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An equilibrium rotator glass-forming phase
for long-ranged repulsive colloidal rods

ThijsHermanBesseling 1,2 , Berend vanderMeer1,3, Bing Liu 1,4, Laura Filion1,
Arnout Imhof 1 & Alfons van Blaaderen 1

Glasses, amorphous solid phases nearly always out of equilibrium, remain
poorly understooddespite recent progress. Herewe showby quantitative real-
space experiments and computer simulations the existence of an equilibrium
glass-forming phase which forms due to a subtle interplay between the rota-
tional and translational degrees of freedom in a system of charged colloidal
rods. In this rotational glass-forming phase, the positional coordinates are
glass-like, while the rotations remain liquid-like. This phase can be reversibly
switched into a crystalline solid through a first-order phase transition with
minimal particle rearrangements by an external electric field. We speculate
that this rotator glass-like phase forms due to the anisotropic particle inter-
actions at higher volume fractions, destabilizing the crystal. Finding an equi-
librium glassy rotator phase will lead to new insights on how translations and
rotations affect phase behavior, including glass formation and, additionally,
allow new theoretical approaches to be used to study the glass transition.

The important differences in the properties between liquids and
crystalline solids can be explained by differences in both their struc-
ture and dynamics. In terms of structure, particles in liquids have
short-ranged positional and orientational order,while for crystals both
are long-ranged1. With respect to the dynamics, in crystals the long-
time self-diffusion coefficients for both translations and rotations of
particles are typically zeroon experimental time scales, while in liquids
both display significant mobility. Additional states of matter are pos-
sible—often associatedwith anisotropic shaped particles ormolecules,
like rods or plates—where some of the degrees of freedom associated
with either the positional or orientational order and dynamics are like
those of crystals, while the remaining degrees of freedom behave like
those of liquids1–3. Such phases have interesting mixes of properties.
For instance, in rotator crystals some or all of the rotational degrees of
freedom are liquid-like, while the positional order is that of a solid2,4.
The rotations of the molecules weaken the strength of such solids so
much that they can deform under their own weight, leading to the
name “plastic crystals”2. On theother hand, phaseswhere (someof) the
rotational degrees of freedom are solid-like, but the positional

coordinates have the dynamics of liquids canflow andhence are called
liquid crystals3,5. The ability of such phases to rotate the polarization of
light is used in nematic liquid crystals displays6.

Glasses are yet another important and intriguing class of
materials: they are solids whose structure resembles that of a
liquid, but where the particles’ long-time self-diffusion coefficients
are as small as for crystals7–18. They are often described as liquids
that have solidified before their structure becomes crystalline and
thus are out of equilibrium7–13. However, not all non-crystalline
solids are inherently out of equilibrium. For example, particles that
can form a small number of flexible bonds with their neighbors can
form an arrested disordered equilibrium state at low
temperatures19,20, although for different reasons than the phase
discussed in the present work.

In this work, we demonstrate the existence of an equilibrium
rotator glass-like phase. This phase exhibits two intriguing properties:
a combination of liquid-like rotations and translational dynamics
which are near dynamical arrest, as well as being an equilibrium phase
with short-ranged positional order. We explore this phase using both
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real-space experiments on charged colloidal rod-shaped particles4,5,21,22

and computer simulations.

Results
We studied a system of fluorescently labeled, micron-sized, charged
silica rodswith a shape resembling spherocylinders4,5,21,22 characterized
by an end-to-end length l, diameter d and aspect ratio l/d ~ 4 (Fig. 1a).
The rods were dispersed in an index matching solvent which reduces
the van der Waals attractions to values small compared to the thermal
energy kBT. Additionally, the particles were coated with short ligand
moleculeswhichprovide themwith a repulsive interaction that is steep
and short-ranged with respect to the rod diameter and length. Finally,
the range of the charge-based repulsions is characterized by theDebye
screening length κ−1, which is directly related to the ionic strength of

the suspending fluid. When the ionic strength is relatively large and
hence κ−1 is short (Fig. 1b), the particles formthephases known for hard
rods, which for l/d > 3.5 are smectic LC phases3,5,22. These are 1D solids,
with 2D liquid layers of parallel oriented rods (Figs. 1c,d). Conversely,
at low ionic strength, the repulsions are dominant over the particle
shape and when κ−1 becomes comparable to l (Fig. 1e) rotator crystal
(or plastic crystal) phases can be formed4. Figure. 1f,g shows an
example of a body-centered-cubic (BCC) plastic crystal (viewed from
BCC(110) plane). For κl = 0.8, i.e., at a screening length similar to the
particle length, the rods still form a rotator crystal phase at inter-
mediate densities. However, when the rods were compressed to high
enough densities, the system failed to crystallize, and instead formed a
‘rotator glassy phase’ (Fig. 1i,j). This phase lacks long-ranged positional
order, highlighted by the FFT in the inset Fig. 1j. Additionally, in this

Fig. 1 | Phase behavior of fluorescent silica rods with fixed aspect ratio but
varying screening length and number density. a TEM micrograph of silica rods
with average end-to-end length l = 2.4μm,diameter d = 640nm, and aspect ratio l/d
= 3.8.b, e,h Schematics showing how the screening length κ−1 changes the effective
dimensions of the particle. c, f, i Single confocal microscopy images. The insets
show a typical rotational trajectory of a single particle on the unit sphere obtained
from 3D particle tracking. d, g, j Superposition of multiple confocal microscopy

images over a time window indicated in the image. The insets show a 2D FFT of the
monochrome confocal microscopy images. The color bar indicates a logarithmic
intensity scale. The scale bar in the inset in (d) indicates 9 μm−1, and in (g,j) 3 μm−1.
b–d For κl = 48, rods form a liquid crystalline smectic-B phase. e–g For κl = 0.5 and
ϕ = 0.005, particles form a plastic (or rotator) crystal. h–j For κl = 0.8 and ϕ ~0.02,
particles form a rotator glassy phase.
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phase the particles are strongly caged by their neighbors, leading to
glass-like translational motion, whereas rotational motion remained
almost free. This is shown in Fig. 1j by the superposition of 500 images,
measured over a time-interval Δt = 163 τ0t , with τ0t the time for the rod
to diffuse over its own diameter at infinite dilution.

To get a more quantitative picture of the dynamics of this phase,
we analyzed particle trajectories from 3D confocal microscopy image-
stacks as a function of increasing volume fraction ϕ (see Supplemen-
tary Fig. 1 and Supplementary Mov. 1), and calculated the translational
and rotational self-correlation functions and analyzed the resulting
relaxation times (for details see the Methods section and Supple-
mentary Fig. 2) as well as the mean-squared displacements (Supple-
mentary Fig. 3a,b). Figure 2a demonstrates that for a volume fraction
of ϕ ≈ 0.017, the translational diffusion slowed down by two orders of
magnitude, while the rotational diffusion remained much more con-
stant. At this volume fraction, particle trajectories were almost com-
pletely caged for the duration of the experiment (see Fig. 2 b for a
typical particle trajectory and Supplementary Fig. 3c for a larger
ensemble) while we also clearly observed dynamical heterogeneities
(see Supplementary Fig. 4), a hallmark of a system approaching the
glass transition23. At the highest volume fraction we investigated
(ϕ > 0.020), rotations also started to freeze in (Fig. 2a–b).

To explore the origin of this rotator glass-like phase, we per-
formed computer simulations and free-energy calculations on a sim-
plified model for charged colloidal rods. To this end, we employed a
Yukawa segment model24, in which a charged rod is divided into in n
segments of equally distributed point charges along the rod axis, see
Fig. 2c. The interactions between two rods is then given by the sum of
the interactions between the segments, see Methods. Note that in the
model system the interactions are significantly shorter-ranged (κl= 1.8)
than in the experiments to make the simulations more feasible. Spe-
cifically, this choice ensures all our simulations needed to probe the
phase diagram are either fluidor crystal, andhence can be equilibrated
without issue. The equilibrium phase behavior of these soft rod-like
particles was determined by calculating the Helmholtz free energy of
both the fluid phase and the BCC rotator crystal phase, as described in
theMethods. The phase diagram is shown in Fig. 2d. In agreementwith
experiments, we find that for sufficiently charged rods (high enough
Γ), the system undergoes a fluid to a BCC rotator crystal phase tran-
sition at intermediate densities followed by a re-entrant BCC rotator
crystal to fluid transition at higher densities. Hence, these free-energy
calculations clearly suggest a thermodynamic origin for a re-entrant
disordered phase in the less long-ranged and approximated computer
simulationsmodel. The re-entrant stability of the disorderedphase can

Fig. 2 | Equilibrium phase transitions from a dense fluid to a glassy
rotator phase. a Rotational and translational relaxation times of amorphous
phases as function of volume fraction ϕ, for an experimental system with κl = 0.8.
Lines are drawn to guide the eye only. The light gray area on the left indicates the
region where the BCC rotator crystal was stable. The error bars represent the
standard deviation. b Typical 3D rotational and translational trajectories of a

particle for increasing volume fraction. c Yukawa segment model used in the
simulation with κl = 1.8 and n = 7. A spherocylinder with the same aspect ratio as in
the experiments is drawn around the segment-model for visualization purpose.
dPhasediagramobtained fromsimulation showing the stability of a re-entrantfluid
phase at higher particle concentrations. e Simulation snapshots of three phases
resembling the phases of the experimental system shown in Supplementary Fig. 1.
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be explained by the frustrations induced by the effective correlated
orientations the particles undergo as the system is compressed. At low
and intermediate densities, the particles are far apart due to the charge
repulsion, and as a result the interactions are more isotropic. In con-
trast, at higher densities, the closer proximity of particles to their
neighbors implies that the shapeof the particle plays an important role
in the interactions. As a result, different pairs of particles feel effec-
tively different interactions based on their orientations, causing an
effective polydispersity in the interactions. This would lead to frus-
tration, a well known driver of glass formation12,25.

To investigate the dynamics of this re-entrant disordered phase,
we performed Brownian dynamics simulations of the Yukawa segment
model26. We calculated the mean square displacement 〈Δr2(t)〉 for a
wide range of densities ρ and extracted the long-time translational
diffusion coefficient Dt, which we rendered dimensionless by normal-
ization with D0

t (Supplementary Fig. 5). At sufficiently high densities,
the diffusivity decreased exponentially with increasing density. This
highlights, as expected, a gradual arrest of the dynamics as the density

is increased. Although in the model system the interactions are sig-
nificantly shorter-ranged, there is goodqualitative agreement between
simulation and experiment (compare also Fig. 2e with Supplemen-
tary Fig. 1).

To further illustrate experimentally the thermodynamic origin
and nature of the phase near dynamical arrest, we applied an external
high-frequency AC electric field that aligned the particles with the field
direction. We show in Fig. 3 (see also Supplementary Fig. 6 and Sup-
plementary Mov. 2,3) that subsequently the rotator glass-like phase
transformed into a 3D crystal. The field restricted the rotations of the
rods, and as a result it lowered the anisotropy of the particle interac-
tions allowing them to form a BCC lattice stretched in the field direc-
tion (see also Supplementary Fig. 7). Once the electric field was turned
off, particles regained their orientational freedom and the crystalline
phase revertedback to a rotator glassyphase,whichdemonstrates that
this glass-forming amorphous phase has a lower free energy than the
crystalline phase. The radial distribution function g(r) (Fig. 3f) shows
the lack of long-ranged order in the near-arrested rotator phase.

Fig. 3 | Reversible crystallization and melting by AC electric-field induced
particle alignment. a, b Crystallization of the plastic glassy phase induced by
applying a high-frequency AC electric field (E = 90 V/mm) and subsequent melting
when the field was turned off (κl = 0.8 and ϕ ~0.02). Scale-bars are 10 μm. c, d 3D
reconstruction of a rotator glass-former and BCC crystalline phase, obtained from
3D confocal microscopy data. Particles are color-coded according to their

orientation. d View from the BCC(1-10) plane. The BCC lattice is approximately 33%
streched in the field (z) direction. e BCC unit cell. f 3D radial distribution functions
g(r). The green line corresponds to the rotator glass-forming phase (with no field
applied) and is shifted upwards for clarity. The blue line is for a crystalline phase
formed under application of an electric field.

Article https://doi.org/10.1038/s41467-026-70295-5

Nature Communications |         (2026) 17:2410 4

www.nature.com/naturecommunications


We studied the reversibility of the rotator glassy phase to crystal
transition by changing the electric field strength in smaller and slower
steps. As shown in Fig. 4, we observed strong hysteresis effects, indi-
cative of a first-order phase transition. Particles quickly aligned and
then started to order positionally more slowly (Fig. 4a–c). The sample
initially became polycrystalline over larger distances ( ~ 100 μm), but
after approximately 1 h large ordered domains were present (Fig. 4d).
When the field strength was then decreased again, strong hysteresis
was observed in both the rotational dynamics and positional order
(Fig. 4h–i). When the field strength dropped below approximately E =
45 V/mm, the (rotator) crystalline lattice became unstable, and com-
pletely returned to the original rotator glass-like state. When the
electric field was increased and decreased at much faster rates (Sup-
plementary Fig. 6), weobserved the samephases at the start and endof
the procedure, supporting that these phases are independent of
quench speed.

For an electric field strength E = 90 V/mm and average inter-
particle spacing r = 1.4 l we calculated that the strength of the dipole-
dipole interaction is much smaller than kBT4. This demonstrates that
the contribution of dipole-dipole interactions to the stability of the
crystal phase can be neglected. The approximately 33% elongation of
the BCC lattice along the field direction must therefore be completely

due to the anisotropy of the particle and its electrostatic repulsive
potential.

We further analyzed the 3D structures by calculating the Voronoi
cells around each particle (Supplementary Fig. 8) and found that the
rotator phase near dynamical arrest had on average 14 nearest neigh-
bors and Voronoi faces with on average 5 edges, representing the
number of particles surrounding a near-neighbor bond. Interestingly,
these two distributions are almost identical to the distributions of a
glass consisting of hard spheres17 or spheres with a long-range repul-
sive potential27. We further conclude that this phase transition occurs
with minimal particle rearrangements, since the number of nearest
neighbors remained constant during the crystallization and melting
process. Finally, we determined the distribution of the Voronoi cell
volumes (Supplementary Fig. 8e). Using the hard-core particle
dimensions (as measured with TEM), both averaged values for the
glass and the crystal correspond to a volume fraction ofϕ = 0.017. This
value is higher than the range of volume fractions where a plastic-
crystal phase was found in earlier work4.

Discussion
We demonstrated that when the volume fraction of a suspension of
long-ranged repulsive silica rods is increased above a critical value

Fig. 4 | Hysteresis of positional order during a reversible transition between a
rotator glass-forming phase and a crystalline phase. The transitions were
induced by slowly increasing and decreasing the electric-field strength. The dura-
tion of each measurement was 141 s and the time interval between measurements
was4min, κl=0.8 andϕ ~0.02. a–fShown arex-y projections of the 3D translational
trajectories together with a typical rotational trajectory of a single particle.
a–c Upon increasing the electric field strength, particles in a rotator glassy phase

first align with the field and subsequently formed ordered domains. Between (c)
and (d), the sample was left to equilibrate for 1 h under a constant E-field of 90 V/
mm after which the sample became fully crystalline. d–e Upon decreasing the
electric field again, crystalline order still persisted. f At zero field strength, the
system relaxed back to the amorphous glass-like phase. g 3D nematic order para-
meter S3D, (h) normalized rotational relaxation time τ0/τR and (i) average local
hexagonal bond-order parameter < ∣ψ6∣ >as a function of E-field strength.

Article https://doi.org/10.1038/s41467-026-70295-5

Nature Communications |         (2026) 17:2410 5

www.nature.com/naturecommunications


(ϕ ~0.015), the system failed to crystallize into a plastic (or rotator)
crystal phase. Instead, a rotator glass-like phase was found. Particles
lacked long-ranged positional order and translational motion slowed
down dramatically, whereas rotational motion remained almost free,
which is a remarkable demonstration of the decoupling of the glass
transitions of the positional and rotational degrees of freedom. Inter-
estingly, this plastic glassyphase couldbe switched reversibly to a fully
ordered crystal when a high-frequency AC electric field was used to
restrict particle rotations. Upon decreasing the field strength again,
strong hysteresis and a metastable plastic crystal phase were found.
When the field strength dropped below a critical value, the crystalline
lattice became unstable, and completely returned to its original rota-
tor phase with translational motions near dynamical arrest. We spec-
ulate that the effective orientational and time-averaged interactions
act similarly as a polydisperse set of particles in destabilizing the
crystal with respect to a positional glass forming phase. Using free-
energy calculations, we additionally show a thermodynamic origin of
such a re-entrant disordered phase for soft rods interacting with sim-
plified interactions but with the same competing tendencies. For the
same reasons, again we find that a disordered rotator phase forms due
the effective interparticle interactions becomingmore anisotropic and
effectively polydisperse at higher volume fractions. It is interesting to
note that the transitions we observed are similar to the phases pre-
dicted by Schilling and Scheidsteger using MCT28. Specifically, they
predicted that linear rigid molecules could exhibit a phase where the
translational degrees of freedom are frozen in but the orientational
degrees of freedom remain ergodic, which at high enough packing
fractions both become non-ergodic. In contrast, it is also intriguing to
report that recently a study on anisotropic colloidal particles has
reported a “counterpart” of the rotator glass-former found in our
present study that the authors termed a “liquid glass”29. In this phase
rotations are frozen while translations are fluid, the opposite with
respect to the rotational and translational degrees of freedom of the
rotator glassy phase. This finding together with our work makes clear
that our understanding of the interplay between rotational and
translational degrees of freedom for strongly interacting particles or
molecular systems is still far from complete. We strongly suspect that
similar rotator glassy phases described in this work can also be found
for anisotropic rod-like nanoparticles with soft interactions (e.g.,
polymer like ligands, and/or charged nanorods), and that perhaps for
such phases also could appear in molecular systems if repulsions are
sufficiently long-ranged. We are certain that knowing that positionally
disordered glass-like phases can be equilibrium structures will allow
for new theoretical approaches that can be applied to describe this
class of glass-formers. The possibility to further study these systems
quantitatively on single particle level will also allow further insights in
the intricate coupling of rotational and translational degrees of free-
dom in phase transitions.

Methods
Particle synthesis
Fluorescent silica rod-like particles were synthesized as described in
ref. 22. The particles were dyed using fluorescein isothiocyanate (FITC,
isomer I, 90%, Sigma-Aldrich). The particles consisted of a three
layered structure: a non-fluorescent core, an FITC labeled shell (ca. 40
nm) and a non-fluorescent outer shell (ca. 100 nm). In the second step,
we modified the silica rods with octadecyltrimethoxysilane (OTMOS,
90%, Sigma-Aldrich) by an ultrasonic-assisted coating procedure. In
brief, a solution of OTMOS, butylamine (BA, 99.5%, Sigma-Aldrich) and
toluene (1:1:10 v/v/v) was prepared, and then 10 wt% of silica rods, that
had been dried under nitrogen flow, were added to this solution. The
suspension was sonicated at 30–55 °C for 4 h (Branson 2250). After-
wards, the colloidal rods were washed in turn with toluene, cyclohex-
ane and cyclohexylchloride (CHC, >98%, Merck). Finally, the colloidal
rods were dispersed in deionized CHC for further use. The particles

had anend-to-end length l=2.29μm(δ=6.0%), diameterd=600nm(δ
= 6.5%), and aspect ratio l/d = 3.8. Here, l and d are themean length and
diameter and δ is the polydispersity (standard deviation divided by the
mean). A second silica rod system was used without OTMOS mod-
ification, which had an average end-to-end length l = 2.6 μm (poly-
dispersity δ = 9%), diameter d = 630 nm (polydispersity δ = 6%) and
aspect ratio l/d = 4.1.

Sample preparation and Electric field setup
The particles were suspended in cyclohexyl chloride (CHC). The as
received CHC (conductivity ≫1.000 pS/cm) was deionized by using
molecular sieves (0.4 nm, Aldrich) and activated aluminum oxide
(Aldrich). After purification, the CHC had a conductivity as low as 5–10
pS/cm. In this solvent, the particles acquired anegative charge (surface
potential −70mV) and a Debye screening length κ−1 ~ 5 μm.

The Debye screening length κ−1, which is given by:

κ�1 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵr ϵ0 kBT
2NA I e2

s
, ð1Þ

with ϵr the dielectric constant of the solvent, ϵ0 the permittivity of
vacuum, NA the Avogadro constant, I the concentration of ions in the
suspension and e the elementary charge.

The sample was concentrated to a volume fraction ϕ ~0.02 by
either sedimentation under gravity or by centrifugation with a max-
imum of 60 g. Rectangular fused quartz capillaries (0.1 × 2mm2 and
0.2 × 2 mm2, VitroCom, UK) were used as sample cells. Electrodes
consisting of a 3 nm layer of Cr and a 6–10 nm layer of Auwere sputter-
coated on two opposing outer surfaces of these capillaries. Thermo-
couple alloy wires (diameter 50 μm, Goodfellow) were connected to
the electrodes with silverpaint (SPI-paint). The ends of the wires were
wrapped around standard electronicwires that in turnwere connected
to the electrical set-up. We used a function generator (Agilent 33120A)
to generate a sinusoidal signal with a frequency of 1 MHz and an
amplitude of 2.0 V (peak-to-peak). This signal was sent to the sample
via a wide band amplifier (Krohn-Hite, 7602M) used to vary the field
strength in the sample. The field strength was measured with a digital
phosphor oscilloscope (Tektronix TDS3052). We applied a high fre-
quency AC field to prevent polarization of the electric double layer of
the particles. After filling the capillaries, theywere fixed on a glass slide
and sealed with UV-cured glue (Norland, No. 68).

Electric field calculation
Because the electrodes were on the outside of the capillaries, there
were three layers of material between the two electrodes. In this case,
the field strength is given by5

E =
V
ϵ0

ϵ1ϵ2ϵ3
d1ϵ2ϵ3 +d2ϵ1ϵ3 +d3ϵ1ϵ2

� �
, ð2Þ

with V the applied voltage, ϵ0 the dielectric constant of the sample,
ϵ1,−3 the dielectric constant of layers 1-3 and d1−3 the thickness of layers
1-3. In our experiments, layer 1 and 3 are the glass capillary walls,
(thickness d ~0.1 mm and ϵ = 3.5) and layer 2 is (primarily) the solvent
CHC (thickness d ~0.1 mm and ϵ = 7.6). The field strength is thus given
by E = 1.9 × 10−3 V (V/μm). All field strengths in this chapter are given in
units VRMS/μm.

In the stepped electric field experiment, we increased the electric
field strength in steps of 22.5 V/mm. The duration of each step was
2.8 min and the time interval between measurements was 4 min.

Confocal microscopy measurements
Particles were imaged using a confocal microscope (Leica SP8)
equipped with a fast 12 kHz resonant scanner and a GaAsP hybrid
detector (Leica HyDTM). Images with 8-bit pixel-depth were acquired
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using a white light laser with a selected wavelength of 488 nm. A
confocal glycerol immersion objective 63x/1.3 (Leica) was used, which
is optimized for refractive index nD = 1.47. To avoid hydrodynamic
interactions with the wall, particles were imaged at least 20 μm deep
into the sample. To investigate the 3D structure of the suspensions,
data stacks were recorded with typical dimensions of 512 × 256 × 120
pixels3 with voxel size 160 × 160 × 321 nm3, corresponding to
82 × 41 ×39μm3, which were recorded with a frame-rate of 0.3 fps. To
track the 3D particle motion, data-stacks were acquired with typical
dimensions of 512 × 65 × 25 pixels3 with voxel size 160 × 160 × 321 nm3,
corresponding to a volume of 82 × 10 × 8 μm3. The frame-rate for
recording these 3D volumes was typically 4 fps. 2D confocal micro-
scopy images had dimensions of 512 × 512 pixels2 and pixel size of
150 × 150 nm2, corresponding to typically 75 × 75μm2. The 2D images
were recorded with a frame-rate of 2–20 fps.

Analysis of static structure
Radial distribution function. To determine the average static struc-
ture in our samples, we calculated the radial distribution function g(r).
For a given particle, this function describes the probability of finding
another particle a distance r away and is given by

gðrÞ= 1
ρ2 h

XN
i= 1

XN
j≠i

δðriÞδðrj � rÞi, ð3Þ

with δ the Dirac delta function, ρ the bulk number density and the
angular brackets denoting an ensemble average. N is the total number
of particles in the system. The distribution is normalized such
that g(r → ∞) = 1.

Nematic order parameter. To quantify the 3D orientational order we
calculated the 3D nematic order parameter defined by

S3D =
3
2
hcos2θi � 1

2
, ð4Þ

with θ the angle between the main axis of the rod bu and the nematic
director bn. We find S3D and bn by calculating the largest eigenvalue and
corresponding eigenvector of the standard 3 × 3 nematic order para-
meter tensor

Q3D
αβ =

1
N

XN
i = 1

3uiαuiβ � δαβ

2

� �
, ð5Þ

with uiα the α-component of the unit vector pointing along the main
axis of particle i and α = x, y, z.

Hexagonal bond order parameter. To quantify the 2D positional
orderwe used the local hexagonal bond-orientational order parameter
ψ6k

given by

ψ6k
=

1
ncðkÞ

XncðkÞ

j = 1

expði6θðrjkÞÞ, ð6Þ

with nc(k) the number of neighbors of particle k (which is taken to be
the number of particles that are within a certain cut-off distance rc of
the particle), rjk the vector connecting particle k and its neighbor j,
θ(rjk) the angle between rjk and an arbitrary reference axis and i in the
exponent the imaginary unit. In a perfect hexagonal layer, the angles
θ(rjk) are multiples of 60° and jψ6k

j= 1.

Voronoi cell construction. The Voronoi cell of a particle contains all
the points in space that are closer to the particle than to any other
particle in the system. Formonodisperse particles these cells consist of

flat faces and straight edges, called polyhedra. We used a publicly
available Voronoi software library (Voro++30) to calculate 3D Voronoi
cells, the number of Voronoi nearest neigbours, the number of edges
per Voronoi face and the average Voronoi cell volume.

Analysis of particle dynamics
To study the particle dynamics, we applied our particle-fitting algo-
rithm to time-series of 3D confocal microscopy data-stacks, as
described in detail in ref. 21. We calculated the mean squared dis-
placement (MSD) given by

Δr2ðtÞ � hjrðtÞ � rð0Þj2i, ð7Þ

which we fitted to the expression

Δr2ðtÞ=6Dt t +6 ϵ2t , ð8Þ

with Dt the rotationally averaged translational diffusion coefficient
and ϵt the error in measurement of each of the coordinates of the
particle31. For the highest volume fractions, we could not reach the
region where the long-term translational dynamics become diffusive
again, i.e., 〈Δr2(t)〉 ~ t. For the mean squared angular displacement
(MSAD) we used the expression32,33

hΔbu2ðtÞi= 2½1� ð1� ϵ2r Þ expð�2DrtÞ�, ð9Þ

with Dr the average rotational diffusion coefficient and ϵr the mea-
surement error in the determination of buðtÞ. To further quantify the
rotational motion of the particles, we also calculated the orientation
auto-correlation function

CðtÞ= hbuð0Þ � buðtÞi, ð10Þ

which we fitted with a stretched exponential function, given by

CðtÞ= ð1� ϵ2r Þ expð�ðt=τrÞβÞ, ð11Þ

with ϵr themeasurement error in the determination of the direction of
themain axis of the rods, τr the typical orientation relaxation time and
β the Kohlrausch exponent. At infinite dilution we have β = 1 and τr = 1/
(2Dr) with Dr the rotational diffusion coefficient32. For the analysis of
the translational correlations, we calculated the self-intermediate
scattering function, given by

Fsðq, tÞ= h
1
N

XN
j = 1

exp½iq � ðrjðtÞ � rjð0ÞÞ�i, ð12Þ

with q the wavevector with magnitude equal to the first peak of the
radial distribution function g(r), and rj(t) the three dimensional posi-
tion vector of particle j at time t and the brackets denoting an
ensemble average. Fs(q, t) was fitted with a similar stretched expo-
nential as we used for the orientational correlation function

FsðtÞ=a expð�ðt=τtÞβÞ, ð13Þ

with a a pre-factor that includes the error in the determination of the
position of the rod, τt the typical translational relaxation timeand β the
Kohlrausch exponent.

Yukawa segment model
We employed the Yukawa segment model24, in which a charged rod is
divided into in n segments of equally distributed point charges along
the rod axis. The interactions between two rods is then given by the
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sum of the interactions between the segments:

βUijðri � rj ,ui,ujÞ= βΓ
Xn
a, b= 1

exp½�κrabij �
rabij

, ð14Þ

with κ the screening length, βΓ the energy scale between two seg-
ments, and β = 1/kBT, where kB is the Boltzmann constant and T is the
temperature, and

rabij = jri � rj +uidnð2a� 1� nÞ=2� ujdnð2b� 1� nÞ=2j, ð15Þ

the distance between segment a of rod i and segment b of rod j, where
dn denotes the distance between neighboring segments

dn =
lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðn+ 1Þðn� 1Þ
p : ð16Þ

Since the system we investigated is highly charged, the rods never
came into close contact and we can safely omit the hard-core
interactions in our simulations.

Free energy calculations
We determined the equilibrium phase behavior of our rod-like parti-
cles by calculating the Helmholtz free energy of both the fluid phase
and the BCC crystal phase. To this end, wefirst calculated a “reference"
free energy of both the fluid and crystal phase at a single density using
theWidom insertionmethodand Frenkel-Laddmethod, respectively34.
Subsequently, the Helmholtz free energy of both phases was calcu-
lated for a range of densities and energy scales (temperatures) using
thermodynamic integration of the equation of state and temperature-
dependent average potential energy, as calculated using Monte Carlo
simulations in the NVT-ensemble. In these calculations, we have
restricted ourselves to densities and energy scales up to ρl3 ≈ 0.65 and
βΓ ≈ 68, respectively. Note that in the simulations we have chosen to
use a shorter ranged interaction than in the experiments. This choice
has ensured that the system is fast enough for the simulations involved
with the thermodynamic integration to equilibrate. This, however, also
means that the system shows a re-entrant fluid, not a re-entrant glass.

Brownian dynamics simulations
WeperformedBrowniandynamics simulations of the Yukawa segment
model following ref. 26. Here, we have mapped the self-diffusion
coefficients to the experimental system by matching the ratios
between the rotational and the two translational diffusion coefficients.
We measured time in units of the translational diffusion at infinite
dilution τB = l

2
=D0

t .

Data availability
The data that support the findings of this study are available in a data
package on Zenodo https://doi.org/10.5281/zenodo.18482452
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