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ABSTRACT: The effect of polymer surfactant structure t=0 t=24 min
and concen- tration on the self-assembly, mechanical
properties, and solidification of nanoparticle
surfactants (NPSs) at the oil-water interface was
studied.

The surface tension of the oil—water interface was four
strongly on the choice of the polymer surfactant used tc
NPSs, with polymer surfactants bearing multiple polar
groups being the most effective at reducing interfacial
tension and driving the NPS assembly. By contrast,
only small variations in the shear modulus of the
system were observed, suggesting that it is

determined largely by particle

o
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density. In the presence of polymer surfactants bearing multiple functional groups, NPS
assemblies on pendant drop surfaces were observed to spontaneously solidify above a critical

polymer surfactant concentration.

Interfacial solidification accelerated rapidly as polymer

surfactant concentration was increased. On long timescales after solidification, pendant drop

int;:erfac%s were | ] fciently | "
observed to spontaneously wrinkle at sufficient w surfac
mﬁ). Interfac?gl shear rhe%lo y of the NPS asse%’]b?ies was elastic-domina
modulus ranging from 0.1 t© 1 N

monolayers ‘elséwhere. Our work paves the way ,
multlccg.mponent oil—water interfaces with well-defined mechanical,
properties.

te_nsions,(a?gd

for the development of designer

roximately 5 mN
with the shear
m~!, comparable to values obtained for nanoparticle

structural, and functional

. INTRODUCTION

The assembly of nanoparticles (NPs) at the
liquid—liquid

interface provides a versatile platform to
produce dimension- ally confined materials that
possess novel mechanical, and functional

properties.'=® NP assemblies can also be used to
lock liquids into complex nonequilibrium shapes
by interfacial jamming of NPs, with the
mechanical properties of the

assembly determining the mechanical
properties of the stabilized structure.*®
Nanoparticle surfactants (NPSs), which consist
of functionalized NPs dispersed in one liquid
phase and polymer surfactants dispersed



in a second,

immiscible Iicluid phase, are a particularly
powerful platform for assemblin highly
controlled nanomaterials at the oil— water
interface.””® The particles and polymers_ in
these systems are confined within immiscible
bulk liquid phases and interact at the
liquid=liquid Iinterface to form a layer of
NPSs. This

synergistic mechanism for engineering NP
adsorption at the oil—water interface bypasses
the need for painstaking tuning of the surface
chemistry of NPs and solvent properties.*'° NPS
assemblies are also remarkably versatile.
Successful assembly of

NPSs at the oil-water interface requires only
that the polymers and NPs have
complementary functional groups

(e.g., ion-pairing); gold NPs, graphene oxide
nanosheets, polyoxometalates, cellulose
nanocrystals, and carbon nano- tubes have all
been used to shape liquids into complex
structures. '~

As NPS concentration at the oil—water interface

increases,
NPSs undergo a transition from a dynamic, that
is, liquid-like



state, to a kinetically arrested, solid-like, load-
bearing state that can be used to structure
liquids into complex shapes.'® We refer to this
transition here as ‘interfacial solidification’. In
this work, we study the assembly of NPSs at
the oil—water interface

during and after interfacial solidification and
investigate how

the structure and concentration of the polymer
surfactant affects the shear moduli of NPS
assemblies and surface tension,

, of the oil—water interface. The surface stress
ensor, T;, in_our soli |f%|ng interfaces has two
distinct contributions*’~

T;; = yé,-j + I

ij if

(1)

“y8;" in eq 1 describes the free-energy cost per
unit area associated with the existence of the
oil—water interface and decreases as material
adsorbs to the oil-water interface. |In
liquid—liquid interfaces that are either clean or
contain reversibly adsorbed molecules, this is
equivalent to the liquid—fluid surface tension,
y. [; describes anisotropic contributions to the
surface stress derived from the material

properties of the adsorbed layer. As the
interface solidifies, this second term grows
rapidly, characterized by an increase in the
shear modulus of the interface. The shear
moduli of NP and

NPS monolayers measured elsewhere in the
literature typically range from 0.1 to 1 N m™*
and exhibit power-law growth above an areal
NP density, ¢, = 0.4.2*2
The materials used here were
because of their

relevance to the emerging field of printed and
molded liquids; all three polymer surfactants
have been successfully used in
printed liquid applications.® Engineering the
timescale of
interfacial solidification in these systems is
critical for the controlled arrest of
hydrodynamic instabilities in interfacially
jammed structured liquids.!***?425 Controlling
the mechan- ical properties of such interfaces
is critical in providing stability to the structures
against Ostwald ripening and maximizing the
flow-through rates for applications in chemical
synthesis.>?¢-%8
Here, we show how both the shear moduli of
the NPS assemblies and surface tension of the
oil—water interface can be controlled simply by
varying the structure and concen- tration of the
Eﬁlymer surfactants that are used to assemble
e
NPS. We used pendant drop tensiometry to
investigate how the two components affect the
surface tension of the system, and used image
analysis methods to extract the timescale on
which the interfacial assembly solidifies. We
found that increasing the polymer surfactant
concentration resulted in a more rapid
assembly of the NPS and accelerated
interfacial solidification. The interfacial shear
rheology of the NPS assemblies was
predominately elastic dominated. The plateau

chosen

Aldrich. Dilute dispersigns of NPs were found to
undergo a_change in their pH on a timescale of =1 h
after dilution, leading to poor relgroduubllllty of the
results. As such, 1 mg mL™* NP dispersions were
prepared in a 5 mM buffer solution of NaMES, which
was shown

using DLS not to cause aggregation of the NPs. The
pH of the NP dispersions was adjusted to 6.4 using 1
M HCI. The surface tension of the resulting 1 mg
mL™! 14 nm Si particles in 5 mM MES buffer
agalinst silicone oil was measured to be y = 35 mN
m~~, comparable to

that of a clean water—silicone oil interface, with
disparities attributed to small concentrations of
surface-active impurities in both oil and the NP
dispersion. Monoaminopropyl-terminated
polydimethylsiloxane (PDMS—NH, M, = 1750 g
mol~!, determined by 'NMR, consistent

with Xing et al.) was purchased from Gelest Inc.
and used as
received.?®

: . Bis(3-amino§rolg)5|) terminated
poly(dimethylsiloxane) (‘HN—PDMS—NH,', M, =
2500 g mol~ 1), and poly- [dimethylsiloxane-co-(3-
aminopropyl)methylsiloxane] _random co- polymer
('lRCP', M,, = 11 000 g mol™}, estimated using the
relation for linear siloxane polymers in ref 30), were
purchased from Sigma-
Aldrich and used as received. The ligand dispersions
were prepared by mixing the desired amounts of
amine-functionalized polymers in the silicone oil and
agitating the mixture by shaking.
Pendant Drop Tensiometry.
tensiometer
(Kruss DSA30S) was used to probe the interfacial
tension of the oil—water interface at which NPSs
were assembling. The surface tension of the pendant
drop was measured using the software provided by
th(l_::d equipment manufacturer. The timescale of
solid-
ification of the interface was defined as the time at
which the mean curvature of the pendant drop was
no longer a linear function of the distance from the
apex ,of the droplet. Droplet mean curvature,
H =—"+4+—-, was extracted from the droplets using
the MATLAB

scripts of Nagel °In order to calculate nonlinearity

A pendant drop

values of the shear moduli on long timescales
all lay in the

range 0.1-1 N m™', suggesting that, for the
close-packed interfaces studied here, the
shear modulus is largely

determined by particle density. Remarkably, at
extremely low surface tensions (y = 5 mN m™1),
the oil-water interface was observed to
spontaneously wrinkle, showing how shape

evolution of interfacially structured liquids is
driven by both the mechanical properties of the
adsorbed layer and the surface energy of the
oil—water interface.

! MATERIALS AND METHODS
am

le PrgPaBat_ion. Silicone oil (kinematic

viscosity 5 ¢

912 kg m~3) was purchased from Sigma-Aldrich and
used as received. Carboxylic acid-functionalized silica
NPs [diameter = 14 nm, measured by dynamic light
scattering (DLS)] were obtained from Microspheres-
Nanospheres and used as received. 2-(N-Morpholino)-
ethanesulfonic acid sodium salt (NaMES) was
obtained from Sigma-



curvature, the spatial derivative of the mean
curvature, H'= dH/dz, was calculated numerically.
Limitations due to camera resolution, alignment,
and detector noise, and residual anisotropic
stresses due to inhomogeneous wetting of the
capillary, from which the needle was suspended,
required an empirical noise floor in ¢, to be
determined for a system that exhibited only
isotropic surface stresses. Calibration with a
particle-free system yielded typical values for the
coefficient of
variation and its standard deviation, ¢, and 0w,
respectively. The
solidification time of the interface was taken as the
point at which the measured c, increased
monotonically past ¢’y + 30’ (Figures S3—-S5).
Interfacial Shear Rheology. The viscoelastic
properties of the NPS assemblies formed at the
oil—water interface were measured using a stress-
controlled discovery hybrid rheometer (DHR-3) from
TA Instruments (USA) equipped with a Du Nouy ring
and the double-walled Couette flow-cell geometry.
The latter is made of a glass external cylinder and
a Teflon internal cylinder. For H,N—
PDMS—NH, and RCP, the rheological study was
conducted using the
following protocol: (1) time sweep for 3 h at a
frequency w = 3.14
rad/s and strain y = 0.5%; (2) an amplitude sweep
at w = 3.14 rad/s, exploring the strain range from
0.01 to 100%; (3) time sweep for 3 h at w = 3.14
rad/s and y = 0.5%; (4) frequency sweep at y =
0.5%, exploring the frequency range from 0.01 to
100 rad/s. A similar
protocol was performed for PDMS—NH,, but a
constant strain of y = 0.3% is used for both time
and frequency sweeps. t = 0 in the
presented data corresponds to the beginning of
conditioning oscillations.
Dynamic Light Scattering. DLS measurements were
performed
on a Malvern Zetasizer Nano ZS equipped with a
633 nm laser at a scattering angle of 90°.

. RESULTS

NPS Assembly. The aqueous phase in our
experiments

contained 1 mg mL™* and 14 nm diameter of
—COOH—- functionalized silica NPs. For the
nonpolar phase, we used a Iow-viscosity
(kinematic viscosity 5 cSt, p = 912 kg m™)
silicone oil containing NH,-functionalized
PDMS-based polymer surfactants. Three
different NH,-functionalized
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Figure 1. Assembly mechanism of NPSs. (a) Amine-functionalized 1polymer surfactants used in this study. (b)
During NPS formation, polymer surfactants first adsorb to the interface and protonate, attracting the Si—COOH
NPs to the oil—water interface. Interaction between the particles and the polymer surfactant renders the
particles irreversibly bound to the interface. A similar interaction occurs among the NPs, double amine-
]’Eermir]cated H:N—-PDMS—NHz, and an amine-functionalized “RCP”, but with the potential for cross-link
ormation.
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Figure 2. Isotropic and anisotropic surface stresses in a model system. Water is withdrawn from a droplet
suspended from a needle and immersed in oil. (a) Aqueous phase contains 5 mM NaMES and nonaqueous

phase contains silicone oil. (b) 5 mM NaMES and 1 mg mL™" Si NPs, nonaqueous phase contains silicone oil
+ 5% w/w PDMS—NH,. (i) Mean curvature of the oil-water interface as a function of both time (indicated by
color) and distance from the apex of the droplet (defined in a, ii) when the interface is compressed. The
red dashed line shows the distance over which anisotropic surface stresses due to the needle decay. The
solid red line indicates the time point at which interface solidification was detected
(0.75 s). (ii) Images of the droplets as the interface is compressed.

. . forming a positively charged monolayer.3!~33
E)olymer surfactants were chosen that differ in The negatively

S?FUC?Srrgb((elgig%freanigt?-fggﬁciso_nall\lﬁzrngg gﬂg charged NPs’ interact electrostatically with

Bnmary amine; H.N—PDMS—NH, is capped on the protonated . . .
oth ends with primary amines and the amine- amine-functionalized ligands, resulting in the
functionalized formation of

RCP has multiple amine groups per molecule.
The relative concentrations of polymer
surfactants used in this work are shown in
Table S1. Below a critical pH, the amine moiety
protonates and the polymer surfactant
becomes surface active,



NPSs that are irreversibly bound to the
oil—water interface (schematic, Figure 1b).
The particle monolayer is extremely strongly
bound to the oil—water interface and, when
compressed, it will jam into a solid-like Ia%/er
that supports anisotropic surface stresses.” ¢ It
is important to note that, in this work, we used
particles that do not spontaneously adsorb to
the oil—water interface. As such, the surface
tension of the
oil—water interface in the absence of the
polymer surfactant is
constant over time (Figure S1). If a polymer
surfactant is

resent in the nonaqueous phase, the surface
ension of the oil—water interface will drop,
but, in the absence of NPs in the



aqueous phase, the polymer surfactant is not
sufficiently strongly bound to the oil-water
interface to support anisotropic surface
stresses, and so, pendant drops in this case do
not wrinkle when compressed (Figure S2). If
both NPs are present in the aqueous phase and
the polymer surfactant is
present in the nonaqueous phase, the surface
tension of the oil—water interface is lower than
that observed because of only the polymer
surfactant being present  and, when
compressed, the interface will buckle as the
irreversibly adsorbed NPS assembly solidifies.
Surface Stress Anisotropy Measurements.
The pend- ant drop method was used to study
the assembly and solidification of the NPS at
the oil-water interface. The shape of the
pendant drop suspended from a capillary
inside
the second fluid is
Yoqu—LapIace equation

described by the

A RZ
Wo, 0> P—Apgz 2
{

where R; and R; are the principal curvatures of
the oil-water interface, P, is the pressure
difference between the two phases at z = 0, Ap
is the density difference between the two
liquids, g is the acceleration due to gravity, and
z is the vertical distance

from the tip of the capillary (Figure 2a(i)). In
the case of surface stresses at the oil—water
interface being isotropic (i.e., I; = 0), the mean
curvature of the interface varies linearly with

distance from the apex  of the
droplet, that is,
H= (- +%) « 2z As a model system for
this case, we

R, R>

initially studied pendant drops containing 5 mM
solution of NaMES immersed in silicone oil
(Figure 1b). Note that surface stress anisotropy
was seen near the needle from which the
droplet was suspended because of wetting
effects. These stresses were observed to decay
on a length scale of approximately 0.5 mm
(red-dashed lines, Figure la,b), and so, only
regions of the droplet farther from the needle
than this were analyzed in this work. Away
from the region in which the needle deformed
the droplet, H could be clearly seen to be linear
with distance from the apex of the droplet,
when the interface was compressed. As a
model system that exhibited anisotropic
surface stresses, we then studied a droplet in

which

the aqueous, phase contained 1 mg mL~? silica
NPs in a bath of silicone oil containing 5% w/w
PDMS—NH.. The droplet was immersed in the
bath for 2 h, allowing NPSs to assemble.
Water was then slowly withdrawn from the
droplet, and the mean curvature of the
oil—water interface was monitored. Initially, H
« z, showing that surface stresses in the
droplet were™ isotropic. However, upon
compression, H became

strongly nonlinear with 2z indicating the

H

NPS assembly in the presence of PDMS—NH,,
H,N—-PDMS— NH,, and RCP (Figure 3). The
concentration of the polymer surfactant in the
nonpolar phase was 5% w/w in all cases, while
particle concentration in the aqueous phase
was 1 mg mL™%.

The observed behavior depended strong?ly on
the polymer surfactant used to assemble the
NPs at the oil-water interface. In the presence
of PDMS—NH,, the droplet was seen to elongate
over time, indicating a reduction in the
surface

tension due to the NPS assembly, but no
interfacial solidification was observed on the
experimental timescale (2

h) (Figure 3a). Significantly different behavior
was observed in the presence of polymer
surfactants that bore multiple-NH, groups, and
so have the potential to form cross-linked
assemblies (Figure 3b,c). On short timescales,
the mean curvature of the interface was linear
with z. On longer timescales, significant
mirlifaedaityolafifitetidntatfieciaheacaletane was

hlevinsyppeened fipendod shransientie,

N
indicating

PDMS—NH, typically produced solidified
interfaces in approximately 10 min, while using
RCP, which bears a larger number of NH;
groups, leads to rapid interfacial solidification
(on the order of minutes). The case of RCP is
particularly noteworthy, in that within 10
minutes, the droplet had

spontaneously adopted a highly
nonequilibrium, asymmetric shape (Figure
3c(ii)). The time evolution of the system then
depended on the polymer surfactant. The
H.N—PDMS—NH,- based NPS exhibited little
time evolution after interfacial

solidification. By contrast, droplets at which
RCP-based NPS

solidification of the interface (Figure 1b).3*3¢ We
then measured the time point at which surface
stresses became anisotropic by calculating the
spatial derivative of H and defined the
solidification timescale as the time point at
which the dimensionless coefficient of variation
of H, c, =% (i.e.,, the standard deviation of
H



were assembled exhibited a significant change
in the structure after interfacial solidification,
with the droplets becoming highly asymmetric
and the curvature of the interface changing
enormously. We attribute this difference in
ageing behavior to the different bending
moduli of the assemblies, which we return to
in the section on spontaneous wrinkling of the
pendant drops.

Pendant Drop Tensiometry. We then

extended our
analysis of pendant drops to a wider range of
polymer surfactant concentrations, using the
emergence of anisotropic surface stress to
measure the timescale of interfacial solid-
ification, T, and hence, it determines the
timescale on which

divided by its mean), rose above an empirically
determined threshold (see the Materials and
Methods section and Figures S3—S5). The time
point at which the interface solidified is
indicated by the red solid line in Figure 2b(i),
and the droplet imaged at 0.75 s is shown in
Figure 2b(ii).

We then applied this principle to pendant
drops at which NPSs were assembling to study
the solidification of the assembly without
compression. To do this, we measured the
mean curvature of pendant drops as a function
of time during

interfacial tension could be extracted using th
Youn%—La lace equatllon. For gDhﬁg—l\?Hzgang
H,N—PDMS—NH,, polymer

concentrations of 0.5, 1, and 5% w/w were
studied. For the RCP, a far broader range of
behavior  was observed, and further
experiments were performed at 0.01 and 0.1%
w/w. In all cases, three separate regimes in
dynamic interfacial tension were seen (Figure
4). First, an extremely rapid decrease in
surface tension occurred (more rapid than can
be detected by the experimental apparatus),
and so, the initially measured surface tension
is significantly smaller than that of a bare
silicone oil—=water interface. The system then
enters a diffusion-limited regime of reduction
in interfacial tension.

Both the size of the initial rapid reduction and
the rate of the

diffusion-limited change in y(t) increase with
surfactant concentration in all cases. Finally,
either interfacial tension was observed to
plateau or, at higher concentrations in cross-
linked assemblies, interfacial solidification was
observed (red stars, Figure 4).

The timescales on which the system
exhibited these three regimes depended on
both the concentration and structure of the
polymer surfactant. At low polymer
surfactant concen-

trations (0.01 and 0.1% RCP, 0.5% PDMS—NH,
and H,N—
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Figure 3. Solidification of droplet interfaces in the
presence of self- assembling NPSs. (a) Pendant
drops of aqueous solution of MES (5 mM) containing
14 nm diameter Si NPs (1 mg mL™*) imaged at time,

t, after immersion in a bath of silicone oil
containing (a) PDMS—

NH,, (b) H.N—PDMS—NH,, and (c) RCP (all 5% w/w).
(b) Mean curvature of the droplets as a function of
distance from the tip of the capillary, z, and time
(denoted by colored lines). The red line indicates the
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Figure 4. Surface ten5|on of oil—water interfaces at
which NPSs are assembling. Aqueous phase contains
1 mg mL! silica NPs in 5 mM NaMES at pH 6.4. The
nonpolar phase is S|I|cone oil contalnlng the stated
concentrations of ( PDMS NHz (green), (b) H.N—
PDMS—NH: orang? and ( ? blue) |n S|I|cone
oil. Red asterisks denote the data that have been
truncated because of

interfacial solidification. (c, inset) Interfacial
solidification timescale as a function of polymer
surfactant concentration. Error bars are 1 standard
deviation, n = 3.

PDMS—NH,), the diffusion-limited region was
not seen to end on the experimental timescale
(in some cases as long as 18 h). As polymer
surfactant concentration was increased, the
interfacial tension was observed to plateau
without the system exhibiting interfacial

E@I'Sﬁg' cRtion dhE 1%/ M RZPEME —NH )

ime point at which the interface solidified.



2 2 2
surfactant concentration was increased
further, polymer surfactants bearing multiple
amine groups formed cross-linked assemblies,
resulting in interfacial solidification (Figure
4b,c).



The RCP spontaneously formed solid interfaces
over a broad range of polymer concentrations,
allowing trends in T to be studied. This
timescale decreased extremely rapidly with
increasing the polymer surfactant
concentration, from 18.8 =

4.7 min at 0.5% w/w RCP, to 1.1 £ 0.8 min at
5% w/w RCP (Figure 4c, inset). This can be
explained by considering the timescale on
which the NPSs can rearrange on the surface of
the droplet versus the effective strain rate on a
hoop section of the pendant drop caused by
the reduction in surface tension. As polymer
surfactant concentration is increased, NPSs
form more rapidly and surface tension reduces
more quickly. This gives NPS rafts less time to
rearrange to relax anisotropic surface stresses,
which means that the interface jams more
rapidly.

The areal density of particles in the NPS
assembly was then estimated wusing a
compression assay.?**’ After measuring the
surface tension, the aqueous phase was slowly
withdrawn from the droplet (10 pL min™?).
Withdrawing the aqueous phase reduces the
vr?lume of the droplet and hence, decreases
the
surface area of the droplet. This compresses
the interface and therefore, increases the
particle density. Because the NPSs do not
desorb from the interface, when the NPSs jam
or close- pack, the interface buckles out-of-
plane. In all cases, with- drawing the aqueous
phase led to wrinkling of the droplets,
indicating the presence of a solid NPS film at

the oil—water interface. After sufficiently long
time (on the order of minutes

at 5% w/w, and approximately 3 h at 0.5%
w/w), extremely small compressions (i.e.,
smaller than the detection limit of equipment)
were found to induce wrinkling in the droplets,
suggesting near close-packing of the particles at
the interface, regardless of polymer surfactant
concentration, in agreement with the
observations made using in situ AFM by Chai et
al.?® Interfacial solidification was observed in all
systems, either spontaneously or in response to
negligible compressions of the
oil—%/v,atel;_g'nt_erface.,This ccurred over a range
of interfac .

ial tensions, from 1 to 15 mN m
This is somewhat counter-

intuitive given that, in NP-only systems, the
number density of NPs at the interface, n, can
be estimated from the surface pressure using
the relation TM(n) = nAE, where AE is the
interfacial binding energy per particle.?*%
There are several reasons for the breakdown of
this relation in our system. First, the relation
M(n) = nAE fails at high particle densities as
particle—particle interactions contribute directly
to the surface

pressure.**? This factor is particularly
important in our system

at timescales on which the NPS assemblies
become solid-like. The multicomponent nature
of the systems causes two further deviations:
surface excess of the polymer surfactant

increases with concentration, causing a
reduction in y.** Finally, the wetting
characteristics (i.e., the contact angle) of the
particles due to binding of the polymer
surfactants to the NPs are dependent on
polymer concentration, as can be inferred from
concentration-dependent phase inversion of
NPS-stabilized emulsions (Figure S6).

It is important to note that, somewhat

counterintuitively, the three regimes of dynamic
surface tension seen in this work were accessed
most rapidly by the highest molecular weight
polymer (i.e., the RCP). The RCP has a
molecular weight over four times greater than
the other two polymers used and therefore, a
two-fold lower diffusion coefficient and four-fold
lower molar concentration (4.5 mM vs 20 and
25 mM at 5%
w/w for PDMS—NH, and HN—PDMS—NH,,
respectively, see Supporting Information, Table
1).*-%  Despite this, it proved @ to  be
remarkably effective in reducing interfacial



tension and driving interfacial solidification at
far lower concentrations than both PDMS—NH,
and H,N—PDMS-— NH,. This unintuitive
difference in the observed kinetics of the

system becomes more marked when the
dynamic interfacial tensions are rescaled by
the diffusion coefficients of the polymer
surfactants (Figure S7).*** The effect of both
polymer  surfactant  concentration and
molecular weight upon dynamic surface
tension of NPS assemblies has been
investigated extensively by Huang et al.*® The
findings we present here are consistent with
their observations that higher molecular
weight polymers lead to lower interfacial
tensions and that, more intuitively, increasing
the polymer concen- tration accelerates NPS
formation kinetics. Our results extend this
analysis and point to the important role played
by polymer structures and functional group
density in controlling the kinetics of the NPS
assembly. While the current work focuses on
an application-oriented system that is used in
all-liquid 3D printing (and, hence, conditions
and concentrations relevant to that body of
work),” future work must explore the
importance of polymer structures and the role
that adsorbed density of functional groups and
adsorption barriers due to polymer
conformation in solvent play in determining
NPS formation kinetics.

Spontaneous Wrinkling of Droplets at Low
Surface Tension. On longer timescales, the
RCP-based NPS assemblies were found to
spontaneously wrinkle without the withdrawal
of the aqueous phase (Figure 5). This occurred
because of extensional stresses acting on the
droplet, which is due to the density difference
between the two liquids and the surface
energy of the system reaching extremely low
values. Gravitational stresses stretch the
droplet interface axially,

Figure 5. Spontaneous wrinkling of aqueous
pendant drops without water extraction. Pendant
drops containing 1 mg mL™?* silica NPs in silicone
oil containing (i? 0.5, %ii) 1, and (iii) 5% w/w RCP
extend and wrinkle as the oil—water surface
tension reduces.

i. 0.5% w/w

t=0 t=30min t=60min t=90min

ii. 1% w/w

t=0 t=9 min t=16min t=30min

iii. 5% w/w
t=0 i i t =24 min
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Figure 6. Small amplitude oscillatory interfacial shear rheology( of NPSs assemblin

(a—c, green) PDMS—NH,, (d—f

—f, orange) H,N—PDMS—NH;, an

| at the oil—water interface.
g—i, blue) RCP. (a,d,g) Evolution of viscoelastic

moduli as the NPSs assemble over time. Three different concentrations of amine-functionalized polymers are
shown: 5, 1, and 0.5%. Error bars show the standard deviation in three measurements. (b,e,

and h) Recovery of the viscoelastic moduli after large amplitude plastic deformation. (c, f, and i) Viscoelastic

moduli as a function of frequency after

film formation. G’s = closed symbols, G’s = open symbols.

causing a compressive hoop stress to act on
the NPS film.***® The bending modulus of the
RCP-based NPS film has been measured
elsewhere to be rather small, of the order 10
kT.> By contrast, as shown later, the shear
modulus of the assemblies studied here is
comparatively large, 0.1-1 N m™. The
compressive modulus, E, of the system can be
estimated using the relation E = 2G(1 + v)/d.
Literature values of the Poisson ratio, v, for a
2D array of hard spheres differ, with values of v
= 1/3 and 1/v3 being reported.**=*! Taking
these values into account allows us to place an
estimate on the 2D compressive modulus of E
=~ 0.19-2.2 MPa, depending on the shear
modulus of the assemblies. The large
compressive modulus and the extremely low
bending modulus of the films mean that, even
extremely small compressive stresses cause
wrinkling in close-packed NPS assemblies.
While the Young—Laplace equation is clearly
inappropriate
for analyzing the system under these
circumstances, the z-
component of the surface stress can be
estimated by measuring the maximum volume
of water droplet that can be suspended from
the needle without detaching from the
capillary (approximately 5 mL for 5% w/w RCP,
see Figure S8). A force balance between
gravitational and surface stresses in the
direction of the z-axis just prior to
detachment yields T, =
_Ap\/_dmp%/Zr[r. This gives 1., = 1 mN m™, which
is significantly lower than the interfacial

tension prior to

solidification as shown by the red asterisks in
Figure 4. This shows that the shape evolution of
the pendant drop on longer timescales s
governed by both surface energy and the



extensional forces of the NPS-coated pendant
drops comes from the surface energy of the
oil-water interface and not from the
mechanical properties of the NPS assembly.
This is in

contrast to capsules formed by interfacial
polymerization or
polyelectrolyte—polyelectrolyte complexation,
in which the highly cross-linked coacervate
films arrest the detachment of a

pendant droplet from a needle even at
extremely low surface tension.”> We are
currently investigating how the stress history
of the sample, due to, for instance, jamming of
assemblies of attractive particles into a
coherent film by small compressions, affects
this behavior.

Interfacial Shear Rheology of NPS
Assemblies. Having quantified the timescales
on which NPS assemblies solidify and how this
mechanical properties of the NPS film. This also
highlights
an interesting difference between capsules and
NP-coated pendant drops. Prior to solidification,
the NPS assemblies consist of a liquid-like
ensemble of discrete NPs. Resistance to

is determined by polymer surfactant
concentration, the shear rheology of NPS films
was then studied using a double-wall ring
geometry attached to a commercial
rheometer. Stresses and strains in the NPS
assembly are then related by the complex

shear modulus, G*;, which can be
decomposed into the surface storage modulus,
G’s and the surface loss modulus, Gs. We
restricted our experiments to

NPS systems that formed close-packed
assemblies on the experimental timescale (i.e.,
all systems studied in this work apart from that
with 0.01 and 0.1% w/w RCP), so that the effect
of the polymer surfactant, rather than particle
density, on the mechanical properties of the
assemblies could be investigated.

At all polymer surfactant concentrations
studied, NPS assemblies rapidly led to the

formation of a solid-like layer,
where G’s is greater than G"; (Figure 6a-c:

PDMS-NH,, 6d-f:

H,N—PDMS—NH, and 6g-i: RCP). G’s  was

typically found to be 2 ‘orders of magnitude
reater'than Gs (phase angle, 6 = 0). As such,
e observed surface loss modulus may be

due to



noise or sub-phase contributions (we therefore only | * iot

for G’s when commenting explicitly on them).

evolution of the rheological moduli depended
strongly on the structure and size of the
polymer surfactant. The storage moduli of
H,N—PDMS—NH. and RCP films grew on a
timescale that varied from minutes to hours,
depending on

surfactant concentration, eventually reaching a
plateau value (Figure 6d,g). For instance, at
concentrations of 1 and 5% w/w RCP, the film is
formed in less than a minute, whereas for 0.5%
w/w RCP, it took almost 50 min for Gs to
reach its plateau

value (Figure 6g). In addition, the initial and
plateau values of

G’s increased with polymer concentration.

It is also notable that the pendant drops do
not solidify on extremely small timescales,
even though the interfacial shear rheology
measurements are elastic-dominated even for
extremely short periods of time. This can be
rationalized by considering that the area of the
pendant drop is not constant with time (even
when the interface has solidified in places, as
shown in Figure 3). As the surface tension
decreases in the pendant drop, the amount of
surface area increases. The geometry of the
pendant drop means that some regions of the
oil-water interface expand (particles in
this region can
undergo thermal rearrangement) and others
contract. In
contrast to the pendant drop method, the
amount of surface area is constant in the
interfacial shear rheology measurements. This
prevents any such rearrangements once the
interface has solidified. Further evidence for
this thermal relaxation of anisotropic surface
stresses in pendant drops, prior to interfacial
solidification, was also observed directly. Non-
monotonic variations in the degree of surface
stress anisotropy in the pendant drops studied
in Figure 2 show that local variations in surface
stresses can be relaxed prior to interfacial
solidification (Figure S5).

After rupturing the NPS films wusing

large amplitude
oscillatory shear, a new time sweep
experiment was performed to observe the
layer reformation over time (Figure 6b:
PDMS—NH,, 6e: H,N-PDMS—NH, and 6h:
RCP). The
NPS films respond to this plastic deformation by
self-healing,
with the rate of recovery of the moduli being
similar to the rate of their increase in the initial
formation experiment (Figure 6b,eh). The
viscoelastic moduli showed no significant
dependence on the frequency of oscillation, w,
with the film exhibiting solid-like behavior on all
timescales for all the three

NH,- functlonallzedbpoIﬁmer surfactants (Figure
6%:) — NH,, 6f: PDMS—NH, and 6i:

Along with probing the shear moduli of

T
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Figure 7. Tuning the elastic moduli and plasticity of
NPS films via polymer surfactant concentration and

structure. Vlscoelastlc moduli as

nction Ie strain_. for reen
BoMalotn (8 ) 9 HaN 2 IPDM INHY 285
blue) RCP. GS = cIose symbo s and

= open symbols. Error bars show the standard
deviation in three measurements. Arrows show the
strains at which G's and G’s become equal.

The values of the storage moduli in the
linear regime of the NPS assemblies were
found to vary by an order of magnitude with
polymer concentration and structure, with all
values lying
in the range 0.1-1 N m™* (Figure 7).
These values are
comparable to those obtained for silica
particle monolayers

that are either spread at, or _ adsorbed
spontaneously to the liquid—fluid
interface.?*?*** G5 in PDMS—NH,-based NPS
films (Figure 7a) had a storage modulus of
approximately 1 N m™, regardless of polymer
concentration. By contrast, both

H.N—PDMS—NH;
greatest concen-

and

RCP

showed

the



tration dependence (Figure 7b,c). This rather
small variation in G’s suggests that the storage
moduli of the NPS films are determined largely
by the particle density in close-packed NPS
assemblies, and that polymer cross-links ect
the shear modulus only to a limited degree.
This also suggests that LB-trough- based
methods for measuring the shear modulus,
which yield rather small estimates for the shear
modulus of particle layers, become rather poor
at high areal particle densities, likely because
of the complex stress fields in solid Langmuir
layers.>*>>

Altering the polymer surfactant structure
appears to lead to structural changes that
weakly alter the shear modulus. This may be
due to the generation of frustrated structures
caused by short-ranged, strongly attractive
interactions due to cross-links formed by
polymers with multiple functional groups or
may be a kinetic effect due to the quantity of
particles that adsorb during the initial rapid
phase. We are currently applying in situ AFM
methods to confirm these hypotheses.

.CONCLUSIONS

The formation kinetics and mechanical
properties of NPSs assembled at the oil-water
interface have been studied. Increasing the
concentration of a hydrophobic, amine-
functionalized PDMS polymer rapidly
accelerates the assembly of NPSs at the
oil—water interface. Image analysis techniques
showed that polymer surfactants containing
multiple functional groups and, hence, that are
capable of forming cross-links, produce NPS
assemblies that spontaneously  solidify.
Remark-

ably, after interfacial solidification, pendant
drops continued to evolve with time and, at
sufficiently low surface tensions, they were
seen to spontaneously wrinkle. The shear
modulus of the NPS assemblies was found to
vary from 0.1 to 1 N m™*, comparable to values
of shear moduli obtained for NP monolayers
spread at the liquid—fluid interface. Our
work

adds to the growing canon of literature
studying the origins of the mechanical
properties of NP assemblies.??2>5>-5¢ Qur results
suggest two fruitful avenues of future work.
First, given the wealth of particles and
polymer surfactants from which

NPS can be made and tunability of the
mechanical moduli of NPS films, designer
interfaces must be constructed that allow us to
tune the functionality and mechanical
properties of the printed and molded structures
that these systems can be used to generate.
Second, the relationship between the shear
and bending moduli of these highly tunable
assemblies must be investigated. In particular,
altering the molecular weight of the polymer
surfactants that comprise the NPS should result
in the ability to alter the bending moduli and
shear moduli independently of one another.
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