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Using Monte Carlo simulations the interaction
of a nanometre-sized, spherical Janus particle
(a particle with two distinct surface regions of
different functionality, in this case showing am-
phiphilic behaviour) with an ideal fluid interface
is studied. In common with previous simula-
tions of spherical, isotropic particles the range of
the nanoparticle-interface interaction is signifi-
cantly larger than the nanoparticle radius due
to the broadening of the interface due to capil-
lary waves. For a uniform particle (an isotropic
particle with one surface characteristic) the sta-
bility of the particle at a liquid interface is de-
creased as the affinity for one liquid phase is
increased relative to the other; for large affinity
differences the detachment energies calculated
from continuum theory become increasingly ac-
curate. For a symmetric Janus particle (where
the two different surface regions are of equal
area), the presence of the particle at the inter-
face becomes more stable upon increasing the
difference in affinity between the two faces, with
each having a high affinity for the respective lig-
uid phase. In the case studied here, where sur-

*Electronic supplementary information available:
Movies of Janus nanoparticle (o = 90°) with A = 0.050
and 0.250.

face tension between the A-region of the par-
ticle with the A-component is identical to the
surface tension between the B-region and B-
component, the interaction is symmetric with
respect to the nanoparticle interface separation.
The particle is found to have a large degree
of orientational freedom, in sharp contrast to
micrometre-sized colloidal particles. Compar-
ison with continuum theory shows that these
significantly overestimate the detachment en-
ergy, due to its neglect of nanoparticle rotation;
simulations of nanoparticle with fixed orienta-
tions show a considerably larger detachment en-
ergy. As the areas of the surface regions become
asymmetric the stability of the Janus nanopar-
ticle is decreased and, in the case of large dif-
ferences in affinities of the two faces, the differ-
ence between detachment energies from simula-
tion and continuum theory diminishes.

1 Introduction

The phenomenon of adhesion of solid particles
onto liquid interfaces has been long recognised
[1, 2]. Recently there has been a surge of in-
terest in the behavior of nanoparticles in the
vicinity of liquid-liquid interfaces [3]. Much



of this interest has been driven by the fact
that liquid interfaces provide an attractive tem-
plate for the self-assembly of nanoparticle struc-
tures [4, 5], such as thin quantum dot films
and cross-linked membranes [6] and structures
such as clusters and stripes [7]. Nanoparti-
cle interfacial self-assembly offers an attractive
route to the formation of ordered nanoparti-
cle structures for electronic, magnetic, and pho-
tonic applications [8]. The adhesion of nanopar-
ticles onto interfaces can be used to modify in-
terfacial properties, providing a route to the
formation of nanocomposite materials, includ-
ing nanoparticle-stabilised foams [9] and gels
[10], and nanoparticle armored polymer latexes
(11, 12].

The surface characteristics of colloidal particles,
which are important for adhesion to soft inter-
faces, do not have to be isotropic or uniform
in nature. Due to advances in the synthesis of
particles, it is now possible to create particles
with anisotropic ”patchy” or ”Janus” surface
characteristics [13]. Some proteins, for example
fungi hydrophobin [14], also have such an am-
phiphilic structure. This added complexity al-
lows self-assembly to reach a higher level, with
amphiphilic Janus particles assembling into a
variety of supracolloidal structures [15, 16], with
or without the aid of soft interfaces.

The interactions between the particle and the
solvent components are fundamental in under-
standing and controlling the behavior of parti-
cles at fluid interfaces. Indeed, in the absence
of charges, the adhesion of colloidal particles to
liquid interfaces may be explained in terms of
the wettability of the particle with respect to
the two phases [17] and expressions for the free
energy of colloidal particles at interfaces may
be found in terms of the associated surface ten-
sions (and a few other quantities such as the
line tension) [17, 18]. The condition for particle
stability at the interface, vyap < |vap — V8P|
may also be couched in terms of the surface ten-
sions between the particle and the solvent (v;p,
i = A, B) and the interfacial tension of the two
solvent components (y4gp).

When the particle surface is anisotropic (non-
uniform), existing effects, such as adhesion onto
interfaces, may be amplified and new behavior

may emerge. When amphiphilic Janus particles
are considered, adsorption onto an interface al-
lows both parts of the particle to be in contact
with their favoured phase. Therefore, the adhe-
sion of such particles is expected to be signifi-
cantly stronger than a uniform isotropic particle
[19, 20], which has been verified experimentally
[21, 22|. However, this preferred orientation of
the Janus nanoparticle at the liquid-liquid in-
terface may result in restricted rotational mo-
bility, an effect not given much attention but
important to take into account when fabricat-
ing supracolloidal structures.

For pm-sized particles the molecular nature of
the solvents may be ignored and so the effect
of the particle-solvent interactions may be sub-
sumed into macroscopic surface tensions. The
molecular detail of the solvent, however, be-
comes important for nanoparticles (in the size
range 1-10 nm) and so the utility of macro-
scopic expressions may be questionable. This is
becoming particularly relevant as, with the in-
creasing sophistication of nanoparticle synthe-
sis techniques, the creation of nm-scale parti-
cles with well defined surface topologies [23],
with feature sizes comparable to the solvent
molecules, is possible.

As such small particles are difficult to study
experimentally, computer simulations provide a
natural means to investigate such systems. Pi-
oneering simulation work performed by Bresme
and Quirke [24, 25, 26] calculated the free en-
ergy difference between nanoparticles in bulk
liquids and at fluid interfaces. These sim-
ulations suggested that macroscopic expres-
sions may be used to describe the stability of
nanoparticle at fluid interfaces, if the surface
tensions are allowed to vary with particle size.
However, this work only considered the free
energy difference between the bound and un-
bound state and provided no information on the
interaction between the nanoparticle and the
interface. Recent simulations [27] found that
the nanoparticle-interface interaction was both
longer-ranged and softer than predicted. This is
in agreement with theoretical work [28] which
found that inclusion of capillary waves into a
macroscopic description leads to a widening of
the potential well of a particle near an inter-



face. Simulations and liquid state theory has
also recently shown that capillary waves also
have a large effect on the interactions between
nanoparticles adsorbed on a liquid-vapour inter-
face [29].

The aim of this paper is to study the interac-
tion between a Janus nanoparticle, illustrated in
Fig. 1 and a model fluid interface, and in par-
ticular how this is controlled by changing the
difference in affinities between the two surface
regions and their relative sizes. Macroscopic
continuum theories predict that the stability of
the particle at the interface, which has been in-
ferred from experiment [21, 22]. By calculating
the free energy profiles of Janus particles at in-
terfaces the detachment energy of the nanopar-
ticles may be directly calculated and compared
to theoretical predictions.

2 Simulation model and

methodology

The solvent is modelled as a two-component
Widom-Rowlinson (WR) fluid [30], with the
interaction between two solvent molecules of
species «, = A, B given by

u(r) = (1 = dap)uns(r), (1)

where uyg(r) is the hard sphere potential (for
diameter o) and d;; is the Kronecker delta func-
tion. Above a critical density this system ex-
hibits a demixing transition which makes it an
attractive model for studying interfacial phe-
nomena despite its simplicity [31, 32, 33]. Tt
should be noted that due to its simplicity this
model neglects many effects, such as dispersion
or electrostatic interactions, that are present in
experimental systems. However, this choice of
this model allows us to isolate the effect of in-
terfacial and capillary forces.

The nanoparticle-solvent interaction is also a
hard-sphere like potential, with the radius de-
pending on the solvent particle species and the
orientation of the nanoparticle. Explicitly it is

given by
R.— A 7,p.u > cosa
RA_{ R.+A 7,p.u < cosa (2)
| Re+A 7ipu>cosa
RB_{ R.— A #,p.u < cosa (3)

where 7;p is the separation vector between the
solvent molecular and the nanoparticle, o de-
fines the boundary between the A and B-philic
regions, and R, = 2.50 is the nanoparticle ra-
dius (Fig. 1). The parameter A, which gives
the difference in radii for A and B particles
in in the range A = 0 to A = 0.250. When
A # 0 there is then a region of the nanoparti-
cle surface where one of the fluid components is
excluded, which leads to a net affinity for the
other component on that region. This corre-
sponds to changing the surface tension between
the nanoparticle and the solvent components.
Experimentally this may be controlled through
changing attached ligands. While this study as-
sumes a spherical nanoparticle, nanoparticles in
experimental systems are often far from spher-
ical (for example Au quantum dots are cube
octahedrons). The methodology used in this
work, however, may be straightforwardly ex-
tended to these more complex particle geome-
tries. Many experimental nanoparticles also
have grafted flexible chains (e.g. for stabilising
particles against flocculation), which may give
rise to an approximately spherical shape.

The system is studied using grand-canonical
(constant-uV'T) Monte Carlo (GCMC) simula-
tions. For this model temperature is not a sig-
nificant phase variable (and is set to kT =
1/8 = 1) and the phase behaviour is controlled
by the chemical potential p (or equivalently
the density). In order to localize the interface
near the cell centre, the system is confined be-
tween two walls in the z-direction, with periodic
boundaries in the x and y directions. Simula-
tions were performed at solvent chemical poten-
tial Bu = 0.15, well above the demixing transi-
tion (Bu. ~ 0.04). The simulation cell dimen-
sions were L, = L, = 150 (parallel to interface)
and L, = 300 (normal to interface). Previous
work has shown that free energy profiles and
binding free energies show only a weak depen-



dence on the transverse box dimensions [27], so
only one box size is studied here.

The free energy profile (or potential of mean
force, PMF) for the nanoparticle is found using
BF(z.) = —log P(z.), where P(z.) is the prob-
ability distribution and z. is the nanoparticle-
interface separation. The position of the inter-
face, zg, is found from maximizing the function

e =N acos () v} @

where ¢; = 1 for A and ¢; = —1 for B [31]. z
and z. are updated after every MC move. It
should be noted that this gives the average in-
terface position across the simulation cell. In or-
der to sample P(z) effectively the z-separation
is divided into a set of overlapping windows of
width 20. Within each window a weighting
function w(z), determined iteratively using the
Wang-Landau algorithm [34], is applied to give
a flat distribution. w(z) was determined over
up to 5 x 10 MC sweeps. Each MC sweep
consists of 12125 trial moves chosen at ran-
dom, with on average 6750 attempted transla-
tions (split equally between solvent molecules
and the nanoparticle), 3375 attempted nanopar-
ticle rotations, 500 attempted particle iden-
tity swaps and 500 attempted insertions and
deletions, and 500 attempted nanoparticle flips
(u — —u), with move types chosen at random.
The acceptance criterion for each of these dif-
ferent move types are outlined in the Appendix.
The weight function is taken to be converged
once the root mean squared deviation between
successive Wang-Landau iterations is less then
0.01kgT. For each window a (weighted) proba-
bility distribution Py, (2) is found from a pro-
duction run of 2 x 10 MC sweeps, divided into
4 subruns. The standard deviation between the
PMFs calculated for each subrun, is of the or-
der of 0.1 kgT', which is significantly larger than
the convergence error (above). The true prob-
ability distribution for each window may be re-
covered from P(z) = Pyu(z)exp [fw(z)], and
the full distribution is found using the weighted-
histogram analysis method [35]. The use of
Wang-Landau sampling to calculate free energy
profiles and related quantities is long established
[36] and has been applied in a wide variety of

contexts[37, 38]. Despite this success a number
of shortcomings have been identified, with the
two main being i) the lack of detailed balance
and ii) the saturation of error (on increasing
simulation time, the accuracy of the calculation
does not improve). For the latter it has been
shown that the final error is of the order of v/In f
[39], where f is the WL modification factor [34].
In this v/In f < 1073kgT, which, again, is sub-
stationally smaller than the variance between
different subruns. For the former it has been
shown that as the modification factor becomes
smaller the Wang-Landau algorithm asymptot-
ically obeys detailed balance, which is sufficient
for it to be a viable MC scheme [40]. In this
work once a sufficiently converged weight func-
tion is determined, the simulation is continued
without updating the weight function and the
probability distributions a gathered from this
part of the simulation. In common with other
methods for determining free energy barriers it
is likely to become inefficient for very large free
energy barriers (=~ 100kgT’), which may be en-
countered for very large particles. As Monte
Carlo methods are inherently serial they become
inefficient for large systems (which are imprac-
tical for single-processor calculations); for these
cases molecular dynamics simulations, in com-
bination with methods such as metadynamics
[41], may be employed.

For comparison with continuum theory, the
nanoparticle-solvent surface tensions have been
calculated. These were found using the method
of Bresme and Quirke [24, 25, 26] (which is con-
ceptually similar to method three of Ref. [42]),
and follows from the free energy change associ-
ated with a change in the particle radius

dF = (87R.Y)dR + (4rR*P)dR (5

where P is the pressure. A nanoparticle is sim-
ulated in a homogeneous system, with the com-
position taken to be the same as a WR mixture
far from the interface. The free energy change
may be estimated through reversibly changing
the nanoparticle radius

BAF = —In{exp (-8 [U(R+ AR) — U(R)])ER)
6

where U(R) is the free energy of a nanopar-
ticle of radius R. For the present model this



corresponds to counting the number of over-
laps generating by increasing the nanoparticle
radius. Calculating AF' for a range of AR =
0.01 — 0.050 and, as dF' = limagr_o AF and as-
suming that ~ is a slowly varying function of R,
extrapolating to 0 yields the surface tensions.
The calculated values are listed in Tab. 1.

3 Results

In this paper we study the interaction between a
spherical Janus nanoparticle, illustrated in Fig.
1, and a model fluid-interface, and in particu-
lar how this is controlled by changing the size of
the two surface regions and the affinities of these
regions to the solvent components. We present
and discuss first the results for a homogeneous
nanoparticle, corresponding to a = 180° in
Fig. 1. We then present results for Janus par-
ticles, first the symmetric case (o = 90°) fol-
lowed by the asymmetric (90° < a < 180°).
Detachment energies calculated from simulation
are compared to predictions of continuum the-
ories, in order to assess their accuracy for nm-
sized Janus particles.

3.1 Homogeneous nanoparticles

Shown in Fig. 2(a) are the free energy pro-
files for the homogeneous nanoparticle (o =
180°), for A in the range 0 to 0.250. In com-
mon with previous simulation work [27] the
range of the nanoparticle-interface interaction
is significantly larger than R., in contrast to
macroscopic expressions for which the interac-
tion range is strictly equal to the nanoparti-
cle radius. The potential found from simula-
tion is also softer than that from macroscopic
expressions. The difference between the simu-
lation and predicted interaction potentials are
likely due to the neglect of capillary waves in
the macroscopic theories [28, 27]. For A # 0
the free energy profile is asymmetric, with the
degree of asymmetry increasing with A. As has
been previously noted [19] despite not being am-
phiphilic such particles are often surface-active
(adhere to the interface). The detachment ener-
gies AFyp (i.e. for entry into the A and B-rich

regions) are shown in Fig. 2(b). AFp increases
roughly linearly with A. While AF decreases
with A, it remains positive for all A studied.
This indicates that even for nanoparticles with
very asymmetric interactions there is a poten-
tial minimum near the interface. For A > 0.20
AF, < kgT, so the nanoparticle is only very
weakly bound to the interface. The position of
the energy minimum (2™") moves deeper into
the A-region (2™ decreases) as A increases and
for A = 0.25 z;, < —R., showing, again, that
the interaction range is larger than R.. For
large values of A the particle may rapidly de-
tach from the interface (and diffuse into the bulk
of the A-component), similar to behaviour seen
for smaller nanoparticles in the case of iden-
tical interaction between the nanoparticle and
each solvent component [27]. Detachment may
also occur for smaller values of A, as well as
for the Janus particles studied in the following
sections, although the detachment probability
is lower in both these cases. It should be noted
that this detachment does not affect the calcula-
tion of the PMF (indeed a small PMF at large
zJmplies rapid detachment is more probable)
as P(z.) (hence the free energy profile) is calcu-
lated for a series of overlapping windows, with
the nanoparticle confined within each of these.
The detachment energy from Pieranski theory
[17, 18] (neglecting line tension) are given by

AFup =—TRyap F 27 R2(vap — V5P)
(’YAP - ’YBP)2

+ TR?
YAB

(7)
As shown in Fig. 2(b) the barrier for entry into
the A-phase is consistently underestimated by
eqn (7), due to its neglect of line tension and
capillary waves [27]. For A > 0.200 ygp—yap >
vap (for this system So?yap = 0.167 [27]) con-
tinuum theory predicts that the particle be-
comes destabilised from the interface (the free
energy barrier for entry into the A-region is
0). From simulation, such particles are still
bound to the interface, albeit very weakly (with
BAF, < 1). In contrast good agreement is
found between simulation and Pieranksi theory
for AFg. While this may be due to the larger
effective radius of the particle in the B-rich re-
gion, even for the largest value of A Rg = 2.750



which is still smaller than radii for which Pier-
ankski theory has been shown to be inaccurate
[27]. Alternatively as |yap — vpp| increases this
term becomes the dominant contribution to the
free energy barrier.

3.2 Symmetric Janus nanoparti-
cles

The free energy profile for a Janus particle (with
a = 90°) is shown in Fig. 3(a). On increasing
A the barrier height increases [Fig. 3(b)], from
BAF = 4.3 for the homogeneous nanoparticle to
BAF =~ 7.4 for A = 0.25¢0. The variation in the
free energy about the minimum is more rapid,
indicating that there is a stronger restoring force
on the nanoparticle. As observed for the homo-
geneous nanoparticles, the range of interaction
is significantly larger the the nanoparticle ra-
dius. The interaction range, however, remains
roughly constant and the shape of the free en-
ergy profile is the same for all A.

Theoretical analysis of a pum-sized Janus parti-
cle predicts that the detachment energy is given
by [19, 43|

AF, =1R? [7,43 sin? o + 2(vapB) — VBP(B))
X (1 + cos )]

AFp =7R? [yapsin® o + 2(vpp(a) — Yar(a))
X (1 — cos )] (8)

where 7;p(;) is the surface tension of the ¢-philic
half with the j component. More details of
the derivation of these expressions are given in
the Appendix. For the present system, we take
YaP(A) = YBP(B) = VAP and YapB) = YBP(A) =
vgp, Where ~;p are calculated for a homoge-
neous particle. The values of these surface ten-
sions are given in Tab. 1, with the difference be-
tween them increasing with A. The detachment
energies, calculated using surface tensions calcu-
lated for the homogeneous particle, as shown in
Fig. 3(b). Apart from the homogeneous (A = 0)
particle these overestimate the detachment en-
ergy, with the difference becoming larger for in-
creasing A, with the difference being over 50%
for A = 0.250 (BAF = 7.4 and 11.6 from simu-
lation and theory respectively).

The overestimation of the detachment energy by
theory may arise from the assumption that the
particle is oriented with the A(B)-philic part
in the A (B) phase. For large Janus particles
(> 100nm) this is often a good assumption [44],
although, as shown by Weaver et al [45] surface
roughness and other effects may alter this be-
haviour. Nanometre-sized particles may be ex-
pected to have significantly more orientational
freedom (the free energy difference between the
u = z and u = —2 for a particle at the inter-
face is proportional to R? [45]). This orienta-
tion freedom is demonstrated in Fig. 4(a) which
shows cos ¢ = w.2z against separation. Far from
the interface (cos¢) = 0, consistent with es-
sentially random orientation of the nanoparti-
cle. When the particle is near to the interface
(cos ¢) > 0 showing that the particle has a ten-
dency to orient near the interface. As with the
free energy profile, the tendency of the nanopar-
ticle to align near the interface normal extends
beyond the nanoparticle radius. This tendency
becomes stronger as A increases, which is shown
by the change in (¢(0)), i.e. the angle be-
tween the nanoparticle orientation and z (in-
terface normal) at z. = 0, which decreases with
A. This may also be seen visually from movies
of the simulation (available as ESI); these show
that the A = 0.050 nanoparticle rotates more
rapidly (and freely) then the A = 0.25¢0 parti-
cle. However, even for A = 0.25¢0 the coupling
is still relatively weak and (¢(0)) ~ 40°.

More information on the orientations of the
nanoparticles may be seen from the probabil-
ity distribution P(z.,cos¢) [Fig. 4(b)], which
shows the probability of the nanoparticle hav-
ing a position z. and orientation (relative to 2)
¢. For all the Janus particles Near the inter-
face (small z.) this has a peak at cos¢ = 1,
which becomes larger at A increases (the ori-
enting effect becomes stronger) and the distri-
bution becomes narrower, which may be seen
from the slice through P(z., cos¢) at z. = 0
[Fig. 4(c)]. The free energy difference between
u = z and u = —2 may be estimated from
log P(z. = 0,cos ¢ = —1)—log P(z. = 0,cos ¢ =
1); for A = 0.050 the free energy difference in
approximately 2.2kgT’, which increases to ap-
proximately 6.0kgT for A = 0.250. These



are significantly smaller than the the free en-
ergy difference from continuum theory (given
by 27R? [vap(p) + VBP(A) — YAP(A) — VBP(B)])
which are 4.7kgT and 16.5kgT for A = 0.05¢0
and 0.250 respectively. This overestimation of
the free energy difference likely arises due to the
flat interface assumption of continuum theories.
Far from the interface the nanoparticle becomes
almost completely free to rotate and the proba-
bility distribution is almost flat [Fig. 4(c)].
The effect of orientational freedom on the de-
tachment energy may be examined by perform-
ing simulations with the nanoparticle orienta-
tion fixed w = 2. Experimentally such be-
haviour may be obtained by the application of
an electric or magnetic field normal to the inter-
face. As shown in Fig. 3(b) the detachment en-
ergy for the particle with fixed orientation is sig-
nificantly higher (for A = 0.250 the detachment
energy for the fixed orientation is 10.5kgT") than
the freely rotating particle. AF for the fixed ori-
entation is also much closer to the theoretical
prediction. The remaining difference between
the simulation and theoretical detachment ener-
gies may arise due to the latter’s neglect of line
tension. The magnitude of the line tension may
be estimated from the difference between the
simulation and theoretical detachment energies
and ranges from fo1 = —0.10 for A =0 [27] to
0.13 for A = 0.250. The discrepancy may also
arise due to an increase in the free energy of the
nanoparticle caused by interactions between A-
molecules and the B-philic face (and vice-versa)
that are neglected by the flat-interface assump-
tion of the macroscopic models.

3.3 Asymmetric Janus particles

On increasing the A-philic portion of the
nanoparticle surface (i.e. increasing «) the
particle becomes destabilised from the inter-
face and moves into the A-rich region. This
is shown by the free energy profiles [Fig. 5(a)],
which become increasingly asymmetric and for
90° < a < 180°. These interpolate between
the symmetric Janus particle and homogeneous
nanoparticles, as expected. As « increases AF,
decreases and AFp increases. As for the sym-
metric particle, the detachment energies calcu-

lated from continuum theory are larger than the
simulation barriers. The discrepancy decreases
as o — 180° (i.e. as the nanoparticle surface
becomes uniform). The position of the free en-
ergy minimum moves into the A-region (2™
decreases) as « increases, with 27" = —0.840,
—1.790, and —3.130 for a = 112.5°, 135°, and
157.5° respectively. From continuum theory the
position of the free energy minimum is given
by zI"" = R.cosa [19], which corresponds to
—0.950, —1.770, and —2.310.

When « # 90° the aligning tendency of the in-
terface weakens and the particle exhibits greater
orientational freedom. The orientational be-
haviour of the asymmetric Janus particles is
shown in Fig. 6. As « increases the maxi-
mum value of (cos @) decreases [Fig. 6(a)]. For
a = 112.5° and 135° this is noticeably asym-
metric about the interface, with the position
of its maximum being in the A-rich region.
This asymmetry is also present in P(z., cos ¢)
[Fig. 6(b)]. For z. < 0 the distribution is nar-
rower, suggesting that the particle has more ori-
entational freedom on the B-rich region (which
is reflected in the smaller values of (cos¢) for
ze > 0). For a = 157.5° the interface shows
only a weak orienting effect of the nanoparticle.

min

4 Conclusions

Using Monte Carlo simulations the interaction
between a Janus nanoparticle and an ideal
liquid-liquid interface has been studied. In com-
mon with previous simulation work on uniform
nanoparticle [27] the range of the nanoparticle-
interface interaction is significantly larger than
the nanoparticle radius, due to broadening of
the interface by capillary waves. Some of the in-
teraction potentials, e.g. the A = 2.50 nanopar-
ticle [Fig. 2(a)] decrease at large nanoparticle-
interface separations. This may arise due to a
draining of solvent in a wetting/dewetting tran-
sition on the particle surface and due bending
of the interface. Experimental studies of col-
loidal particles (= 1 — 2 um) have observed an
activation barrier for the attachment of parti-
cles to a liquid interface which may arise due
to these effects. However, the height of these



barriers are significantly smaller than the error
bars so the present simulations are not capa-
ble of resolving this at present. For the sym-
metric Janus nanoparticle, increasing the affin-
ity of each hemisphere leads to stronger binding
to the interface. The increase in stability with
the surface tensions is smaller than is predicted
from macroscopic theories, which is due to their
neglect of the nanoparticle’s orientational free-
dom. Fixing the nanoparticle orientation leads
to a significant increase in the nanoparticle-
interface interaction strength, which suggests
that the experimental stability of particles may
be controlled through the application of exter-
nal fields. When the size of A-philic region is
increased, the particle stability at the interface
decreases and the orienting effect of the inter-
face becomes weaker. The agreement between
the simulation and theoretical detachment ener-
gies improves as the size of the A-philic region
increases, as the surface term in the free energy
becomes the dominant contribution.

It is worth reflecting on the relationship be-
tween the simulated system and those encoun-
tered in experiments. The fluid structure at the
interface is likely to be quite different than in
experimental systems, particular for water or
other hydrogen-bonding liquids, which may give
rise to more complex potentials of mean force
than presented here. Simulations using more
sophisticated models are likely to be able re-
produce these more complex interactions. The
detachment energies, which largely derive from
changes to interface and surface free energies
are, however, likely to be similar. Assuming a
molecular size o ~ 0.3 nm gives an interfacial
tension y45 ~ 6 mN m~!, which is smaller than
but comparable to commonly used liquid mix-
tures (e.g. vap = 36 mN m~! for water-toluene
[46]).  Similarly mapping the nanoparticle-
solvent surface tensions gives Ay ~ 8 mN m™!
compared to Ay a~ 25 mN m~! for TOPO-
covered nanoparticles at the water-toluene in-
terface. This suggests that, despite the simplic-
ity of the model studied, the results here are
relevant to the behaviour of experimental sys-
tems. In particular the reduction in the stabil-
ity of Janus particles due to their orientational
freedom is likely to be important in the adhe-

sion and self-assembly of Janus nanoparticles on
liquid interfaces.
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Appendix

Acceptance rules for Monte Carlo
moves

The acceptance rules for the different MC moves
are:

e Translations are rejected if i) any overlaps
(between solvent particles or between the
nanoparticle and solvent) occur in the new
configuration or ii)

exp(—FAw) < ¢ (Metropolis criertia),

(9)
where Aw = w(2zpew) — W(zoq) is the dif-
ference between the weight function at the
new and old configurations and ¢ is a
random number between 0 and 1. Note
that changes in the solvent particle coordi-
nates may lead to changes in the interface
position, thus changing the nanoparticle-
interface separation. The maximum trans-
lation size is chosen to give an acceptance
rates of approximately 40% for solvent par-
ticles and 10% for nanoparticle.

e Nanoparticle rotations and flips are re-
jected if any overlaps occur in the new con-
figuration (the nanoparticle-interface sepa-
ration is unchanged on rotational moves).

e Solvent particle identity swaps are rejected
if i) overlaps occur in the new configuration
or ii) the Metropolis criteria on the weight
function eqn (9) is failed.



e Solvent particle insertions are rejected if 1)
the inserted particles overlaps with an ex-
isting particle, ii) the Metropolis criteria on
the weight function is failed, or iii)

exp{—ﬁ {m (N; 1> —4} <¢ (10)

where N;, i = A, B is the number of parti-
cles of component i [47].

e Solvent particle deletions are rejected if 1)
the Metropolis check on the weight function
is failed or ii)

ol o

Theoretical prediction of Janus
particle detachment energy

Assuming a flat interface and neglecting line
tension, the detachment energy of a Janus par-
ticle from a liquid interface may be estimated
purely from the changes in the surface free ener-
gies [19, 43]. The equilibrium immersion depth
z¢4 = cos3 depends on the relative magni-
tudes of the contact angles cos0ap = (Yap) —
’VAP(A)/ Yap and cos pp = (VBP(B) —’VAP(B)/ YAB
and the relative areas of the A and B-philic re-
gions (parameterised by «). As YAP(A) = YBP(B)
and ypp(a) = Yap(B), for the particles studied
in this work cosf p = —cosfgp. In all cases
studied in this work the condition 64 < o < 0p;
for the symmetric, @ = 90°, case (Sec. 3.2)
04 < 90° and A > 90°, while for the asymmet-
ric particles (Sec 3.3) the |yap — YBP| > vas,
so 04 < 0 and 0 > 180° and 04 < a < Op for
all values of a. This condition then implies that
8= a[19].

For a particle at the equilibrium position the
surface free energy is then

+ 27 R2(1 + cos B)Vpp(s) (12)

where the terms on the right hand side cor-
respond to the decrease in the AB interfa-
cial area (mR2sin?3), the interaction between
the A-philic patch on the particle and the A-
component, and the interaction between the

B-philic patch on the particle and the B-
component. When the particle is in the bulk
of the A-component the surface free energy is
then

FA =27 R2(1 — cos B)Vap(a)

+ 27 R2(1 + cos B)vpp(a) (13)
which corresponds to the interaction between
the A and B-philic regions with the A-
component. Similarly the surface free energy
in the bulk of the B-component is

FP =27 R%(1 — cos B)yap(s)

+ 27 R2(1 + cos B)Vpr(B)- (14)
The detachment energies eqn (8) are then found
by subtraction of eqn (12) from eqns (13) and
(14) and recalling that a = f3.
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Table 1: Calculated nanoparticle-solvent surface tensions. Uncertainties in final digits shown in
parenthesis

A / g 502%113 5027313 5027AP - 5027313
0.00 —0.04(2) —0.03(2) —0.00(3)

0.05 —0.06(2) 0.00(3) —0.06(3)

0.10 | -0.08(2) 0.01(2) -0.10(3)

0.15 -0.10(2) 0.04(2) -0.14(3)

0.20 -0.12(2) 0.05(2) —0.17(3)

0.25 —0.15(2) 0.06(2) —0.21(3)
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Fig.

Fig.

Fig.

Fig.
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Fig.

Schematic representation Janus nanoparticle. A-philic region denoted by light gray
area.

(a) Free energy profiles for homogeneous nanoparticles with A = 0 (solid line, black),
A = 0.050 (dotted line, red), A = 0.100 (dashed line, green), A = 0.150 (dot-dashed
line, blue), A = 0.200 (double-dot-dashed line, magenta), and A = 0.250 (dot-double-
dashed line, cyan). (b) Free energy barrier against A. Circles show barrier for the A
component, squares show barrier for B component. Open symbols denote simulation
results, filled symbols from Eqns (7).

(a) Free energy profiles for Janus nanoparticles with A = 0 (solid line, black),
A = 0.050 (dotted line, red), A = 0.100 (dashed line, green), A = 0.150 (dot-
dashed line, blue), A = 0.200 (double-dot-dashed line, magenta) and A = 0.250 (dot-
double-dashed line, cyan). (b) Detachment energy against A. Circles (black) show the
simulation barrier (open symbols free rotation, filled symbols fixed orientation) and
squares (red) show results of Eqns (8).

(a) (cos ¢) against nanoparticle-interface separation for Janus nanoparticle with A =
0.05¢0 (solid line, black), A = 0.100 (dotted line, red), A = 0.150 (dashed line, green),
A = 0.200 (dot-dashed line, blue) and A = 0.25¢0 (double-dot-dashed line, magenta).
Inset shows (4(0)) against A. (b) Probability maps P(z,cos¢) for A = 0.050 (top),
0.100 (middle), and 0.250 (bottom). (c) P(cos¢) for z = 0 (top) and z = —100
(bottom). Symbols as in (a).

(a) Free energy profiles for Janus nanoparticles with A = 0.250 and a = 90° (solid
line, black), 112.5° (dotted line, red), 135° (dashed line, green), 157.5° (dot-dashed line,
blue), and 180° (double-dot-dashed line, magenta). (b) Free energy barriers against
a. Circles (black) show AF4 and squares (red) show AFp (open symbols simulation,
filled symbols theory).

(a) (cos¢) against nanoparticle-interface separation for Janus nanoparticle (A =
0.250) with o = 90° (solid line, black), 112.5° (dotted line, red), 135° (dashed
line, green), and 157.5° (dot-dashed line, blue). (b) Probability maps P(z.,cos ¢)
for a = 112.5° (top), 135° (middle), and 157.5° (bottom).
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Figure 1: Schematic representation Janus nanoparticle. A-philic region denoted by light gray
area.
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Figure 2: (a) Free energy profiles for homogeneous nanoparticles with A = 0 (solid line, black),
A = 0.050 (dotted line, red), A = 0.100 (dashed line, green), A = 0.150 (dot-dashed line, blue),
A = 0.200 (double-dot-dashed line, magenta), and A = 0.250 (dot-double-dashed line, cyan).
(b) Free energy barrier against A. Squares show barrier for the A component, circles show barrier
for B component. Open symbols denote simulation results, filled symbols from Eqn (7).
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Figure 3: (a) Free energy profiles for Janus nanoparticles with A = 0 (solid line, black), A =
0.050 (dotted line, red), A = 0.100 (dashed line, green), A = 0.150 (dot-dashed line, blue),
A = 0.200 (double-dot-dashed line, magenta) and A = 0.250 (dot-double-dashed line, cyan). (b)
Detachment energy against A. Circles (black) show the simulation barrier (open symbols free
rotation, filled symbols fixed orientation) and squares (red) show results of Eqns (8).
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Figure 4: (a) (cos¢) against nanoparticle-interface separation for Janus nanoparticle with A =
0.050 (solid line, black), A = 0.100 (dotted line, red), A = 0.150 (dashed line, green), A = 0.200
(dot-dashed line, blue) and A = 0.250 (double-dot-dashed line, magenta). Inset shows (¢(0))
against A. (b) Probability maps P(z,cos¢) for A = 0.050 (top), 0.10c (middle), and 0.250
(bottom). (c¢) P(cos¢) for z =0 (top) and z = —100 (bottom). Symbols as in (a).
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Figure 5: (a) Free energy profiles for Janus nanoparticles with A = 0.25¢0 and o = 90° (solid line,
black), 112.5° (dotted line, red), 135° (dashed line, green), 157.5° (dot-dashed line, blue), and
180° (double-dot-dashed line, magenta). (b) Free energy barriers against «.. Circles (black) show
AF, and squares (red) show AFp (open symbols simulation, filled symbols theory).
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Figure 6: (a) (cos ¢) against nanoparticle-interface separation for Janus nanoparticle (A = 0.250)
with @ = 90° (solid line, black), 112.5° (dotted line, red), 135° (dashed line, green), and 157.5°
(dot-dashed line, blue). (b) Probability maps P(z., cos¢) for a = 112.5° (top), 135° (middle),
and 157.5° (bottom).

18



