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Understanding relaxation of supercooled fluids is a major challenge and confining such systems can
lead to bewildering behaviour. Here, we exploit an optically confined colloidal model system in which
we use reduced pressure as a control parameter. The dynamics of the system are “Arrhenius” at low and
moderate pressure, but at higher pressures relaxation is faster than expected. We associate this faster
relaxation with a decrease in density adjacent to the confining boundary due to local ordering in the sys-
tem enabled by the flexible wall. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905472]

I. INTRODUCTION

The canonical visualisation of dynamical slow-down in
supercooled fluids approaching the glass transition is the An-
gell plot.1 Approaching the glass transition, the structural
relaxation time, τα, increases by many orders of magnitude
over only a small change in temperature.2,3 The Angell plot
represents this phenomenon, showing the logarithm of τα
as a function of inverse temperature. Structural relaxation is
related to an energy scale E as τα ∼ exp(E/kBT) where kBT is
the thermal energy. Constant E(T) corresponds to a straight
line on the Angell plot i.e., Arrhenius or strong behaviour.
Many glassformers exhibit super-Arrhenius or fragile behav-
iour which corresponds to E(T) increasing upon supercooling,
implying more cooperative rearrangements. Recently, a num-
ber of materials have been observed to exhibit a change in the
dynamic behaviour from fragile to strong at a certain degree of
supercooling, a so-called fragile to strong transition in which
the low-temperature liquid exhibits strong behaviour.4–6

Hard spheres are often employed as a model glass forming
system and are readily approximated experimentally using col-
loids7 and granular matter.8–10 These materials can be observed
in real-space giving insight into the glass transition at the
single-particle level.11–13 Such data can help resolve questions
about whether the slow dynamics are related to a change in
structure (amorphous order) due to the glass transition.8,14–18

Despite a wealth of results obtained in recent years, whether
local structure is a cause or byproduct of the slow dynamics
associated with the glass transition remains unresolved.19

Hard sphere behaviour depends upon the packing fraction,
φ3D, and increasing density leads to dynamical arrest20,21 and
may be mapped directly to quenching in some systems.22 In
an analogy between hard spheres and thermal systems, the

a)Present address: Department of Chemical Engineering, University of Cal-
ifornia, Santa Barbara, CA 93106, USA; Electronic mail: ian.williams@
engineering.ucsb.edu.

reduced pressure Z(φ)= P/(ρkBT) where P is pressure and ρ
is the number density can be thought of as an inverse temper-
ature.23,24 Then, divergence of τα at random close packing,
where Z diverges, is equivalent to that at T = 0, as suggested
by theories such as dynamic facilitation.25 On the other hand,
divergence at finite Z implies a glass transition distinct from
jamming, corresponding to finite T . The consequences for
the fragility are noteworthy. Upon changing φ3D from 0.50 to
0.58, τα changes by several decades. Over the same range, Z
doubles. As a consequence, when hard sphere relaxation times
are plotted as a function of φ3D, they can appear to be extremely
fragile, while as a function of Z their fragility is comparable
to Lennard-Jones models.23,26

The behaviour of glassforming materials confined to a
small pore is strongly dependent upon the pore geometry and
the interactions with the pore surface.27–29 However, a coherent
picture of the glass transition in confinement is yet to be devel-
oped.30 Experiments and simulations of molecular, colloidal,
and model systems report that dynamics in confinement are
enhanced,31–34 suppressed10,34–37 or unaltered when compared
to the bulk, resulting in a decreased, increased, or unchanged
glass transition temperature (or density).30 Furthermore, local
structure can be influenced by the confinement38,39 with signif-
icant implications for the dynamics.10

Among the most significant impacts of confinement in
studies of dynamical arrest is that it can be used to suppress
crystallisation. Under confinement, systems such as water,
which would otherwise rapidly crystallise, can be vitrified.40

Thus, confinement provides a rare experimental route to inves-
tigate the controversy over whether water has a liquid-liquid
transition (LLT),41,42 which is among the most hotly contested
topics in chemical physics.43–45 Evidence for such LLTs has
been obtained in a variety of glassformers.46 Although LLTs
imply a change in local structure, this is often hard to ac-
cess in experiments on atomic and molecular systems. Some
evidence has been obtained in computer simulation,47–49 but
the dynamics related to such transitions are often so slow that

0021-9606/2015/142(2)/024505/7/$30.00 142, 024505-1 © 2015 AIP Publishing LLC
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special biasing techniques are required.48,49 In rare examples
where unbiased simulations can access the LLT, it has been
found to coincide with a fragile-to-strong transition.47

Here, we consider the dynamic response of a quasi-hard
disc system under flexible confinement in both colloidal exper-
iment and computer simulation. In hard discs, the locally
favoured structure which becomes more prevalent upon super-
cooling is hexagonal.50 We show that considering the dynam-
ical behaviour in terms of reduced pressure rather than area
fraction reveals multiple relaxation regimes. Furthermore, we
identify the structural origin of the observed dynamics and
relate it to a transition to a state rich in the hexagonal order
of the deeply supercooled liquid. The results we present serve
to underline the profound effects the details of a wall can have
on the dynamical behaviour a confined material.

II. FLEXIBLE CONFINEMENT

Our experimental system consists of polystyrene spheres
of diameter σ = 5 µm and polydispersity s = 0.02 suspended
in a mixture of water and ethanol at a ratio of 3–1 by weight.
Screened electrostatic interactions between these colloids are
described by a Debye length of λD≈ 25 nm and are accounted
for by employing a Barker-Henderson effective hard sphere
diameter of σeff = 5.08 ± 0.016 µm.51 A mismatch in den-
sity between the particles and solvent results in a gravita-
tional length of lg/σeff = 0.015(1) and thus particle sedimenta-
tion. For sufficiently dilute samples, a quasi-two-dimensional
monolayer is formed adjacent to a glass substrate, exhibiting
negligible out-of-plane motion. The glass substrate is made
hydrophobic by treatment with Gelest Glassclad 18 to inhibit
the adhesion of particles. This experimental system is observed
to behave in a hard-disc-like manner.52,53

Holographic optical tweezers built around a liquid crystal
spatial light modulator and standard inverted microscope are
used to create 27 independently steerable optical traps which
are placed on a circle or “corral” as shown in Fig. 1(a). This
ring of particles creates a deformable, circular boundary for
additional colloids confined to its interior [Fig. 1(b)]. The appa-
ratus is controlled using LabVIEW software developed and
distributed by the Glasgow University Optics Group.54 Upon
populating the interior, the boundary expands—the optically
trapped wall particles are forced away from their potential
energy minima and experience Hookean restoring forces with
a spring constant κ = 302(2) kBTσ−2

eff . We determine the spring
constant of the flexible boundary by measuring the probability
distribution of radial positions of optically trapped particles
in the absence of a confined population. Using the Boltzmann
relation, we thus extract the optical potential and fit this with
the parabolic form of a Hookean spring. We find good unifor-
mity in the strength of our optical traps and thus characterise
all optical traps with a single spring constant. The osmotic
pressure then reads p= 27κ (R−R0)

2πR where R and R0 are the radii
of the populated and unpopulated corrals.

Complementary Monte Carlo simulations of a similarly
confined system of hard discs are performed by locating 27
discs in parabolic potential wells representing the optical traps
employed experimentally. Arranging the potential minima on

FIG. 1. (a) Schematic showing colloidal corral geometry. Optically trapped
particles (marked with dots) form a circular boundary of radius R0. (b)
Particles confined to the interior stretch the boundary to radius R > R0
resulting in optical restoring forces. (c) Corral state diagram and micrographs
illustrating observed structures. Dashed lines denote layers in layered fluid.
Large voids in hexagonal configuration are highlighted.

a circle of radius R0 = 4.32σ creates a confining boundary
matching the experimental colloidal corral. Each simulation
runs for 107 Monte Carlo sweeps and is sampled every 103

sweeps where a sweep corresponds to an attempted move of
each particle including those located in the parabolic traps.
The step size for attempted moves is adjusted such that the
acceptance rate is approximately 40%.

We exploit our measurements of pressure to consider the
response of the relaxation time to the reduced pressure and
focus on the effect of the confinement. Thus, in addition to
the confinement of the colloidal corral, we simulate a bulk
binary system with a size ratio of 1:1.4.55 This system is a
50:50 mixture of N = 20 000 hard discs of size ratio 1.4 in a
square box with periodic boundaries. This system is evolved
via Monte Carlo dynamics in which a trial move involves
displacing a random particle to a random position within a
window of size 0.05 × 0.05σ2 centred on its original posi-
tion where σ is the small particle diameter. Trial moves are
accepted as long as they do not lead to particle overlaps. In
these bulk simulations, pressure is extracted from the radial
distribution functions, gαβ(r), using the relationship56

p
ρkBT

= 1+
π

2

2
α,β=1

xαxβ(σαβρ1/2)2gαβ(σ+αβ), (1)

where α and β label particle species, ρ is the total number
density, xα = Nα/N is the fraction of particle species α, σαβ
= 1

2 (σα+σβ) is the pairwise additive hard core diameter, and
gαβ(σ+αβ) is the value of the radial distribution function at
r = σαβ. Further Monte Carlo simulations are performed of
N = 2500 monodisperse hard discs in order to compare the
degree of hexagonal ordering in the confined system to that in
the crystalline bulk.

We show that considering the relaxation behaviour of a
colloidal system in terms of reduced pressure rather than area
fraction can reveal intriguing new phenomena. In our confined
system, the interplay between structure and dynamics results in
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multiple relaxation regimes. This behaviour is a direct conse-
quence of the deformable nature of our confining boundary.

III. RESULTS

The structural behaviour of the colloidal corral is sum-
marised in Fig. 1(c). At low effective area fractions, the
confined system is fluid-like. On increasing the interior pop-
ulation, configurations consisting of four concentric particle
layers develop, reminiscent of the structure of similar systems
confined by hard boundaries.57 However, for effective area
fractions φeff & 0.77 corresponding to interior populations
N ≥ 47, the system exhibits a structural bistability between
the concentrically layered structure and configurations with
enhanced hexagonal ordering. In order to adopt this structure,
the boundary must undergo deformations away from its circu-
lar shape and therefore the observed structural bistability is a
consequence of boundary flexibility.53 Examples of these two
configurations are shown in Fig. 1(c). For such a small system
crystallisation is irrelevant, and as we have noted above many
glassforming liquids in 2D, even those with polydispersity
> 9%, exhibit regions of enhanced hexagonal order upon
supercooling.8,10,50 Furthermore, the hexagonal structures
are incommensurate with the curved boundary which has
significant dynamical implications as described below.

The degree of hexagonal ordering is quantified using the
bond orientational order parameter ψ6, defined for particle j as
ψ

j
6 =

����
1
z j

z j
m=1exp(i6θ jm)���� where z j is the co-ordination number

of particle j, m labels its neighbours, and θ jm is the angle made
between a reference axis and the bond joining particles j and
m. The vertical bars represent the magnitude of the complex
exponential. Spatial and temporal averaging yields ψ6= ⟨ψ j

6⟩.
Adjacent to the curved wall, ψ j

6 is always strongly suppressed
to a value ofψ j

6 ≈ 0.5. When characterising structure within the
corral with an average ψ j

6, we consider only contributions from
particles that are non-adjacent to the boundary such that this
wall-curvature-defined value does not dominate the averaging.
As such we are able to distinguish locally hexagonal from
layered structures using ψ6.

A. Dynamical behaviour

Particle dynamics are characterised through the self-part
of the intermediate scattering function (ISF) FS(q, t) = ⟨|exp
(iq[r(t+ t ′)−r(t ′)]) |⟩ where the angle brackets indicate aver-
aging over all confined particles and t ′ and the wavevector
q = 2πσ−1

eff . In an ergodic system, the ISF fully decays to
zero, while in a glass it does not decay on the experimental
or simulated timescale. Full ISF decay is observed in our
Monte Carlo simulations, and thus our system is considered
to be a supercooled fluid, rather than a glass. The structural
relaxation time, τα, is extracted from a stretched exponential
fit to the ISF. Figure 2 shows experimental (a) and simulated
(b) intermediate scattering functions (points) and the fits to
these data (lines). The relevant timescale for both experiments
and simulations is the Brownian time, τB, the time taken for
an isolated particle to diffuse its diameter. Here, τB = 70.2 s.

FIG. 2. (a) Examples of experimentally measured self-intermediate scat-
tering functions for populations N = 30, N = 44, N = 47, and N = 49
(points) and stretched exponential fits (lines). (b) Examples of simulated self-
intermediate scattering functions for populations N = 30, N = 37, N = 44,
N = 47, N = 49, and N = 51 (points) and stretched exponential fits (lines).
In both plots, population increases from left to right in the direction of the
arrow.

Comparison between experimental timescales (in seconds) and
simulated timescales (in sweeps) is made using τB.

Our experimental set-up enables direct measurement of
the equation of state which is shown in Figure 3(a) as a function
of effective area fraction. Also plotted are data from simula-
tions of binary bulk hard discs. Figure 3(b) shows the relax-
ation times, τα, measured in experiment and simulation as
a function of reduced pressure—the Angell plot. The inset
shows the same data plotted as a function of φeff. The increase
in relaxation time with reduced pressure does not follow the
usual behaviour observed for glassformers in which log(τα) in-
creases linearly or super-linearly upon supercooling for strong
and fragile glassformers, respectively. Instead, two regimes
are evident. Both experimental (blue circles) and simulated
data (red crosses) exhibit a kink in the Angell plot at reduced
pressure Z ≈ 13. For Z . 13, relaxation time scales with Z in
an Arrhenius-like manner. For Z & 13, the system relaxes faster
than expected from extrapolation of the line implied by the low
Z data—the Angell plot appears to curve downwards. In other
words, this is the analogue in hard systems where pressure
drives arrest, of a fragile-to-strong transition noted in certain
atomic and molecular glassformers.4–6,47

This change in relaxation behaviour occurs at the onset of
structural bistability in the confined system. The “Arrhenius-
like” scaling of relaxation time at low pressure occurs for fluid-
like and purely layered samples at φeff < 0.77, while in the
bistable regime relaxation occurs more quickly than expected.
In other words, the change in relaxation behaviour occurs with
the development of local hexagonal ordering. Interestingly,
this change in behaviour at φeff ≈ 0.77 is not immediately
obvious when τα is plotted as a function of φeff [Fig. 3(b) inset].
Clearly, considering the dynamics as a function of reduced
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FIG. 3. (a) Reduced pressure as a function of effective area fraction as measured in the corral system in experiment (blue points) and simulation (red crosses).
The inset shows ψ6 averaged over particles non-adjacent to the boundary as a function of φeff compared to binary hard disc simulations (gray squares) and
monodisperse hard disc simulations (black triangles). (b) Relaxation time, τα, scaled by Brownian time as a function of reduced pressure measured in experiment
(blue points) and simulation (red crosses). Green shaded region represents fluid and layered fluid regime, purple shaded region represents structurally bistable
systems. Dashed lines are straight line fits. The inset shows τα as a function of φeff. Grey points in both plots are from bulk simulations of a binary hard disc
glassformer55 and grey lines in (b) are VFT fits to these data.

pressure rather than density yields a deeper and more sensitive
insight into relaxation processes. Here, it is important to show
that the confined system has a much weaker degree of local
hexagonal order than does a bulk system of monodisperse hard
discs, which forms an hexagonal crystal for φ ≥ 0.72.58 The
inset to Fig. 3(a) shows ψ6 averaged over all particles that are
non-adjacent to the boundary as measured in corral experiment
(blue circles) and simulation (red crosses) as a function of
effective area fraction. By considering only particles in the
inner region, average ψ6 is enhanced as the boundary strongly
suppresses hexagonal ordering in its vicinity. These data are
compared to bulk Monte Carlo simulations of a binary hard
disc glassformer (gray squares) and monodisperse hard discs,
which form an hexagonal crystal (black triangles).

B. Mechanism of relaxation

Having identified novel relaxation behaviour in our model
elastic pore, the task remains to explain the faster-than-ex-
pected dynamics in the structurally bistable regime. A key
difference between concentrically layered and hexagonal struc-
tures is the distribution of empty space within the corral.

Images such as Fig. 1(c) show that enhanced hexagonal order-
ing leads to voids adjacent to the wall which are absent in
concentrically layered systems, where the unoccupied area
is distributed throughout the corral. We identify voids by
considering the connectivity of empty space using an effective
particle cover radius that is sufficiently large that boundary
particles “touch” one another. A connected unoccupied region
is considered a void if it has area greater than half a particle
area. By considering the radial location of these voids in
experiments, we show that hexagonal structures indeed have
an excess of voids in the layer adjacent to the boundary. This
is shown in Fig. 4(a), which plots the time-averaged number
of voids as a function of radial position for hexagonal (blue)
and layered (red) configurations at population N = 48. Creation
of these voids adjacent to the wall thus results in a greater
suppression of local area fraction in this region for hexagonal
configurations compared to layered configurations as shown in
the inset to Fig. 4(a). Here, it is necessary to sample for short
periods as over longer times (∼100 τB), the bistability means
both states are sampled and any distinction is lost.53

In order to explore the dynamical differences between
concentrically layered and hexagonal structures, we consider

FIG. 4. (a) Average number of voids, NV , as a function of radial position for experimental hexagonal (blue) and layered (red) configurations at population
N = 48. The inset shows radial local effective area fraction profile. (b) Magnitude of 10% largest displacements in time interval 30τB, ∆, as a function of
radial location for experimentally observed hexagonal (blue) and layered (red) configurations of population N = 48. The inset shows example mean-squared
displacement over 6τB as measured in experiment showing large rearrangement events occurring on timescale ∼30τB indicated by pink shaded region. (c)
∆τα = τ

inner
α − τouter

α as a function of temporally and spatially averaged ψ6 for experimental (points) and simulated (crosses) data. Data are coloured based on
corral population.
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particle displacements in an interval 30τB, which is observed
to be an appropriate timescale for relaxation events [inset in
Fig. 4(b)]. Figure 4(b) shows the magnitude, ∆, of the 10%
largest displacements (corresponding to∆ & 0.2σeff) as a func-
tion of radial position for the hexagonal (blue) and layered (red)
experimental samples at population N = 48 previously consid-
ered in (a). The hexagonal system exhibits large displacements
in the layer adjacent to the boundary while, in the layered
system, displacements are of a similar, smaller magnitude
throughout the corral. Hexagonal configurations containing
large voids near the adaptive boundary also show enhanced
dynamics in this region, leading to a structural origin of the
faster-than-expected relaxation shown in Fig. 3(b). Thus, we
observe two relaxation regimes which manifest as a kink in
the Angell plot at the onset of structural bistability when the
system begins to visit hexagonal and layered configurations.

The implication of this interpretation is that the hexag-
onal system exhibits spatially heterogeneous dynamics—a fast
region consisting of a single, fluid-like particle layer adja-
cent to the curved boundary and a slow region with enhanced
hexagonal ordering deeper within the corral. Such a decou-
pling of dynamics between an interfacial region and the bulk
has previously been reported for confined molecular glass-
formers,33,34,37 polymers,59 and granular materials. In the latter
case, hexagonal ordering has been related to dynamically slow
regions but was enhanced at the wall quite the opposite behav-
iour to that found here.10 Here, to investigate this heterogeneity,
we calculate relaxation times separately for particles adjacent
to the wall (τouter

α ) and particles non-adjacent to the wall (τinner
α )

and plot the difference,∆τα = τinner
α −τouter

α , as a function of time
and space averaged ψ6 in Fig. 4(c). Indeed, the trend in both
experiment (points) and simulation (crosses) is for an increase
in hexagonal ordering to result in a greater∆τα characterising a
stronger decoupling between dynamics in the inner and outer
regions. In experiment, for a given N in the bistable region,
samples with higher ψ6 show a greater difference between
dynamics in these two regions. The non-monotonic behaviour
of∆τα with N observed in simulation is attributed to a decrease
in voidage for N ≥ 51 as the density of the confined system is
increased.

Finally, we address the co-operative mechanism by which
particles relax within the corral. As shown in Figs. 5(a) and
5(b), on a timescale of 7τB, the entire confined system un-
dergoes a co-operative rotation about its centre. The magenta
lines in Fig. 5(a) indicate the rotation of the hexagonal config-
uration over the duration of the relaxation event and Fig. 5(b)
shows the particle displacements in this interval with the colour
of the arrow indicating the direction of the displacement. Large
co-operative rotations of this sort occur as a result of both the
voids formed in locally hexagonal structures and the nature of
the confining boundary. Since the boundary is not smooth, but
consists of a ring of particles, there are favoured orientations of
an hexagonal configuration in which many particles adjacent
to the wall sit in the gaps between a pair of wall particles. Co-
operative rotations realign the hexagonal configuration from
one favoured orientation to another. Thus, we may picture
the energy landscape as a series of 27 minima corresponding
to such favoured configurations. However, it is important to
note that rotations such as that pictured in Fig. 5 in which all

FIG. 5. (a) Micrograph series showing co-operative rotational displacement
in a hexagonal sample of population N = 47. Cyan lines indicate the orienta-
tion of the hexagonal lattice. (b) Particle displacements in the 6.8τB interval
corresponding to this co-operative rotation. Arrow colour indicates direction
of displacement. (c) Experimentally measured probability of observing a
co-operative rearrangement of size NCRR in locally hexagonal (blue) and
concentrically layered (red) systems of population N = 48.

confined particles participate are rare in experiments. More
often we observe smaller co-operative rotations in which only
a subsection of the system rearranges.

Relaxation is often observed to proceed via co-operative
events and we propose that the formation of voids in hexagonal
configurations leads to larger co-operative rearrangements. As
above, we consider the largest 10% of displacements in an in-
terval of 30τB for layered and hexagonal experimental samples
at population N = 48 and identify clusters of mobile particles.
Mobile particles are considered part of the same co-operatively
rearranging region if their displacements begin within a cut-off
distance of 1.2σeff of one another. Figure 5(c) shows the exper-
imentally measured probability of observing a co-operative
rearrangement involving NCRR particles in hexagonal (blue)
and layered (red) configurations. For NCRR . 10, there is little
difference between the two structures. However, there is an
enhanced probability of observing larger co-operative rear-
rangements in the hexagonal system compared to the layered
system. Thus, the formation of voids in locally hexagonal
structures leads to enhanced dynamics compared to layered
systems due to an increase in the probability of observing large
co-operative rearrangements. While it is true that the largest
single particle displacements are observed adjacent to the wall
due to the presence of large voids, the consequence of these
is to enable a cascade of relaxation deeper into the confined
system resulting in large co-operative rearrangements.

The observation of multiple relaxation regimes is entirely
due to the deformability of the circular confining wall. Without
boundary deformation, locally hexagonal configurations, as
observed in the bulk supercooled liquid are forbidden. It
is precisely the formation of these structures and the large
voids they create near the curved boundary that allows en-
hanced dynamics in the wall-adjacent region resulting in large
co-operative rearrangements. This result underlines the im
portance of the nature of the boundary when considering

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

158.64.77.118 On: Wed, 14 Jan 2015 11:09:02



024505-6 Williams et al. J. Chem. Phys. 142, 024505 (2015)

glassforming materials in confinement. Therefore, by facil-
itating the adoption of the locally preferred structure, the
deformation of the wall enables the system to exhibit properties
of the bulk supercooled 2D liquid.

Often when thinking about supercooled fluids, one con-
siders a rearranging subregion of a system in contact with
some fixed configuration of external particles at some inter-
face. It is through thinking along these lines that a number
of theories of the glass transition were developed, including
the Adam-Gibbs theory, the mosaic scenario, and the random
first order transition theory.2,60–64 Furthermore, the existence
of highly hexagonal subregions of comparable size to our
confined system is reported in bulk two-dimensional glass-
formers, even with polydispersity > 9%.50,65 The structural
transition in our confined system from the layered to the
locally hexagonal configuration is analogous to the formation
of such a medium-range crystalline subregion in contact with
the external bulk liquid-like structure of the two-dimensional
glassformer, modelled by our flexible, curved boundary. At
the interface between the hexagonally ordered subregion and
the amorphous bulk, it is natural to expect the formation
of voids such as are seen adjacent to the boundary in the
corral. Applying the insight gained through our model confined
system then leads us to expect large co-operative rearrange-
ments in this interfacial region leading to enhanced dynamics.
Thus, although at first glance the multiple relaxation regimes
reported here may seem specific to systems in curved, flexible
confinement, our interpretation has wider relevance to two-
dimensional glassformers in the bulk.

IV. CONCLUSIONS

We have measured structural relaxation as a function of
reduced pressure Z in a model system of quasi-hard discs in
which two relaxation regimes are found. The confined sample
is observed to relax more quickly than would be expected from
an extrapolation of the lower Z data or for a bulk system.
Our system thus exhibits some properties of systems undergo-
ing a fragile-to-strong transition and a liquid-liquid transition.
In particular, the use of reduced pressure as a parameter for
supercooling reveals two relaxation regimes reminiscent of
a fragile to strong transition in molecular systems.4–6 These
dynamical regimes are underpinned by the deformable bound-
ary which results in a structural bistability at high density
between concentrically layered and locally hexagonal config-
urations.52,53 Such confinement models the conceptual idea of
considering the behaviour of subregions in bulk glassformers.
The observed change in relaxation behaviour thus coincides
with the emergence of the locally favoured structure in a 2D
liquid, and we note that qualitatively similar behaviour has
been observed in other bulk systems.47,48

We have identified the structural origin of this faster-
than-expected dynamic behaviour. Locally, hexagonal order-
ing leads to voids in the layer adjacent to the wall which
enable large co-operative rearrangements. Our measurements
open perspectives for other confined systems such as 3D hard
spheres and biological systems at high packing with flexible
membranes66 as well as bulk systems in which two distinct

structures compete with one another. An interesting develop-
ment of this research would be to tune the diameter of the
confined system in order to investigate static point-to-set corre-
lations in the supercooled fluid.60 As the length scale of the
confinement approaches the size of co-operatively rearranging
regions, one expects such rearrangements to be suppressed.
A further related class of systems is colloidal gels, in which
particles located on the surface of the gel network branches
are more mobile.67,68
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