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Materials and Methods

Experiments

We used polymethylmethacrylate (PMMA) particles loaded with 7-nitrobenzo-2-oxa-1,3-diazole-

methyl methacrylate (NBD) (30) and sterically stabilized by chemically grafted poly-12-hydroxy-

stearic acid (PHSA) (31). Their diameter,2a, from dynamic light scattering were0.7, 1.2 and

2.0µm (polydispersity≈ 5%). Stock dispersions were vacuum dried at 50◦C for at least 3 days

and stored dry for up to a year. Before dispersing in liquid crystal (LC) the powder was again

vacuum dried overnight at 50◦C. The thermotropic nematic LC 4-n-pentyl-4’-cyanobiphenyl

(5CB, Nematel) was used as purchased, and has a transition temperature of35.2◦C (32).

The volume fraction of a known mass of particle-LC mixture was calculated from the parti-

cle volume4

3
πa3 and the densities of 5CB and PMMA (1g/cm3 and1.188g/cm3 respectively).

Dispersion at room temperature was achieved by repeated ultrasonication (10 minutes), whirly

mixing (5 minutes) and manual stirring until there was no further visual changes.

To confirm hometropic alignment of the LC (33), we performed polarization microscopy on

single particles in a dilute sample sandwiched between glass plates treated to promote parallel

alignment of the nematic director along the surface. Clean glass and cover slides were covered

with the 1% aqueous solution of poly(vinyl alcohol) (98% hydrolyzed,Mw = 13000 - 23000,

Sigma-Aldrich) and spun at3000 rpm for 60 s using a spin coater (Cammax Pricema). After

vacuum drying at120◦C for 30 minutes the coated glass was firmly rubbed along one direction

with a velvet cloth. A drop of a dilute (φ ∼ 0.1%) particle-LC mixture was dropped onto the

glass slide and covered with the cover slide such that rub direction was oriented in the same

direction as for the base glass slide.

Polarization imaging was performed in a Nikon Eclipse E800 microscope using a 100× oil-

immersion objective lens, with the polarizer aligned with the rub direction of the sample cell.
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Between crossed-polars, we see a symmetric four-lobed pattern (34), consistent with quadrupo-

lar distortion of the director for homeotropic anchoring atthe particle surface. No ‘Saturn-ring’

defect line was observed, either because of poor spatial resolution for small particles, or because

the particle supports a ‘Surface-ring’ defect. Confocal imaging at100× was performed using

a Biorad Radiance 2100 scan head mounted on a Nikon TE300 microscope, with fluorescence

excited at 488 nm and emitted 514 nm.

Rheometry was performed using a TA Instruments AR2000 controlled-stress rheometer at

20◦C in a cone-plate geometry (1◦, diameter 40 mm,32µm truncation gap). Spin-coating the

surfaces with a monolayer of the same particles as used in thebulk samples following by sin-

tering at100◦C for 90 minutes minimized slip, as confirmed by simultaneousimaging (35).

Samples withφ & 45% took many hours to relax under compression after the geometry was

filled. Where the geometry was under-filled the moduli were normalised for the filled area.

Measurements were only commenced when the normal stressN ≪ 0.01 Pa.

Simulations

Equations of motion and simulation methodology

We used a finite difference scheme to study the motion of particles (size2a) in a nematic LC.

Our algorithm couples a molecular dynamics for the colloidal particle to a relaxational dynamics

for the LC, which tends to minimize a free energy density (see below). Colloid surfaces impose

normal anchoring on the LC director field, and the force acting on the colloidal particles,f el,

includes an elastic contribution due to the director field distortion; the latter is computed by

integrating the thermodynamic stress tensorΠαβ over the surface of the colloid:

f el

α =

∫

dSνβΠαβ (S1)

whereν is normal to the colloidal surface,S. The force acting on the particles also has a

random contribution and a potential forbidding interpenetration. The colloids obey overdamped
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dynamics. The purely relaxational dynamics of the LC does not capture hydrodynamic effects.

The Landau-de Gennes free energyF which we use to describe the relaxational dynam-

ics of the LC, is expressed in terms of a second-rank symmetricand traceless tensorial order

parameters,Q, and has bulk (F1) and distortion (F2) contributions,1

F1 =
A0

2

(

1 −
γ

3

)

Q2

αβ −
A0γ

3
QαβQβγQγα +

A0γ

4

(

Q2

αβ

)2
, (S2)

F2 =
K1

2
(∂γQαβ)2 +

K2

2
(∂βQαβ)2 , (S3)

where,A0 is a constant,γ controls the magnitude of order (equivalent to temperatureor concen-

tration for thermotropic and lyotropic LCs respectively), while K1,2 are two elastic constants.

Most of the simulations are performed in the one elastic constant approximation,K2 = 0, and

further tuningK1 to be the average of the splay, bend and twist elastic constant for 5CB. If we

take2a = 10, our typical simulation parameters translate into 0.3µm size colloid with∼10 pN

elastic constants (see below for more details on mapping simulations to experiments).

The anchoring of the director field on a boundary surface to a chosen director̂n0 is ensured

by adding a surface term

fs =
1

2
W0

(

Qαβ − Q0

αβ

)2
(S4)

Q0

αβ = S0

(

n0

αn0

β − δαβ/3
)

, (S5)

whereW0 controls the anchoring strength andS0 determines the degree of the surface order. If

the surface order is equal to the bulk order,S0 should be taken equal toq, the order parameter

in the bulk (3/2 times the largest eigenvalue of theQ tensor).

The relaxation equation of motion forQ is taken to be (36)

∂tQ = ΓH (S6)

1Here and hereafter Greek indices denote cartesian components and the summation convention applies.
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whereΓ is a collective rotational diffusion constant, andH is the molecular field, i.e. the

derivative of the free energy with respect to the order parameterQ, made traceless.

Finally, the stress tensorΠαβ is:

Παβ = −∂αQγν

δF

δ∂βQγν

. (S7)

Parameter mapping to physical units

To relate simulations to experiments, we need to calibrate length, energy and time scales (37,

38). In simulation units (SU), the lattice parameterℓ and time step∆t are both unity. The length

scale is fixed by the colloid diameter, which we take as 300 nm;this is slightly smaller than in

our experiments, but leads to more efficient computations. In our simulations we set the size of

the particle to be10ℓ, i.e. ℓ ≡ 30 nm. We next fix the energy scale by settingA0 = 105 Pa,

giving an elastic constant2 of 0.167 SU≡ 7.52 pN. Finally, we assign a value to the rotational

viscosity to fix the time unit. TakingΓ = 0.5 SU and a real rotational viscosity of 0.1 Poise, we

find that 1 time unit translates into 0.1µs.

Supporting text

Intracluster dynamics, free energy barriers and percolating defect net-
works

To show that non-percolating clusters, Fig. 4B, are held in place by LC elasticity, we have

monitored the trajectories of one of the particles in a cluster, for a time of 10 ms, both in the

presence and in the absence of an underlying LC host. The latter gives standard Brownian

motion, while the former gives a tightly ‘caged’ trajectory, Fig. S1.

To estimate the energy barriers against particle dispersalin nematic LC, we have calculated

2This holds for the Landau-de Gennes elastic constantK. Forγ = 3 which we use, this corresponds to a value
for the Frank elastic constants equal to∼ 3.76 pN.
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Figure S1: Trajectories of a 300 nm sphere in a cluster over a time of 10 ms at colloidal volume
fraction of 7.3%. The black and red trajectories correspondto systems in the presence and
absence of a liquid crystalline host, respectively. The positions are measured in simulation
units.

the potential of mean force between two particles embedded in LC by performing a series of

simulations in which the particles were held fixed at prescribed distances, with their center-to-

center vector perpendicular to the far field nematic director field so that the optimal conforma-

tion is at contact, and allowing the LC to equilibrate via Eq.6, whereupon the system’s energy

is the minimum at that inter-particle separation. By subtracting the energy at large separation,

we obtain Fig. S2. There is a deep minimum when the particles touch (with an ‘entangled point

defect’ configuration), and a small maximum at∼ 0.5 SU, giving a barrier of∼ 168kBT with

the parameters chosen here, but is generically of order∼ 102 kBT for other parameter values

within a reasonable range for our experiments.

To clarify the details of the defect network, we replot the snapshot shown in Fig. 4C without

the colloids in Fig. S3A. This shows the percolating defect network spanning the full length of

the simulation box. At largerφ, the network becomes denser, with multiple branching points

connecting the percolating defect network (Fig. S3B).
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Figure S2: Plot of the potential of mean force versus relative surface-to-surface separation
(normalized by particle diameter) for two colloidal particles in a nematic liquid crystal. The
center-to-center vector is perpendicular to that of the farfield nematic director.
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Figure S3: (A) Replot of Fig. 4C with colloids removed for clarity and (B) percolating defect
network atφ ≈ 23%.
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Figure S4: A volume of thicknessλ between two defect-entangled particles (radiusa) contains
a nearly close-packed density of disclination lines.

Estimating the storage modulus

Here we give a geometric argument to estimate the elastic modulus of a suspension of particles

at φ ∼ 0.64 entangled by defects. Consider two entangled particles, Fig. S4. The volume

between particles, hatched, contains defects at the density of ≈ 1 perℓ2

c , with modulusG′

local
≈

K/ℓ2

c . Using the Derjaguin approximation, this volume isaλ2. At random close packing of the

particles, the fraction of the volume occupied by these defect-laden regions isψ ∼ aλ2/a3 =

(λ/a)2.

Since the load bearing is concentrated in these regions, a macro-strain applied to the whole

sample,γmacro, becomes a (magnified) local strain ofγlocal ∼ (a/λ)γmacro. Finally, the macro-

scopic storage modulus is estimated by equating the elasticdeformation energy stored at the

macro- and micro-levels:

G′

macro
γ2

macro
= G′

local
γ2

local
ψ, (S8)

⇒ G′

macro
∼

K

ℓ2
c

, (S9)

which is independent of particle size.

Rough measurements from confocal micrographs suggest an interparticle spacing of∼ 1.1

times the particle diameter, so that thatλ ∼ 0.1a. At high φ we observed a yield strain of

γmacro ∼ 10−3. This converts toγmicro ∼ 10γmacro. Our observed (macro-)yield strain at high
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φ of γc ∼ 10−3 therefore translates to a local yield strain of∼ 10−2, which is equivalent to a

movement of∼ ℓc ∼ 5 nm over a particle radiusa ∼ 500 nm, which should be enough to cause

yielding of the material.
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