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ABSTRACT: We report the rheological and structural
properties of a suspension comprising poly(ethylene oxide)—
polystyrene—poly(ethylene oxide) core—shell micellar nano-
particles dispersed in 1-butyl-3-methylimidazolium hexafluor-
ophosphate ionic liquid. A liquid to soft solid transition was
observed at a copolymer concentration of 10 wt % above
which an elastic soft material was formed, which was composed
of non-ordered jammed core—shell micellar nanoparticles. In
the soft solid state, a significant reduction in the size of the
nanoparticles, approaching hard sphere behavior, was observed
by small-angle X-ray scattering which is attributed to
compression of the soft poly(ethylene oxide) coronas. The
nonvolatile ionic liquid-based glassy soft solid formed exhibited
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remarkable thermal stability with a melting temperature of 141 °C at 20 wt % copolymer, which renders it suitable for
applications involving elevated temperatures and/or reduced pressure where water-based formulations are inappropriate.
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Bl INTRODUCTION

Soft solids formed by block copolymers in selective solvent
suspensions comprised of solvophilic and solvophobic seg-
ments covalently bonded in various topologies have attracted
increasing interest over the last couple of decades. This is
attributable to the unique properties they exhibit and their
ability to be used in a wide range of applications as rheology
modifiers in many advanced technologies.'”> Two types of
polymeric soft solids have been studied to date: those arising
from intermolecular interactions (mainly solvophobic) that lead
to the formation of a transient three-dimensional network
above a certain percolation threshold (known as physical
gels)®™® and those arising from jamming of close-packed
micellar nanoparticles (in the absence of bridges) under
conditions of high-volume fractions in which the ability of
the system to flow is lost."® The later behavior is also found in
suspensions of other colloidal nanoparticles that form colloidal
glasses, like microgels, inorganic silica nanoparticles, surfactant-

e micelles, multi-armed star-shaped polymers, and so
forth."'~"7

Free-supporting physical gels have been developed in various
media, from organic solvents to water, as well as in ionic liquids
(ILs). Among them, aqueous media hosting amphiphilic
macromolecules of various architectures in which a rich pallet
of interactions can be activated between associative segments
have attracted major interest. Recently ILs consisting of ions
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(molten salts), also promoted as “green solvents”, have
attracted considerable attention as media in various fields of
chemistry due to unique properties they possess, including
nonflammability, negligible vapor pressure, high ion con-
ductivity, thermal and chemical stability, and so forth.'872!

As far as polymer/IL gels (also termed ion gels) are
concerned, the primary motivation for their development is the
high ionic conductivity they exhibit, which makes them
attractive soft materials with interesting applications as solid
or quasi-solid electrolytes for electrochemical devices like
lithium ion batteries, fuels, and solar cells.**™>* Owing to the
fact that segmented polymers (block copolymers) can be tuned
precisely through macromolecular engineering® and that the
solvation properties of ILs can be designed based on the choice
of the chemical structure of the employed ions (cations/
anions), polymer/IL complex fluids appear to have many
advantages and to be promising systems.”*’

The first physically cross-linked ion gel reported was
prepared by a polystyrene—poly(ethylene oxide)—polystyrene
(PS—PEO-PS) triblock copolymer in 1-butyl-3-methylimida-
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zolium hexafluorophosphate ([BMIM][PF]).*® Because of the
solvophobic PS end-blocks and a solvophilic PEO midblock,
the copolymer self-assembled to form a transient network
above 5 wt % polymer.’*** In the same context, other
copolymer/IL systems that form transient ion gels with
interesting rheological properties, including thermoresponsive-
ness, have been explored.31_34 Ion gels seem to be promising
soft materials as solid or quasi-solid electrolytes for electro-
chemical devices.>>*

Colloidal systems involving silica nanoparticles grafted with
polymeric chains have also been employed to prepare IL-based
solidlike soft materials.>*~*' Furthermore, highly concentrated
suspensions of poly(benzyl methacrylate) (PBnMA)-grafted
silica nanoparticles in [EMIM][TFSA] formed soft glassy
colloidal arrays that exhibited soft solid behavior. On the basis
of the thermosensitivity of the PBnMA-grafted chains, the
interparticle interactions changed from repulsive to attractive
above the lower critical solution temperature (LCST), which
induced a colloidal glass-to-gel transition marked by a V-shaped
rheological response.*'

Although much work has been reported on ion gels arising
from the physical bridging of ABA triblock copolymers, to the
best of our knowledge, there are no reports addressing jamming
systems. In this work, we explore rheological and structural
behavior as a function of suspension concentration of polymeric
nanostructured micelles formed by PEO—PS—PEO triblock
copolymers in [BMIM][PF,]. In contrast to the differing
topology (BAB versus ABA), the chemical nature of the
components involved (i.e., solvophobic/solvophilic blocks, IL)
is kept the same as those of ion gels previously reported”®*° for
the sake of comparison. Because of the solvophobic nature of
PS in [BMIM][PF,], the triblock self-assembles to form
spherical, hairy micelles with compact PS cores and soft PEO
swollen coronas. At elevated concentrations, the micelles jam,
forming a soft glassy solid with structural and rheological
properties that are significantly different from those reported
for the PS=PEO—PS counterpart and with remarkable thermal
stability. Ionic liquid-based colloidal glassy suspensions could
be used in applications under special conditions (e.g, high
temperatures or under vacuum) where water-based colloids are
not suitable. Because of the high ionic conductivity of the
medium, this kind of soft solid could also have applications in
electrochemical devices.

B EXPERIMENTAL SECTION

Materials. [BMIM][PF,] was purchased from Alfa Aesar. All other
reagents used for the synthesis and sample preparation were purchased
from Merck.

Polymer Synthesis and Characterization. The triblock
copolymer PEO—PS—PEO was synthesized through living anionic
polymerization under an argon atmosphere by sequential addition of
the monomers (styrene, oxirane) using potassium naphthalene as the
difunctional initiator according to standard procedures.” The
molecular weight and composition characteristics of the triblock
copolymer were determined using static light scattering (SLS), gel
permeation chromatography (GPC), and proton nuclear magnetic
resonance ('"H NMR) (Supporting Information). In Table 1, the
weight-averaged molecular weight, M,,, the polydispersity index (M,,/
M,), and the chemical composition of the triblock copolymer are
presented.

Sample Preparation. Polymer dispersions in an IL were prepared
by mixing weighted amounts of the copolymer with methylene
chloride (CH,Cl,) as the polymer/IL cosolvent. To those
homogeneous solutions was added an appropriate amount of IL
under vigorous stirring. The viscous samples were homogenized

Table 1. Molecular Characteristics of the PEO—PS—PEO
Triblock Copolymer

PS block PEO blocks

MS MJM'  Myps) wt% DPps  Mypro) wt%° DPpgo
82210 1.25 29850 36.3 287 26180 63.7 595

“Determined by SLS. “Determined by GPC. “Determined by 'H
NMR.

several times by centrifugation of the vials. Finally, the cosolvent was
removed by placing the samples in a vacuum oven at 70 °C until a
constant weight was achieved.

Dynamic Light Scattering (DLS). Autocorrelation functions
g(g,t) were measured with a BI-9000AT/Turbocorr digital correlator
from a He—Ne laser (wavelength 632.8 nm) light source. CONTIN
analysis was performed through BI-DLSW software. The apparent
hydrodynamic radius, Ry,,,,, was determined via the Stokes—Einstein
equation (eq 1).

kT
h,app 6D (1)

where D = ['/q* is the diffusion coefficient of the scattered dispersed
particles, kg is the Boltzmann constant, and # is the viscosity of the
solvent at 25 °C. A 0.8 wt % PEO—PS—PEO/[BMIM][PFq] solution
was prepared for the DLS experiments. The solution was passed
through a 045 um filter and allowed to equilibrate at room
temperature for 24 h.

AMVn Microviscometer. The viscosity of the polymer solutions
in a concentration range of 0.4—1.5 wt % was measured according to
Hoppler’s “falling ball” principle. The solutions were introduced into a
glass capillary containing a rolling steel ball (diameter 3 mm), and the
viscosity was determined by measuring the rolling time of the ball over
a fixed capillary distance. The measurement was performed at a
constant angle of 20°. The intrinsic viscosity, [17], was determined
using Fedors equation (eq 2).8
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where 177, is the relative viscosity and C,, is a polymer concentration
parameter.

Small-Angle X-ray Scattering (SAXS). Small-angle X-ray
scattering measurements were performed using the SAXSLab Ganesha
300XL instrument (SAXSLAB ApS, Skovlunde, Denmark), a pinhole-
collimated system equipped with a Genix 3D X-ray source (Xenocs
SA, Sassenage, France). Data was collected with the detector placed at
two sample-to-detector positions that yielded to an overall g range of
0.005—0.15 A~". The magnitude of the scattering vector is defined as g
= (47/4)sin(0), where A corresponds to the X-ray wavelength (1.54 A)
and @ is half of the scattering angle. Samples were sealed at room
temperature between two kapton windows in a metallic block. The
most diluted sample, e.g, 0.1 wt %, was placed in a 1.5 mm diameter
quartz capillary (Hilgenberg GmbH, Malsfeld, Germany). In all cases
the temperature was kept at 23 + 0.2 °C by an external recirculating
water bath. The two-dimensional (2D) scattering pattern was recorded
using a 2D 300 K Pilatus detector (Dectris Ltd., Baden, Switzerland)
and radially averaged using SAXSGui software to obtain I(g). The
measured scattering curves were corrected for kapton scattering and
fitted using SasView software. SAXS data were fitted using different
models depending on the sample concentration. For the lowest
concentration (0.1 wt %), a form factor of spheres with a core—shell
structure™ was used (eq 3).
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[sin(4R.) — 4R, cos(qR,)]
(aR.)’

[sin(qR,) — qR, cos(qR,)] ]2
(4R’

+ Ibg (3)

where I is the scaling factor, V; is the volume of the outer shell, V_is
the volume of the core, R, is the radius of the core, R, is the radius of
the shell, p, p, and p, are the scattering length densities of the core,
shell, and solvent, respectively, and I, is the background level. The
values for p. and p,,;, were kept equal to 2.107° and 1.10 X 107 A%
respectively, throughout the fitting process.

The polydispersity of the system accounted for a radius of the core
having a Gaussian distribution (eq 4).

= e e ] .

where 7, is the average radius and the polydispersity is given by 6/,
For concentrations between 1 and 5.5 wt %, the SAXS curves were
fitted with a form factor for a sphere with a core—shell structure (eq 3)
and a radius of the core with a Gaussian distribution (eq 4), together
with a hard sphere structure factor.*’
For concentrations >9 wt %, a form factor for homogeneous
spheres** (eq 5) together with a hard sphere structure factor was used.

Pg) = %[wc(pc -»)

s

+ 3V - 2y

P(g) = [3V(Ap)(s1n(q(R) ; qR cos(qR)):| 1,
qR) (s)

where V is the volume of the sphere, Ap is the difference of the
scattering length density between the solvent and particle (kept
constant and equal to 1.107® A™2), and R is the radius of the sphere,
which corresponds to the radius of the core plus that of the collapsed
shell (R = R. + R;). The structural parameters obtained from fitting of
the SAXS curves are shown in Table S1 (Supporting Information).

Rheology. Rheological experiments were performed on a stress-
controlled rheometer (AR-2000ex, TA Instruments) using a cone plate
geometry (diameter = 20 mm, cone angle = 4°, truncation = 111 ym).
Special care was taken during sample loading to exclude bubbles. After
loading, a delay of 5 min was applied prior to any measurements. The
rheometer was equipped with a Peltier control system that allows for
accurate control of temperature. The linear viscoelastic regime was
established by oscillatory strain sweeps using a frequency of 1 Hz.
Dynamic shear moduli (G’ and G”) were examined in the linear
viscoelastic regime at 25 °C. Steady shear measurements were similarly
made at 25 °C by increasing the shear stress stepwise and allowing for
equilibrium to be reached at each step for 3 min. Dynamic temperature
ramps were performed for 20 wt % PEO—PS—PEO in [BMIM][PF].
These measurements were also performed using parallel plate
geometry calibrated to take into account thermal expansion of the
tool at a strain amplitude of 1%, frequency of 1 Hz, and heating rate of
1 °C/min.

Scanning Electron Microscopy (SEM). SEM was performed
using an FEI QUANTA FG 250 scanning electron microscope. The
sample was prepared by placing a small amount of the 20 wt % soft
solid (ion gel) on a mica substrate and subsequently rinsing with
dichloromethane to remove IL. The specimen was sputtered with gold
before imaging.

B RESULTS AND DISCUSSION

Nanoparticle Characterization and Overlapping Con-
centration. Because of the selectivity of the solvent (i.e., bad
for PS and good for PEO),*® the PEO—PS—PEO triblock
copolymer self-assembles in [BMIM][PF] to form core—shell
micelles above a critical micelle concentration that was
expected to be much lower than the concentration range
investigated due to the long PS block. Moreover, because of the

high T, of the insoluble block, “frozen” micelles were formed at
temperatures below T, (~100 °C), and therefore, these
micelles will be referred to as micellar nanoparticles. Dynamic
light scattering was utilized to estimate the size of the

nanoparticles initially formed in dilute solutions. Figure 1
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Figure 1. Decay rate (I') as a function of the square of the scattering
vector (q) for a 0.8 wt % PEO—PS—PEO/[BMIM][PF] solution at
25 °C. Inset: particle size distribution obtained by CONTIN analysis
of the autocorrelation function at an angle of 90°, and an image of a
core—shell nanoparticle isolated from the SEM micrograph of Figure
S3c (Supporting Information).

shows the decay rate as a function of the square of the
scattering vector (q), which was deduced from the
autocorrelation functions obtained from a 0.8 wt % solution
at room temperature. The I'/q* is practically independent of g,
revealing a diffusive mode of the relaxation process that
corresponds to nanoparticles with a mean apparent hydro-
dynamic radius R, = 45 nm. Moreover, the particle size
distribution is monomodal and narrow (Figure 1 inset),
indicating low size polydispersity and a lack or negligible
presence of unimers and micellar clusters. Given that the PS
block length is considerably shorter than those of the outer
PEO solvophilic blocks, spherical hairy nanoparticles were
expected to be formed as verified by SEM (inset of Figure 1
and Figure S3, Supporting Information).

To evaluate the overlapping concentration of the micellar
nanoparticles (c*), viscometric studies were performed to
determine the intrinsic viscosity [#]. For this purpose, the
Fedors equation (eq 2) was used because it is quite suitable for
associating amphiphilic copolymers.***’ Indeed, as shown in
Figure 2, an excellent linear fit of the data was obtained, giving
[7] = 18.32 g/g or 1342 mL/g (dy = 1365) The ¢* was
determined at ~8 wt % using the equation®®

. 6’0
4N, [n] (6)

where @ is the Flory universal constant (2.5 X 10%) and N, is
Avogadro’s number.

Characterization by SAXS. Small-angle X-ray scattering
measurements were performed to characterize the micelles
formed upon self-assembly of PEO—PS—PEO, quantify the
interactions between the micelles, and study the evolution of
the micellar structure. The SAXS results are shown in Figure 3
for PEO—PS—PEOQ/IL suuspensions at concentrations between
0.1 and 5.5 wt % (Figure 3a) and between 9 and 24.8 wt %
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Figure 2. Linear fit of the Fedors equation for the PEO—PS—PEO
triblock copolymer dissolved in [BMIM][PF].
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Figure 3. I(q) vs q data obtained by SAXS for PEO—PS—PEO/
[BMIM][PF] suspensions at concentrations of (a) 0.1, 1, 3, and 5.5
wt % and (b) 9, 17, 20, and 24.8 wt %. Solid lines are fits of the data as
discussed in the text.

(Figure 3b). The results were split into two different plots in
the same figure for clarity.

As shown in Figure 3, the sample at 0.1 wt % shows no
intermicellar interactions, which is proven by the absence of a
structure peak. Thus, the scattering curve corresponds to the
form factor. The fitting of the curve yields a core radius (R.)
according to a similar approach reported by Lemmers et al. in
their study on the transient network formation of flowerlike
micelles.*” The radius of the core, which corresponds to the
size of the PS dense core, is found to be R. = 10 + 1 nm. The
fitting also yields the radius of the shell (R), which is 11 + 3

nm and corresponds to the size of the PEO soft corona. The

overall size of the micelle found from the fitting of the SAXS
curves is therefore ~21 + 3 nm. This value is much smaller
than the apparent hydrodynamic radius of the micelles (R, = 45
nm) determined by DLS at 0.8 wt % in which a structure factor
is slightly present (see curve corresponding to 1 wt % in Figure
3). However, the value from SAXS derived at 0.1 wt % might be
underestimated based on the fact that the scattering
predominantly arises from the core of the micelles.

Assuming that the PS core of the nanoparticles is not
penetrated by the IL molecules, the aggregation number (Nagg)
could be estimated by eq 7 using simple geometrical
considerations.

_ NaggMn,PS
ppsNav (7)

where M, ps is the number-average molecular weight of the PS
block (23.88 kDa) and ppg is the density of PS (1.05 g/cm?).
N,g, was found to be 88, which is reasonable with respect to the
solvophobic/solvophilic balance of the copolymer.*® Therefore,
the spherical nanoparticles formed by the PEO—PS—PEO
copolymer in the dilute regime are constituted of a PS core of
R.= 10 nm surrounded by a swollen corona of 176 PEO
dangling chains. Thus, the grafting density of the nanoparticle
core, as calculated from the formula 2Nagg/47ch2, is ~0.14
chain/nm?, implying chain extension of the corona chains.
From the SAXS data, the degree of chain extension (100R,/
PEO contour length) was estimated to be 3.7%, whereas this
value from the DLS data (100(R,—R.)/PEO contour length)
was found to be 11.8%. The second value seems to be more
consistent with respect to the 0.14 chain/nm® grafting
density.>" Given that PS is a glassy polymer, these “frozen”
micellar nanoparticles seem to resemble poly(methyl meth-
acrylate)-grafted silica nanogarticles (PMMA-g-NP) that form
colloidal soft solids in ILs.*”~*

For concentrations between 1 and 5.5 wt %, the R, and R
values remain the same as those obtained from the most diluted
samples. This result is expected because these concentrations
are below the overlapping concentration (c*); thus, no
compression of the shell is expected. At concentrations above
c* (e.g, =9 wt %), the micelles would be expected to start to
overlap and/or collapse onto the core; thus, the shell
contribution to the scattering data cannot be differentiated by
SAXS. Therefore, the fitting of the SAXS data for these
concentrations yields a radius (R) that corresponds to the sum
of the radius of the core and that of the collapsed shell (R = R,
+ R,). The values of R obtained are ~16 + 3 nm.

The structuring of the samples is noticeable for samples with
concentrations >1 wt %, which is revealed by the presence of a
structure peak (see Figure 3). Thus, the SAXS data of these
samples were fitted with a form factor together with a hard
sphere structure factor, yielding an equivalent hard sphere
radius (Rys) and an equivalent hard sphere effective volume
fraction (¢). As shown in Figure 4a, the position of the first
structure peak (gq*) shifted towards higher q values with
increasing concentration, indicating a decrease in the character-
istic length scale, which in this case is the particle-to-particle
distance. Moreover, the structure peak became sharper as the
concentration increased, which indicates that the sample
transitions to a more ordered structure, as mentioned
previously. The relative peak position (q/q*) did not reveal
any ordered structure due to the low kinetics of the micelles at
room temperature, which fail to reach the thermodynamically
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Figure 4. (a) Evolution of the position of the first structure peak (g*)
with polymer concentration. (b) Evolution of the effective hard sphere
radius (Ryg) and the average center-to-center distance (D/2) with
polymer concentrations from the PEO—PS—PEO/[BMIM][PF]
system. D is obtained as D = 2z/g*.

favorable state of a body-centered cubic (BCC) lattice as
observed for PS—PEO—PS in the same IL at elevated
temperatures.30

The change of the effective hard sphere radius (Ryg) as a
function of polymer concentration is plotted in Figure 4b. This
parameter remained constant at about 33 nm for concen-
trations up to 9 wt %. Above 9 wt %, Ryg decreased with
increasing polymer concentration, indicating compression of
the micellar shell and the formation of denser particles.

The evolution of the average of the center-to-center distance
(expressed as D/2) between the micelles can also be extracted
and is depicted in Figure 4b. D was obtained from the relative
structure peak position at each concentration, such that D =
27/q*. Similarly to the evolution of Ryg D/2 remained
constant up to 9 wt % and decreased above this concentration,
which indicates compression of the micellar corona. More
importantly, at concentrations above the overlapping concen-
tration ¢*, D was smaller than 2Ry, which should be due to
interpenetration between the corona chains of adjacent
micelles.>

The evolution of the effective volume fraction with polymer
concentration is shown in Figure S. The volume fraction
increased with increasing polymer concentration, reaching
significantly high values (0.48) at the highest concentration
studied (24.8 wt %), indicating that the system approaches the
glass transition. The polymer concentration dependence of
L*,,, is also shown in Figure 5. L*,, is the size ratio between
the coronal layer thickness and the core of the micelles (e.g.,
L*pp = (Rys — R)/R,*" where R, = 10 nm as described

05[ ' ; Asanan 3
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04 [ L ::,‘/ 125
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< ! ‘\\\ 42 § *
02f \
g" V115
01F J \
y Sf
0 : . 1

0 5 10 15 20 25
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Figure 5. Evolution of ¢ and L*,,, with polymer concentrations of the
PEO—PS—PEO/[BMIM][PF] system. Dotted lines are plotted as a
guide for visualization of the trend.

above). It is well-known that for purely hard sphere systems
L*,,p = 0. The more this parameter deviates from 0, the softer
the system becomes.® For block copolymer micelles,
McConnell et al.>® reported two different behaviors depending
on the type of repulsive interactions occuring between the
micelles. For small ratios of L*,, < 1.6, the system behaved as a
hard sphere showing face centered cubic structure, whereas for
larger ratios a BCC structure was observed, indicating that soft
repulsive interactions governed. As shown in Figure S, the ratio
of L*,,, is well above 1.6 at low concentrations, and the system
thus presents an amorphous structure, as explained above. This
parameter decreased with increasing concentration, approach-
ing values close to those of hard sphere behavior. At the highest
concentration studied (e.g,, 24.8 wt %), L*,,, decreased to 1.3,
indicating that the sample approaches hard sphere behavior.
Liquid to Soft Solid Transition and Rheological
Properties. A number of polymer solutions with concen-
trations up to 25 wt % were prepared in [BMIM][PF], and
their rheological behavior was first investigated by steady state
shear flow experiments at room temperature. In Figure 6,
viscosity profiles of various solutions are demonstrated as
viscosity versus shear stress. At concentrations <3 wt %, a
Newtonian behavior was observed, whereas at higher
concentrations, the profile is characterized by a Newtonian
plateau at low shear stresses followed by a shear thinning effect.
Zero-shear viscosity (7,), determined at the Newtonian plateau,

5
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10l e A 52%wt
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. * 71%wt
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Figure 6. Steady state shear viscosity as a function of shear stress for
different concentrations of the PEO—PS—PEO triblock copolymer
dissolved in [BMIM][PFq] at 25 °C.
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increased while the critical shear stress, which marks the onset
of shear thinning, decreased with increasing concentration. This
behavior is typical of particle colloidal suspensions and has also
been observed recently in a poly(methyl methacrylate)-grafted
silica nanoparticle (PMMA-g-NP)/[EMIM][TFSA] system.40
The solutions were viscous up to 10 wt % above which a free-
supporting gel was formed as observed by tilting the vials. For
more concentrated solutions, the flow curves exhibited yield
stress, and thus creep experiments were used to determine 7,.
Measurements were performed in the linear viscoelastic regime.
As shown in Figure 7, an abrupt change in the compliance J,(t)

0.006
c=12.5 wt%|
A ¢c=15.9 wt%)
0.005H o Cot7'wt%
o c=20 Wt%
- 0.004 H_© c=24.8 wt%|
‘T(ﬂ
Q 0.003
g
0.002

0.001

Figure 7. Creep compliance (J) as a function of time for different
concentrations of PEO—PS—PEO in [BMIM][PF] at 25 °C.

was observed upon applying a sudden stress, followed by a
smooth increase that becomes linear at longer time points.
From the linear part of the plot of J,(t) over time, 7, and the
plateau modulus G, can be extracted according to the equation

t
+ —

J(t) =
Mo (8)

1
Gy

It can also be observed from Figure 7 that as the
concentration increases the colloidal system tends to behave
as an elastic solid, exhibiting very high viscosity and a high
modulus (1/],(t)).

The variation in relative viscosity #, = 1o/, where 7, is the
viscosity of the solvent, as a function of concentration is
demonstrated in Figure 8a. At low concentrations, the viscosity
rises smoothly with concentration and becomes sharper when
passing 4 wt %. Above the overlap concentration of the micellar
nanoparticles, the viscosity diverges and a liquid to soft solid
transition occurs. Crossover between the two regimes can be
defined at 10 wt %. This is consistent with the fact that the
suspensions at higher concentrations lose their ability to flow.

To compare the behavior of our system with that of other
colloidal suspensions, we have plotted the data in a log—log
plot of 77,4 versus the normalized concentration c¢/c* (Figure
8b), which is equivalent to the effective volume fraction (@)
representing the volume fraction of effective spheres having a
radius equal to the hydrodynamic radius of the micellar
nanoparticles in the dilute regime.54_56 Note that the ¢4 values
are different than those extracted from SAXS (Figure S), which
take into account contraction of the shells.

In the same plot, data from the Krieger—Dougherty empirical
equation (eq 9) describing the behavior of colloidal particles
has been incorporated for the sake of comparison.®’

SOL GEL
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c_=10 wt%
‘gel

100!_ A AAfAA
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Figure 8. Log—log plot of the relative viscosity (77,) as a function of
concentration (a) or normalized concentration ¢/c* (¢4 (b) of the
PEO—PS—PEO triblock copolymer in [BMIM][PF,] at 25 °C. The
symbols in (a) represent data obtained by microviscometer (A),
steady state shear (@), and creep (M) measurements. The red dashed
line in (b) represents eq 10 with ¢, = 0.64.

—2.540P
%ot
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% ©)
where 7, is the relative viscosity (770/7,) and @, is the close-
packing volume fraction of hard spheres. As shown in Figure
8b, the experimental data deviated from the hard sphere
behavior predicted by eq 9 at ¢, = 0.64, the value for the
random close-packing limit above which the viscosity diverges.
It is observed that viscosity divergence of the micellar
nanoparticle suspension occurs at a ¢y, that is remarkably
higher than that of hard spheres due to their “soft” coronas,
which allows for deformation and interpenetration of the PEO
chains. Similar behavior has been observed for other “soft”
nanoparticle suspensions (e.g, multiarm star polymers,***®
core—shell latexes,” grafted inorganic nanoparticles,éO and
microgels®'). Comparing the results of the system under
investigation with that of PMMA-g-NP in [EMIM][TFSA], we
observe that the latter exhibits viscosity divergences at lower
@1y Which should be attributed to less “softness” of PMMA-g-
NP. This is in accordance with the fact that, with a silica core
radius of 62 nm, the grafted silica nanoparticles exhibit L*,,,
values in the range of 1—1.8,*° which are considerably lower
than that of our micellar nanoparticles, implying behavior that
is much closer to that of hard spheres.

Oscillatory shear experiments were employed to explore the
viscoelastic response of the micellar nanoparticle suspensions.
Characteristic frequency sweep plots of the storage (G’) and
loss modules (G”) for several concentrations in the vicinity of
the liquid soft solid transition, obtained in the linear viscoelastic
regime, are presented in Figure 9. At ¢ = 9 wt %, a nearly
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Figure 9. Frequency dependence of the dynamic shear moduli G’
(closed symbols) and G” (opened symbols) of the PEO—PS—PEQ/
[BMIM][PF,] suspensions at different polymer concentrations at 25
°C.

liquidlike response was observed at low frequencies (G’ ~ @?,
G" ~ ®), whereas G’ almost coincides with G” at higher
frequencies, suggesting the vicinity of the transition. As the
concentration increases, G'(®) begins to dominate over a
frequency window that broadens toward lower frequencies. It is
also observed that G'(w) develops a plateau that is nearly
frequency independent at least in the low frequency range. On
the other hand, G"(w) is frequency dependent, exhibiting a

shallow minimum and at higher frequencies rising more sharply
than G'(®), ultimately exceeding it. This kind of viscoelastic
response has been reported for colloidal uncoated silica hard
spheres near and below the liquid—colloidal glass transition®
and in other soft glassy colloidal systems.'®"” Thus, we
observed two relaxation modes: a slow one and a fast one,
corresponding to low and high frequency crossover, respec-
tively. The slow mode characteristic time (terminal relaxation
time) increases steeply with concentrations >9 wt %, and the
crossover frequency could not be observed by oscillatory
measurements for concentrations >11 wt %. The high
frequency crossover is weakly concentration dependent. A
similar viscoelastic response (Figure 9d) was observed for the
suspensions of concentrations >13.5 wt %.

From Figure 9, it is obvious that when the nanoparticle
concentration is increased, the viscoelastic response of the
system shows a liquid-to-solidlike transition marked by a
dramatic increase in the terminal relaxation time and
domination of the elastic modulus. In Figure 10a, the terminal
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Figure 10. (a) Relaxation time (7) and (b) plateau modulus (G,) as a
function of concentration and reduced concentration, respectively, of
the PEO—PS—PEO/[BMIM][PF4] system at 25 °C. The results
ensued from dynamic oscillatory sweeps and the creep experiment.

relaxation time (zz) has been plotted as a function of
concentration. In the same plot, values determined at higher
concentrations by creep measurements (TR = Gyljo, from Figure
7) have also been incorporated. As observed, 7y increases by ~3
orders of magnitude from 9 to 11 wt % and tends to level off at
higher concentrations. These long relaxation times should be
ascribed to the fact that the micellar nanoparticles are trapped
in cages formed by their neighbors as crowding increases,
producing a jamming effect.> The short relaxation times, on
the order of tenths of seconds (fast mode), probably reflect
localized motion of the individual nanoparticles.

The plateau modulus Gy, as deduced from creep and
oscillatory measurements, increased sharply with concentration.
This accounts for the compression of the soft shell of the
polymeric micelles and thus the decrease in the interparticle
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distance observed by SAXS. Correlating the data from rheology
and SAXS, we found a scaling behavior of the form G’ = D™/,
provided that the aggregation number remained constant with
concentration. The exponent —2.7 is close to that observed for
other colloidal block copolymer systems in organic solvents
(e.g,, —2.46 for PS-P2VP in toluene®’) and is not far from the
theoretical prediction of G' = Nagg3/ *D7?, derived from the
repulsive potential obtained for polymerically stabilized
colloidal nanoparticles.”®

To estimate the micellar nanoparticle softness, we followed
the procedure proposed by Paulin et al.** and applied it to the
PMMA-g-NP/[EMIM][TFSA] system.** Figure 10b demon-
strates G, as a function of ¢/c* (equivalent to @) exhibiting
low power dependence such that

Go = qg" (10)

where m = n/3 + 1 with n being the soft interparticle potential.
m was found to be 3.14, giving n = 6.42, which is lower than the
values found in the PMMA-g-NP/[EMIM][TFSA] system.
Thus, the PEO—PS—PEO nanoparticles seem to be softer than
those of PMMA-g-NP, which is consistent with the fact that the
viscosity diverges at higher ¢.; for the present system.
However, the chain density of the PEO corona chains, which
is about 0.14 chain/ nmz, is on the same order of magnitude as
those reported for the PMMA grafting chains in PMMA-g-NP
(0.11-0.2 chain/nm?). Thus, the higher nanoparticle softness
in the present system could be attributed to a thicker corona
(as reflected by L*app), which is more compressible, and a chain
flexibility of PEO (low T, approximately —60 °C) that is much
higher than that of PMMA (high T, ~100 °C).

Thermal Stability. Lastly, to explore the thermal stability of
the soft glassy solid formed by the jammed micellar
nanoparticles, a preliminary test was accomplished using cone
and plate geometry. The dynamic moduli were measured in a
temperature sweep experiment at a constant strain of 1%
(linear viscoelastic regime) and a frequency of 0.1 Hz. In Figure
11, G' and G” are plotted versus temperature from 20 to 150
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Figure 11. Temperature dependence of dynamic shear moduli (G’ and
G") for 20 wt % PEO—PS—PEO in [BMIM][PF,]. The measurements
were taken with a cone and plate geometry at a strain (y) of 1%,
frequency of 0.1 Hz, and heating rate of 5 °C/min.

°C and then back to 20 °C for 20 wt % copolymer using a
heating rate of 5 °C/min. As can be observed, the solidlike
behavior of the suspension resists heating up to 150 °C
practically without hysteresis. Moreover, the elastic modulus
begins decreasing smoothly above 100 °C but remains higher
than the loss modulus.

Subsequently, a more elaborate experiment was carried out
using parallel plate geometry calibrated to minimize the effect
of thermal expansion of the component dimensions at a lower
heating rate of 1 °C/min.

In Figure 12, G’ and G” are plotted versus temperature from
20 to 160 °C for a 20 wt % copolymer. As observed, the elastic

10° T T T T . .
20 40 60 80 100 120 140 160
Temperature (°C)

Figure 12. Temperature dependence of dynamic shear moduli G’ and
G" for 20 wt % PEO—PS—PEOQ in [BMIM][PF]. Measurements were
taken at a strain (y) of 1%, frequency of 1 Hz, and heating rate of 1
°C/min.

modulus decreased smoothly up to 120 °C and was always
significantly higher than G”, again indicating remarkable
thermal stability of the material elasticity within this temper-
ature range. However, a soft solid to liquid transition
temperature, marked by crossing of the G’ and G” curves,
was found at 141 °C, which was not observed using the faster
heating rate in the previous experiment (Figure 11). Note that
the experiments were performed in air, and the degradation of
[BMIM][PF,] was observed at the highest temperatures, which
seems to agree with previous ﬁndings.u’65

As reported recently from experimental observations, PEO is
soluble in [BMIM][PF¢] at room temperature up to at least
150 °C, implying an LCST that is higher than that in water,”’
which seems to be valid for other polymer/IL systems as
well®%” Thus, the observed soft solid to liquid transition
should primarily be attributed to shrinkage of the PEO corona
chains as they approach the LCST phase transition of PEO.
The fact that this transition occurs above the T, of PS (~100
°C) implies higher chain mobility of the PS segments in the
core and thus an increase in the exchange dynamics that should
lead to a “frozen” to dynamic micelle transition. Therefore, this
effect is likely not the reason that the melting temperature is
141 °C, because otherwise it should manifest at a temperature
closer to 100 °C.

B CONCLUSIONS

In this work, the structural and rheological properties of
concentrated solutions of a PEO—PS—PEOQ triblock copolymer
in [BMIM][PF] ionic liquid are demonstrated. The copolymer
self-assembles to form “frozen” micellar nanoparticles compris-
ing a PS glassy core of nearly constant size over the
concentration range investigated and a PEO swollen corona
with high chain density. Upon increasing concentration, a liquid
to soft solid transition was observed at @z = 1.25 (C, = 10 wt
%), which is significantly higher than the ¢ = 0.64 predicted
for colloidal hard sphere suspensions. This behavior was mainly
attributed to the “soft” nature of the corona of the polymeric
nanoparticles allowing deformation and/or interpenetration of
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PEO flexible chains. At elevated concentrations well above the
liquid to solid transition, a nearly elastic soft solid was formed
as revealed by creep and oscillatory flow experiments.

SAXS experiments did not show the appearance of any
specific crystalline order (e.g, BCC) at room temperature, even
at the highest concentration investigated (24.8 wt %), implying
the formation of an amorphous glassy soft solid arising from the
nanoparticle jamming. The structural parameters of the PEO—
PS—PEO/[BMIM][PF] system exhibited remarkable changes
upon increasing concentration in the solid phase (i.e., decreased
hard sphere radius (Ry) and interparticle distance (D), which
was attributed to compression of the soft coronas and
interpenetration of the dangling PEO chain ends). Inspection
of the thermal response of the formed ion gel indicated
remarkable thermal stability up to 120 °C and a melting
temperature at 141 °C, which is among the highest observed to
date in ion soft solids.**%®

We have presented an alternative method, aside from those
of transient networks, to fabricate ion soft amorphous materials
from core—shell-type block copolymer self-assemblies that jam
at elevated polymer concentrations (Scheme 1). This physical

Scheme 1. Schematic Representation of the Solidification
Process of Soft Polymeric Nanoparticles in Ionic Liquid:
From Nanoparticle Suspension to Colloidal Glass

Nanoparticle suspension Colloidal glass

concentration =

picture was verified by scanning electron microscopy. In Figure
13, a SEM micrograph obtained from a 20 wt % suspension
embedded on a mica substrate is shown. Fortunately, some ion
gel microdomains survived in the form of a thin film after
rinsing with CH,Cl,, allowing us to reveal the jammed spherical

200 nm ———
PEO-PS-PEO-IL rinsed

- -
det | mode mag [ HFW Wi spot pressure

3.0 | 6.87e-4 Pa

FEY
B | 000k | £ | St | 502079x | 824nm |05

Figure 13. SEM micrograph from 20 wt % PEO—PS—PEO suspended
in [BMIM][PF¢] and embedded on a mica substrate that was
preserved after rinsing with dichloromethane to remove the IL.

nanoparticles that form an amorphous structure. The character-
istic sizes, that is, the particle core diameter and mean
intermicellar distance, are in excellent agreement with those
determined by SAXS.

To the best of our knowledge, this is the first study of glassy
suspensions comprising polymeric soft nanoparticles in ionic
liquids. The rheological properties of the ion soft solids formed
were remarkably different from those observed in topologically
reversed PEO—PS—PEO-based ion free supporting gels studied
to date.”®*” The properties and structural characteristics of the
polymeric nanoparticle/IL suspensions could be tuned by
designing copolymer characteristics (ie., relative length of the
solvophobic/solvophilic block) and polymer/IL interactions.

By combining properties of these kinds of soft solid
formulations that have high viscosity and elastic modulus
(e.g, 2.5 X 10° Pa s and 1.2 X 10° Pa, respectively, at 20 wt %
polymer), negligible volatility of IL, high thermal stability, and
easy tunability of the structural characteristics, several potential
applications could be envisioned, particularly under working
conditions requiring material integrity and high thermal
stability (e.g, at elevated temperatures and/or reduced
pressure). For instance, the above suspensions could be used
as drilling fluids, replacing conventional media such as water or
organic solvents.

More importantly, and because of the additional high
conductivity of ILs, the easily shaped ion/gel described above
might be a good candidate as a functional material for
applications in electrochemical devices, including lithium ion
batteries, fuel cells, and solar batteries.®” Although we have not
measured the ion conductivity of the present system, it is
known that ion conductivity depends on the IL content, the
block copolymer solvophilic content, and the nanostructure of
the formulation (i.e,, high IL content, high PEO length, and
continuous microphase morphology are favorable). In previous
findings with similar copolymers (PS-b-PEO), high ion
conductivities have been measured (e.g, 0.8 X 107> S cm™
for ionic content at 25 wt % and 100 °C).”° In our system, the
IL content and PEO length are remarkably higher, implying
that much higher conductivities should be expected. Thus, it is
reasonable to assume that our amorphous ion/gel, which
provides continuous ionic domains, could meet the require-
ments for such applications.
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