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ABSTRACT: Plastic crystals formed from anisotropic molecules or particles are an
important state of matter characterized by the presence of long-range positional order and the
lack of long-range orientational order. The rotational motion of molecules or particles in
plastic crystals is the most attractive characteristic of the system. Here the rotational
dynamics of the discoid particles in quasi-two-dimensional colloidal plastic crystals stabilized
via depletion interactions are quantitatively studied using time-resolved confocal microscopy.
The measured probability distribution of particle orientation reveals the existence of a strong
coupling between the lattice symmetry and particle rotation, resulting in anisotropic
rotational dynamics modes resembling the underlying hexagonal crystalline symmetry.
Furthermore, the orientational distribution function provides information about the potential
surface of rotational dynamics. The observed slow rotational diffusion can be attributed to the
presence of orientational minima and potential barriers on the potential surface. Our findings
with a real experimental system provide important insights into the role of attraction in the
phase behaviors of plastic crystals.

Anisotropic molecules or particles possess positional and
orientational degrees of freedom. The presence or

absence of long-range order in these degrees of freedom
results in different states of anisotropic particles. Liquids and
crystals are states characterized by the absence and presence of
both long-range positional and orientational order, respec-
tively, whereas liquid/plastic crystals are intermediate states
with and without long-range orientational order and without
and with long-range positional order.1−3 Liquids, crystals, and
liquid crystals have been studied extensively.1 In the case of
plastic crystals (PCs), it has been well established that this
state of matter can occur in molecular and colloidal systems.
Due to their unique properties and wide range of applications,
including for high-performance polyelectrolytes, refrigeration,
ferroelectric materials, and switchable nonlinear optical
materials,4−9 PCs have attracted much attention.10−23 In
comparison to crystalline structures, the rotational motion of
molecules or particles in plastic crystals is the most distinct
characteristic. However, quantitative study of the rotational
dynamics of the anisotropic particles in PCs has been rare, so
our understanding of the nature of the rotational dynamics
modes is still very limited.
Colloidal suspensions provide a useful model system for

studying the structure and dynamics of condensed matter.24−29

Due to the large size and slow dynamics of colloidal particles, it
is possible to examine the structure and dynamics of colloidal
systems using optical microscopy. Recently, the rotational
diffusion of a colloidal PC was examined using confocal
microscopy,16 revealing that, in the case of long-range
electrostatic repulsion, the particles exhibit isotropic rotational

dynamics and free rotational diffusion. Although it is expected
that the underlying crystalline symmetry due to the long-range
positional order would influence the rotational dynamics of the
particles, the coupling between the lattice symmetry and
orientational dynamics has yet to be observed experimentally
and the manner of the coupling and the extent to which such
coupling could be carried out remain unclear.
To this end, we utilize the colloidal suspension of

anisotropic colloidal particles as an ideal system to study the
structure and dynamics of PCs. In this Letter, we report
experimental results of rotational dynamics of colloidal
particles in PCs with designed shapes and interparticle
interactions. We use a system composed of discoid particles
with tunable depletion attractions and discover that attractive
interactions result in an increased level of coupling of
orientational distribution to the lattice symmetry. This effect
strongly influences the rotational diffusion and induces a
dynamic mode transition from isotropic to anisotropic. The
presence of preferred particle orientations leads to extremely
slow rotational diffusion, which can further reflect the energy
barriers between the minima of the potential surface.
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In our experiments, we examined the structure and
rotational dynamics of plastic crystals formed from colloidal
discoid SiO2 particles using quantitative confocal microscopy.
The particles, consisting of a polystyrene (PS) disk and two
symmetric SiO2 spherical caps, were synthesized according to
our previous work30 (Figure 1a and Figure S1) and are

characterized by a length (L) of 1.80 ± 0.03 μm and a
diameter (D) of 2.57 ± 0.03 μm. The aspect ratio of the
particles was chosen for their ability to form plastic crystals.
According to computer simulations of oblate spheroids,31 the
discoid particles with an aspect ratio of 0.7 could form plastic
crystals with hard interaction potentials. The SiO2 particles
have the symmetry of a disk or a spherocylinder. They have a
negative ζ potential of approximately −40 mV (Figure S2) and
are electrostatically stabilized in deionized water. The
interactions between the particles are regulated by the addition
of sodium polystyrenesulfonate (NaPSS), which induces a
depletion force32 between the colloidal particles. The Debye
length (κ−1) is approximately 10−45 nm for the NaPSS
concentrations (CNaPSS = 0.01−0.15 g L−1), as estimated by the

Debye−Huckel theory. The particle concentration is con-
trolled such that a colloidal monolayer forms, but the particle
rotation is not limited to a two-dimensional plane; thus, the
experimental system is practically quasi-two-dimensional. The
middle PS disk is labeled by a dye (Nile red), enabling the
determination of the orientations of the particles’ long axes
with confocal laser scanning microscopy (CLSM) according to
the projected shapes (Figure S3).
The interaction potential between the particles was obtained

by inverting the pair correlation function g(r) using the
Ornstein−Zernike integral equation of liquid theory together
with the hypernetted-chain closure equation following the
method of Behrens and Grier33 (see the Experimental Section
for details). For the measurements, the particle area density
(ϕp) (nπD2/4, where n is the particle number) is 10%. The
measured g(r)s for increasing NaPSS concentrations from 0.0
to 0.15 g L−1 are shown in Figure S4, and the corresponding
interaction potentials are shown in Figure 1b. The depth of the
interaction potential well (ε), corresponding to the minimum
of the interaction potential occurring at a distance rm, is used as
the attraction strength. Values of ε and rm are plotted as a
function of CNaPSS in Figure 1c. The phase diagram of the
system is mapped out by conducting experiments in a range of
ε values. Three phase regions of the system have been
identified for increasing ε: F + PC (ε ≲ 0.5 kT), F + PC + C
(∼0.5 kT < ε ≲ 0.75 kT), and F + C (ε ≳ 0.75 kT), where F is
the fluid state and C is the crystal state.
Plastic crystals are formed via liquid−PC transitions in

samples with an attraction strength in the range of <0.5 kT
(Figure 1d; see Movies S1−S3). PCs with a large imaging area
show the high quality of the formed crystals (Figure S5). The
liquid−PC transitions could be regulated by areal density ϕp.
Note that the ϕp could be >1 when discoid particles tend to
stand on the substrate and are close-packed because we use
πD2/4 for the area one particle takes. The benefit of using ϕp is
that it facilitates the comparison between the self-assembled
crystals of the discoid particles and those of spherical particles
or discs. Above a critical value of ϕp, the discoid particles form
an ordered structure with almost perfect hexagonal packing. An
inspection of these ordered structures revealed that they
possess the typical characteristics of a PC phase, that is, the
presence of long-range positional order and the lack of
orientational order. As a representative example, a PC phase
formed at ε ≲ 0.41 kT is shown in Figure 1d; Figure S6 shows
a full structural characterization of the samples at all of the
attraction strengths. The long-range positional order is evident
from the lattices and the calculated pair correlation functions
g(r) (Figure 1e; see Figure S7 for the tracking of the position
of particles). The nature of the orientational order is studied by
taking a superposition of 100 of the superresolution frames of a
time series (Figure 1d). The results clearly showed that the
particles orient along random directions. The calculated
nematic order parameter S2d = (1/N)∑1

N⟨cos(2θi)⟩ is <0.1
over the entire range of ϕp, indicating the lack of long-range
orientational order by tracking the in-plane orientations [q
(see Figure 2a)] of the particles’ long axes (see Figure S8 for
the tracking of the orientations of particles). The effective
lattice parameters can be extracted from the peaks in the g(r/
D)s of the formed PCs. Because the sample cell has a small tilt
angle of ∼1° from the bottom middle to the sides (Figure S3),
it probably results in a gravity effect on the effective lattice
parameters. However, the lattice parameters show a good
agreement with the position of the pair potential minimum in

Figure 1. Pair interaction and fluid−PC transitions of discoid
particles. (a) SEM image of discoid particles. The scale bar is 2 μm.
(b) Pair interaction potentials that were calculated from g(r)s. (c)
Attraction strength (ε) and position of the potential minimum (rm) as
a function of CNaPSS. (d) Typical CLSM image of PC of discoid
particles for an ε of ∼0.41 kT and corresponding superresolution
image (bottom left) and superpositioned superresolution image over
100 time frames (∼43 s) (bottom right). (e) Averaged pair
correlation function g(r/D) for increasing ϕp. The black peaks are
from the perfect hexagonal lattices. (f) Two-dimensional bond
orientational order parameter Ψ6 and nematic order parameter S2d for
increasing ϕp.
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U(r) curves (Figure 1b), which is calculated from the diluted
samples, suggesting that the osmotic pressure induced by
gravity does not affect the lattice spacing. Furthermore, a
typical PC lattice has a two-dimensional (2D) global bond
orientational order parameter Ψ6 of >0.9 (Figure 1f),
confirming a highly ordered hexagonal packing.
The orientation of a discoid particle can be described by a

unit vector n = sin(θ) cos(ϕ)x + sin(θ) sin(ϕ)y + cos(θ)z that
is parallel to its axial direction (Figure 2a), where the z
direction is chosen to be perpendicular to the plane of the
quasi-two-dimensional PC. The projection of normal direction
n in the x−y plane is sin(θ)[cos(ϕ)x + sin(ϕ)y], which is

perpendicular to in-plane vector q. To quantify the rotational
dynamics of the discoid particles and to elucidate the effects of
the hexagonal symmetry of the lattice, we analyzed the
probability density function (PDF) of in-plane orientational
vector q for three sets of experimental data with ε varying from
repulsive to attractive (Figure 2b−d). For all of these ε values,
the depletion-induced attraction between the particles and the
wall does not restrict the orientation of the particles at dilute
particle concentrations (Figure S9). When the particle
concentrations are high enough to form PCs, the super-
positioned images imply that the particles do not have
restricted orientations (Figure 1d). Interestingly, the PDF

Figure 2. Hexagonally orientational distributions of long axes of discoid particles. (a) The projection of the middle disk of a particle in the image
plane approximately is an ellipse, and the in-plane vector along its long axis is defined as q. (b−d) Confocal microscopy images of discoid particle
dispersion for increasing areal density at different attraction intensities (ε) and corresponding probability density function (PDF) of q (red) and
bond angle (blue). An arbitrary unit was used for the y-axis of the bond angle distribution. CNaPSS values of (b) 0.0, (c) 0.05, and (d) 0.1 g L−1. The
scale bars are 5 μm.
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P(q) as a function of azimuthal angle ϕ changes from an
isotropic ring to a distribution with a 6-fold symmetry when ε
is increased (Figure 2b−d), reflecting the symmetry of the
underlying hexagonal lattice of the PC. This observation
provides strong evidence that the lattice symmetry is coupled
with the orientational distribution of the particles. Some
similar coupling phenomena were reported by computer
simulations in several molecular or colloidal systems,11,12,19−21

but it has not been observed in previous experimental studies
of PCs.10,13−18,22,23,33,34

To explore the origin of the emergent anisotropy in the
orientational distribution, we compare and contrast the particle
orientation distribution with the 2D bond angle distribution of
the particles at increasing ϕp (Figure 2). For a given particle,
the bond angle is defined as the angle between the vectors
connecting its nearest neighbor particles and a reference
direction. This quantity describes the crystallographic order
and symmetry of the long-range ordered lattice. As expected,
the liquid state of the system is characterized by the absence of
structure in both the orientational and bond angle distribu-
tions. In this isotropic state, the particles have almost equal
probability in all directions, although the weak peaks in the
bond angle distribution are present in cases with high ϕp
values. On the contrary, strong 6-fold peaks in the bond angle
distribution are present for all PC phases. At the same time, the
particle orientational distribution exhibits peaks with a 6-fold
symmetry in azimuthal angle ϕ, and the peak intensity
increases with ε (Figure 2b−d). Specifically, these peaks are
very weak for the repulsive PC but become more pronounced
for ε ∼ 0.41 kT and remarkably strong for ε ∼ 0.66 kT.
Furthermore, the peak positions in the particle orientational
distribution coincide with the peak positions in the bond angle
distribution, implying that the isotropic symmetry of the
rotational dynamics of the particles is broken by the lattice
symmetry.

It should be noted that, although the rotational dynamics of
the particles possess 6-fold symmetry, in this case, the long-
range orientational order of the particles is still absent as
indicated by the nematic order parameter (Figure 1f). The 6-
fold symmetry of the rotation dynamics is quantified by an
orientational order parameter13 S6 = (1/N)|∑j=1

N ei6θj|, which is
an increasing function of attraction strength ε, assuming values
of 0 for a uniform distribution and 1 for perfect 6-fold
symmetry. Experimentally, the values of S6 are found to be
0.04, 0.06, 0.08, and 0.16 for the repulsive particles and
particles with ε values of ∼0.22, ∼0.41, and ∼0.66 kT,
respectively (Figure 3a). This 6-fold orientational distribution
suggests that the presence of neighboring particles establishes a
potential surface with certain preferred directions that governs
the rotational dynamics of the particles. Consequently, the
rotational dynamics of the particles changes from a random
walk on a unit sphere to a random walk in the potential with
potential wells at the six preferred directions on the x−y plane.
In particular, rotating a particle out of these preferred
directions becomes an activated process with an energy
barrier, which could be estimated using the Boltzmann
distribution, pv/pp = e−ΔE/kT, where pv and pp are the
probabilities in valleys and peaks, respectively (Figure 3b).
Specifically, the energy barriers are estimated to be ∼0.25 kT
for repulsive particles, ∼0.4 kT for ε ∼ 0.41 kT, and ∼0.7 kT
for ε ∼ 0.66 kT.
To obtain more insight into the rotational dynamics of

discoid particles in a monolayer PC, the experimentally
measured distributions of the in-plane orientations (q) of
discoid particles were fitted to Gaussian distributions; for the
details of fittings, see the Experimental Section. The differences
due to an increasing ε were found to be described by
decreasing standard deviations σ. To perform the fitting, the six
orientational peaks for each ε were averaged (Figure S10a,b).
According to the hexagonal symmetry of the lattices, the two

Figure 3. Quantified orientational order and angular correlation of q. (a) Calculated orientational order parameter S6 for both experimental and
simulated data. σ is the standard deviation in Gaussian distributions in simulations. (b) Rotational potential barriers for particles in a hexagonal
lattice. (c) Radially averaged spatial angular correlation function G6(r) as a function of r/D. (d) Landscape of the calculated depletion potential
between a central particle rotating through six freely rotating three-dimensional neighbors.
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neighboring orientational peaks in the orientational map can
remain separated only when the distribution is within the range
of 2π/6. When σ is larger than 2π/6, the orientational peaks
overlap. This overlapping clearly affords the deviation of the
fitting. To exclude this effect during fitting, the averaged
orientational peak (single peak) was repeated to construct a
periodic peak pattern (Figure S10c,d). To eliminate the edge
effect of the pattern during the fitting as much as possible, the
periods were increased to 30 (Figure S10e,f) and only the
fitting values of the middle peaks were considered because the
middle peaks were the least affected by the edge peaks (Tables
S1−S3). When the period number is >30, the obtained fitting
values are the same. By this fitting route, we obtained four σ
values of 24.9°, 22.7°, 21.4°, and 18.4° for repulsive particles
and particles with ε values of ∼0.22, ∼0.41, and ∼0.66 kT,
respectively (Figures S11 and S12 and Tables S4−S6).
In experiments, a stronger attraction (>0.66 kT) resulted in

a transition from PC to crystals. To explore the rotational
dynamics for the cases with stronger attractions, we construct a
simulated model 2D crystal. In this crystal, every particle has
an in-plane orientation. Moreover, the orientational distribu-
tion displays six identical peaks that point to six neighboring
particles and are Gaussian with a given σ. Because the
attraction strength can be described by σ in our quasi-two-
dimensional case, we changed the σ values from 0° to ∼30° for
this model crystal and calculated the corresponding S6. The
calculated S6 for each σ is shown in Figure 3a. A smaller σ
resulted in a larger S6, implying a case of strong attraction. A
larger σ resulted in a smaller S6, implying the crystal has more
isotropic in-plane diffusion. The small difference in the S6
values in Table 1 between the experiments and the simulated

data again suggested that the orientational distribution of the
particles’ long axes can be described well by a Gaussian
distribution (also see Figure 3a). The results also implied that
small S6 values in experiments are due to a wide orientational
distribution, as a result of weak attractions.
To explore the nature of the emergent orientational order,

the radially averaged angular correlation G6(r) = ⟨cos 6(ϕr −
ϕ0))⟩ of in-plane vector q has been calculated (Figure 3c).
Likewise, the G6(r)s have been calculated on the basis of both
experimental and simulated 2D crystal data and are found to
be comparable. In particular, both experimental and simulation
G6(r)s are almost zero, indicating a very weak rotational
correlation and the absence of long-range orientational order.
Scrutiny of the experimental G6(r)s indicates that an increasing
ε leads to a larger degree of correlation, reaching a value of
∼0.03 for ε ∼ 0.66 kT. However, the G6(r) stays at a small
value for all of the distances examined, reflecting the nature of
the plastic crystals. The effect of ε on the G6(r)s and the
character of nondecay of G6(r)s can be further confirmed by
the results from the data of the simulated 2D crystal (Figure
3c). The weak correlation is also confirmed by comparing the

rotational trajectories of the particles on the lattices (Figure
S13). On the basis of these results, we propose a simple model
for the rotational dynamics of the discoid PC monolayer, in
which the rotation of the particles is modeled as a random walk
on a unit sphere in the presence of a potential generated by the
crystalline lattice. This model is then used to obtain the
potential surface for the rotation of the particles. The resulting
depletion potential landscape indeed possesses a 6-fold
symmetry with six preferred orientations along crystallographic
axes (Figure 3d; see Note S1 and Figure S14 for additional
discussion).
For anisotropic colloids, the coupling between lattice

symmetry and rotational dynamics should be quite general;
therefore, an anisotropic orientational dynamic mode is
expected to be found in other colloidal systems. The rotational
trajectories of single particles provide more evidence for
understanding the nature of rotational dynamics. Experimen-
tally, it is observed that the in-plane rotational trajectories of
single particles change from a random one to a banded one as
ε is increased (Figure 4a), indicating a change from almost
unhindered rotations to rotational jumps between the different
preferred directions. To quantify this change, we implement an
orientation analogous to the van Hove self-correlation
function, G(ϕ, t) = ⟨δ[ϕ − ϕi(t)]⟩ for our experiments,
where ϕi(t) is the angle difference between the in-plane
orientation (q) at times zero and t. For ε ∼ 0.66 kT, G(ϕ, t)
displays two separated peaks at ∼60° and ∼120° at a long time
(86.6 s) (Figure 4b), indicating jumps between large angles.
However, such peaks were not found in G(ϕ, t) for repulsive
particles and not significant for ε ∼ 0.41 kT. These
heterogeneities in rotational dynamics will influence the
rotational self-diffusion of particles. To quantify this effect,
we calculated the rotational autocorrelation functions C(t) =
⟨p(t)·p(t + τ)⟩ by using in-plane orientational vector q. Such a
function can be correlated to rotational diffusion coefficient Dr
through an equation derived by Manoharan et al.:34

· + = +
+=

+t t l
l l

Sp p( ) ( ) 1/4
2 1
( 1)

( ) e
l

l
l l D

1

1 2 ( 1) r

(1)

where Sl
1 = ∫ −1

1 Pl
1(x) dx and Pl

1 are the first order Legendre
polynomials. The right side has one free parameter, Dr, which
can be obtained by fitting the right side to experimental data
(Figure 4c). We verified this method by using simulated data
of freely diffused oblate particles (for details, see Note S2 and
Figure S15). For a nonlinear fit, the goodness of fits was
evaluated by the standard error of regression (SER), which
reflects the average distance that the observed values fall from
the regression line (for all of the evalution of the goodness of
fits, see Tables S7−S12). The SER values are listed in the
caption of Figure 4. For weak attraction (ε ≲ 0.5 kT), the
measured curves can be described well by the equation
presented above because approximately 95% of the data points
lie between the regression line and ±0.04. For moderate
attraction (0.5−0.75 kT), the obtained SER values significantly
increased and the fittings gradually deviated from the equation
presented above. They are better described by the
Kohlrausch−Williams−Watts (KWW) function C(t) = [exp-
(−t/τ)β], which is used to describe the dynamics of
supercooled liquids or glasses.35,36 The SER also reflected
the difference between the two fits. When ε ≲ 0.5 kT, no
significant difference was observed. When ε ≳ 0.5 kT, the SER

Table 1. Comparison of S6 Values between Experimental
and Simulated Data

S6

σ experimental simulated

18.4 0.16 0.1564
21.4 0.08 0.0819
22.7 0.06 0.042
24.9 0.04 0.0339
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difference becomes non-negligible. We infer that this deviation
is caused by the rotational jumps (Figure 4a,b).
For comparison, we still used the equation presented above

to extract an apparent Dr for all interactions. From the
measurements, all particles in the PC phases exhibit a
rotational relaxation remarkably slower than that of the very
diluted particles (Figure 4d). For an increasing ε, the degree of
deceleration becomes more pronounced, and Dr/D0 (D0 is the
Dr of the very diluted particles) decreases from 0.61 for
repulsive particles to 0.33 for ε ∼ 0.41 kT and 0.10 for ε ∼ 0.41
kT. The results are in sharp contrast to those for the
completely freely rotating rods on body-centered cubic PCs.16

No evidence shows that gravity compression affects the
measured Dr values (Figure S15d). The decrease in Dr/D0
for increasing ϕp is depicted in Figure 4e. As expected from
hard spheres,37,38 the Dr/D0 of uncrystallized particles
gradually decreases as ϕp increases. Once particles form
crystals, a faster Dr/D0 is expected due to the structural
difference. This could be the case for weak attractions (ε ∼
0.22 kT). Dr/D0 continuously decreases with an increasing ε
(0.41−0.66 kT), which should be attributed to the significant
contribution of attraction. For a stronger attraction (ε > 0.75
kT), the rotational motion of particles was completely frozen

due to a first-order PC−crystal transition.23 Because the
studied PC monolayer is near the substrate, the substrate
might have an influence on the rotational dynamics of particles,
and further study is needed to clarify this effect.
In summary, the rotational dynamics of anisotropic particles

in a plastic crystal formed from discoid particles have been
quantitatively studied using confocal microscopy. We have
discovered that the rotational dynamics of the discoid particles
strongly couples to the lattice symmetry. The coupling effect
depends sensitively on the attraction strength of the
interparticle interactions and could be modeled as a random
walk on a unit sphere with certain anisotropic potential. The
symmetry of the potential surface is dictated by the crystalline
lattice, resulting in preferred orientations of the particle
directors, although the system still lacks long-range orienta-
tional order. The presence of preferred particle orientations
leads to extremely slow rotational diffusion of the particles due
to the energy barriers between the minima of the potential
surface. The results for plastic crystals can be further extended
to tune colloidal interaction to manipulate or even create
orientational order and rotational dynamics of plastic crystals
for applications.

Figure 4. Rotational dynamics of orientational vector q. (a) Representative rotational trajectories of vector q for increasing ε. The gray lines are
three crystallographic axes. (b) G(ϕ, t) function for particles in PC for an increasing ε at a time interval of 86.6 s. (c) Rotational autocorrelation
functions of q. The solid lines are the fits with eq 1, and the dashed lines are the fits with exp[(−t/τ)]β. The standard errors of regression (SER) for
the two fits are as follows. Repulsive: 0.0195, 0.0168. ε ∼ 0.41 kT: 0.0199, 0.0160. ε ∼ 0.55 kT: 0.0318, 0.0102. ε ∼ 0.66 kT: 0.0924, 0.0170. (d)
Apparent rotational diffusion coefficients Dr as a function of ε. (e) Normalized Dr as a function of ϕp.
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