealed the raspberry-like cores
with the radius of about 16 nm. This value is in accordance
with the AFM results and indicates that the nanoparticles
are stable, hard, and do not change significantly upon
deposition on mica surface. Cryo-TEM thus confirms
that the acidic solution micelles have cores with a more
complex morphology. The images of PISC,39p-PSs5,-PEO; 5,
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Figure 5. Cryo-TEM images of the PISC,3-PSs,-PEO, 5 micelles deposited from (a) acidic solution and (b) pure water. Scale bars indicate 100 nm.

;4400
)
R 300

1\
\

Figure 6. (a) Iop:/C, as a function of pH for an aqueous solution of
PISC230-P552-PE0151 at 0.1 M HCl, Cp = 1.0 g Lil. The arrow
indicates the direction of the pH scan. (b) alkalimetric titration of
PISCy30-PS5,-PEO 5, solution in 0.1 M HCl by 1 M NaOH.

nanoparticles contain from two to five dark spots, which
correspond to dense domains formed by the collapsed PS
blocks, embedded in a looser medium of partially water-
swollen, entangled PISC blocks. The PEO blocks are in good
solvent condition and form the micelle shell. After dialysis
against pure water, the raspberry-like core of the micelles
prepared in 0.1 M HCl reorganizes and forms more spherical
structures. The size distribution becomes narrower with only
slight changes in the mean value and the PS domains (the
dark spots) are still visible in the Cryo-TEM image in
Figure 5b. The transition is connected with the swelling of
the PISC chains due to both a pH and ionic strength effects.
The carboxyl groups become charged (more repulsions along
the PISC chains) and ionic strength decreases (less charge
screening), which induced swelling of PISC block and allows
for a better accommodation of PS domains in the core.
Potentiometric and Light Scattering Titration (LS-T). To
study the transition from acidic solution micelles to those
found in alkaline solution, we carried out the light scattering
(LS-T) and potentiometric titration experiment. The titra-
tion curves are shown in Figure 6a and b, respectively. As we
reported recently,” the neutralization of COOH and
NH, “SO;~ groups in the shell of PS-PISC nanoparticles
in acidic solution is slow due to the slow diffusion of OH™

ions into the dense, collapsed PISC shell, occurring on the
time scale of hours. Therefore, one has to keep in mind that
the LS-T curve corresponds to a not fully equilibrated
system.

Figure 6a shows that the increase in the solution pH above
8.3 leads to pronounced changes in light scattering intensity
that are related to the deprotonation of nitrogen in sulfamate
groups: Once the negative charge of both the carboxylate and
the sulfamate groups is not compensated, PISC,3-PSs,-
PEO,s; nanoparticles swell due to increased electrostatic
repulsion between the PISC chains and scattering intensity
increases. Later, as the swollen nanoparticles dissociate, the
scattering intensity steeply decreases below the value it had
before the solution reached pH 8.3. The peak in the LS-T
curve at pH 10 thus belongs to a nonequilibrium, transition
state between that of nanoparticles with multicompartment
cores and micelles with a mixed shell. This transition is
irreversible, acidification of the small micelles (back-titra-
tion, data not shown) showed qualitatively different aggre-
gation behavior. Finally, in acidic solution polydisperse, ill-
defined aggregates are formed and precipitate after some
time. Thus, it appears that the strong hydrogen-bonding
interaction between the PEO and the PISC mixed blocks and
high ionic strength plays the key role in such behavior.

"H NMR Spectroscopy. Besides the basic characterization
of the sample, NMR spectroscopy yields information on
intermolecular interactions between polymer chains and
their dynamics in the nanoparticles. The '"H NMR spectra
of the PISC,39-PS5,-PEO; 5; solutions in dimethyl sulfoxide-
dg (curve 1),0.01 M DClin D,O (curve 2), and 0.01 M NaOD
in D,O (curve 3) are shown in Figure 7. Signals of aromatic
protons of the PS block in the region from about 6.5 to 8.5
ppm are suppressed in aqueous solutions due to immobility
of PS domains of the nanoparticles. All signals assigned to
polymer protons are broad due to the restricted mobility of
PISC,30-PS5,-PEO; 51 chains in the nanoparticles. The other
intensive and narrow signals correspond to residual protons
of water and THF and to silicon grease. The CH,O signals of
the PEO block (Insert in Figure 7) are narrow in all three
samples, reflecting that PEO chain motions are not restricted
by intermolecular interactions. The downfield shift in aqu-
eous solutions is caused by the deshielding effect of weak
HCH- - -OH, hydrogen bonds.*® The acidic solution exhi-
bits an additional, broad signal at 3.85 ppm which can be
ascribed to the formation of a hydrogen bond stabilized
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Figure 7. '"H NMR spectra of PISC,30-PS5,-PEO;5; solutions in di-

methyl sulfoxide-ds (curve 1),0.01 M DCl in D,O (curve 2), and 0.01 M
NaOD in D,O (curve 3).
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complex between PEO and PISC at the core/shell interface of
the micelles. However, even in the acidic solution, the
majority of PEO segments are well segregated from the
core-forming PISC.

Fluorescence Spectroscopy. Steady-state fluorescence
spectroscopy with pyrene as a hydrophobic fluorescence
probe has been used for the determination of (i) the critical
micelle concentration of the PISC,3o-PS5,-PEO;5; terpoly-
mer in aqueous solution at different pH (see Supporting
Information for more details and different possibilities to
determine cmc) and (ii) the partition coefficient of pyrene
between the micelles and the aqueous phase. To estimate the
true values of cmc corresponding to the onset of formation of
the multimolecular micelles in these systems, we employed
the methods reported by Astafieva et al.*’ and Wilhelm
et al.>® and further used by many others.’' >* The ratio of
the pyrene molar amounts in the aqueous and in the micellar
phase, n,/ny, can be expressed as a function of the 7; as

Nnm Il _(Il) i
Tmo_ min 8
Ny (Il)max -1 ( )

where the indices min and max, respectively, denote the
limiting 7; values for pyrene in water and in the micellar
microphase.

The fluorescence data can be further used for the determi-
nation of the partition coefficient of pyrene between the bulk
solution and the micelles*’~>*

L Vi o NmPps

P = —
nwVm  nywps(c —cmce)

©)

where ¢ is the mass concentration of the terpolymer in the
solution, cmc is the critical micelle concentration of the
terpolymer, n,, and n,, respectively, are the pyrene molar
amounts in the micellar microphase and in the aqueous
phase, V', and V', are the volumes of the two phases, ppg is
the density of the polystyrene core, and wpg is the polystyrene
weight-fraction in the terpolymer.

Assuming that the PS density in the core is the same as in
bulk polystyrene, pps = 1.04 g/mL, the partition coefficient
of pyrene between the aqueous and polystyrene phases above
cmce can by calculated from the slope of the n,,/n, versus
¢ plot (Figure 8). The low but finite value of n,,,/n,, below cmc
(20 mg L") shows that the pyrene associates with PISCa30-
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Figure 8. Plot of ny,/ny, vs the PISCy30-PSs,-PEO;5; block terpolymer
concentration: (O) pH 9.2; (O) pH 5; (o) pH 1.2.

Scheme 2. Morphologies of PISC,30-PSs,-PEO5; Micelles at Dif-
ferent pHs

pH1 pHS

pHO
PISC

*

PS5,-PEO;5; unimers or premicellar aggregates only in alka-
line solution. The cmc for micelles in 0.1 M HCI and pure
water were not detected which suggests that the micellar core
formed by PS and PISC is a kinetically trapped structure.
The values of the partition coefficient are summarized in
Table 2. They decrease with increasing pH due to the
decreasing hydrophobicity of the PISC domain but the
decrease is small because pyrene is mostly solubilized in the
PS domain.

Morphology of PISC;,39-PSs,-PEO;5; Micelles in Acidic
and Alkaline Solution. The obtained experimental data al-
lows us to propose a model of the PISC,3¢p-PSs,-PEO; 5,
micelle morphology in both acidic and alkaline solution. The
polyelectrolyte PISC block plays the key role in the structure
of the terpolymer assemblies. In acidic solution, both PISC
carboxylic and sulfamate groups are protonated. The posi-
tive and negative charge in the NH, “SO;~ groups mutually
compensates and the PISC block is neutral and fairly hydro-
phobic due to the presence of unmodified isoprene units in
the chain. Therefore, the PISC blocks aggregate into a partly
collapsed, only slightly solvated, micellar core containing
domains formed by the middle PS blocks and surrounded by
a PEO shell (Scheme 2). "H NMR measurements show that
PEO and PISC chains are partially intermixed in the core/
shell interfacial region and form an interpolymer complex. A
raspberry-like structure of the core with compact PS do-
mains (smaller cores) was found by Cryo-TEM.

Cryo-TEM imaging also revealed that when the solution
pH is increased to less acidic values of about 5 (dialysis
against pure water), the raspberry-like core of micelles
prepared in 0.1 M HCI undergoes a transition to a more
spherical structure. Light scattering measurements showed
that the transition is accompanied by a slight change in the
size of the micelles (shown in Table 2). The changes are
caused by increased solubility of the PISC block due to
ionization of carboxylic groups above pH 4. The core of
the micelles consisting of the PS and PISC domains slightly
swells because PISC becomes more hydrophilic. The swollen
PISC core with more loosely packed chains allows for a

—

ps 'PEO
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better spatial incorporation of PS domains and the raspber-
ry-like structure is less visible.

In the alkaline region (dialysis against 0.05 M Na,B40-),
the PISC blocks with fully ionized carboxyl groups
and deprotonated NH groups become more hydro-
philic and the micelles dissociate to particles with ca.
three times lower molar mass. The original PS domains
become the cores of the smaller micelles after the dissolution
of PISC in which they were embedded. The PS core
is surrounded by the mixed shell formed by both PEO
and PISC blocks. Due to the stretching of PISC chains,
the small micelles are less compact as evidenced by the
increased ratio of the gyration radius to the hydrodynamic
radius as compared to micelles in the acidic solution. Because
the PS core is very small, the micelles are no longer
in a kinetically trapped state and the alkaline solution
micelles have a cmc measurable by the fluorescence probe
technique.

Conclusions

It was found that the multifunctional block terpolymer
PISC,3-PSs,-PEO; 51, prepared from the precursor block terpo-
lymer polyisoprene-block-polystyrene-block-poly(ethylene
oxide), forms nanoparticles when dissolved in acidic aqueous
media using tetrahydrofuran as a cosolvent that is then removed
by dialysis after the dissolution of the sample.

Cryo-TEM images of the acidic aqueous solution revealed that
the terpolymer self-assembles into multicompartment micelles
with a PEO shell and a raspberry-like PISC core containing PS
domains (Scheme 2). These multicompartment micelles are in a
kinetically trapped state in acidic media. If the solution pH is
increased to the alkaline region, the solubility of the PISC
increases due to (i) ionization of carboxylic groups and (ii)
deprotonation of NH, SO~ groups, which results in dissocia-
tion of multicompartment micelles into smaller assemblies with a
PS core and a mixed shell of PISC and PEO (Scheme 2). The latter
are not kinetically frozen, having a cmc measurable by the
fluorescence probe technique.

Although the PISC block contains strong electrolyte SO;
groups, its water solubility is reduced by charge compensation
within the PISC block and H-bonding with PEO block. Further-
more, the presence of unmodified isoprene units (36 wt %) giving
the PISC blocks an amphiphilic character and contributing to
its aggregation in acidic solution. Even though the PISC core
of the multicompartment micelles is kinetically trapped in aqu-
eous solution, it can be easily disrupted at elevated pH as a result
of the increased charge density onto the PISC chains and
subsequent absence of H-bonding between PEO and PISC
blocks.
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